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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 fibres have been investigated for many years as gain 
media for the amplification of optical signals in telecommunications thanks to their broad gain 
bandwidth. They are now widely used for that application. It is only recently that power scaling 
of fibre laser sources has taken place with the development of double-clad fibres and high-
power laser diode pump sources. Cladding-pumped fibre lasers are now a rapidly expanding and 
emerging technology with a wide range of applications, where high-power and high-brightness 
laser sources are required. Nevertheless, so far, most high-power lasers have been based on 
highly efficient ytterbium-doped fibre, while progress to power-scale other rare-earth doped 
fibres and fibre Raman laser has been much more modest. 

This thesis can be divided into two main themes. The first concerns the power-scaling and study 
of erbium-ytterbium doped fibre laser sources for optical amplification or as laser sources. The 
second theme concerns the development and study of high-power Raman fibre lasers and 
amplifiers based on the novel concept of a cladding-pumped Raman fibre. The themes are 
jointed in that the cladding-pumped Er:Yb doped lasers, developed in the first theme, are used 
as pump sources in this second part for the Raman devices. They are also jointed in that they 
both concern power-scaling of “eye-safe” sources at around 1.6 µm. 

Firstly, in collaboration with co-workers, high-power, large core, erbium-ytterbium doped fibre 
laser sources are developed. Output powers in excess of 70 W are obtained. Good beam quality 
output is achieved thanks to a tapered fibre section. The taper is compatible with standard 
single-mode fibre which enabled the realization of tuneable fibre lasers free from bulk external 
grating. The laser’s tuning characteristics are investigated in the C- and L-band range. 
Subsequently, a master-oscillator power-amplifier (MOPA) based on large core Er:Yb doped 
fibres is developed for the generation of high-energy pulses. The details of the MOPA are 
studied and presented. With careful design considerations, pulses free from non-linear effects, 
with energy up to 1 mJ and peak powers up to 6.6 kW, with narrow spectral linewidth, are 
obtained at 1535 nm. 

Secondly, using a double-clad fibre, consisting of raised index, germanium doped, core and 
inner cladding, with a pure silica outer cladding, a high-power CW single mode Raman fibre 
laser, pumped by a multi-mode erbium-ytterbium doped fibre laser, is demonstrated for the first 
time. The laser slope efficiency is 67% and the output power is in excess of 10 W. An 
experimental and theoretical study of the laser is performed. Then, the pulse amplification in a 
cladding-pumped Raman fibre is studied in a single pass amplifier configuration. The effects on 
the laser performance of the pump and Stokes seed powers, fibre length and four-wave mixing 
are presented. The Stokes’s small-signal gain can be as high as 50 dB. Using this configuration, 
700 ns long pulses are amplified up to 10 µJ which shows that, potentially, optical pulses could 
be amplified to much higher energy. Finally, these results together, let predict that, soon, 
cladding-pumped Raman fibre could be used as direct brightness converter. 
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Chapter 1 Overview 

This chapter presents the motives and contents of this thesis. Section 1.1 introduces, historically, 

fibre lasers, describes some of their properties and advantages, and presents their fields of 

applications. Then, section 1.2 exposes the motivations to study erbium-ytterbium doped fibre 

and Raman fibre lasers. After that, in section 1.3, the thesis objectives are stated and the 

achievements are given. Finally, section 1.4 shows the organization 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 [1] at the Hughes Research Laboratory. 

It was a ruby rod emitting at 694 nm pumped by a flash lamp. Only three years after the birth of 

the laser, the first fibre laser was demonstrated with erbium and neodymium doped glass lasers 

by Snitzer and Koester [2 - 4]. The first fibre laser consisted of a coiled neodymium-doped fibre 

transversely pumped by a flash lamp. The fibre laser emitted around 1060 nm with a multi-

mode output. However, progress was slow during the next two decades, due to the difficulties in 

manufacturing high-quality, low-loss fibres and because the only viable pump sources were 

flash lamps, which necessitate transverse pumping. Fibre lasers are not well suited to transverse 

pumping. Still, during this period, the first longitudinally pumped fibre laser, pumped by a laser 

diode, was demonstrated by Stone and Burrus [5]. Meanwhile non-linear effects such as Raman 

scattering, Brillouin scattering and four-wave mixing in single-mode silica fibre were 

extensively studied [6, 7]. The break-through in the fabrication of rare-earth doped silica fibre 

came in 1985 thanks to the development of solution doping as a way to incorporate rare earths 

into preforms fabricated through modified chemical vapour deposition (MCVD) by Poole, 

Payne and Fermann [8] at the University of Southampton. Later, Mears, Reekie, Poole, and 

Payne demonstrated a Nd-doped silica singlemode fibre laser [9] followed by the first erbium 

doped-fibre amplifier (EDFA) [10]. Since then fibre lasers made with various rare-earth dopants 

including Nd, Er, Yb, Tm, Pr, Ho, and Sm have been investigated. In addition to silica, new 

types of glass hosts called soft glasses (e.g. fluoride and chalcogenide glasses) have also been 

developed [11]. However, it is the EDFA for optical telecommunications which catalyses 
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telecom research, resulting in the development of novel pump laser diodes and optical 

components. The first laser-diode pumped optical fibre amplifier [12] was demonstrated in 1988 

by Snitzer et al. and in 1992 the first commercial EDFA was produced. In addition, fibre Raman 

amplification was developed to complement EDFAs and to extend the reach of optical signals in 

long-haul transmission. Meanwhile, practical Fibre Bragg Grating (FBG) [13] and Distributed 

FeedBack (DFB) fibre lasers [14] were also developed. 

In parallel, with a few years’ delay, high-power fibre amplifier and laser development 

started with the invention of the double-clad fibre [12, 15] in 1988 and thanks to the progress 

made in high-power multi-mode laser diodes. Nowadays, diode-stacks and other pump sources 

based on a large number of multi-mode emitters can produce several kW of output power. These 

have enabled the emergence of high-brightness kW-class fibre lasers [16 - 18] operating at 

around 1080 nm. Rare-earth doped fibres can also be operated to generate or amplify light 

pulses. Recently, record energy-levels from a fibre amplifier have been demonstrated [19] with 

extremely high-peak powers and high brightness output. The progress and developments are 

steady and commercial products are becoming more and more available, thus making fibre laser 

sources strong contenders to conventional “bulk” (non-waveguiding) solid state lasers. 

 

1.1.2 Properties and advantages 

Optical fibres which form the gain medium of fibre lasers, are primarily optical 

waveguides which transport energy in the form of electromagnetic radiation. Most fibres are 

made of silica glass, which is transparent in the visible and near infrared wavelength spectra. 

Conventionally, light is guided by a core with a higher refractive index than the surroundings 

through total internal reflection. A schematic of an optical fibre is shown in figure 1.1. The 

shape of the fibre refractive index profile and the refractive index difference allow a certain 

number of modes to be sustained in the fibre core and/or in the different surrounding layers of 

optical material. A main attraction of an optical fibre laser source is the ability to control the 

fibre modality through the refractive index profile and obtain a diffraction limited output, as 

required by many applications. 
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Figure 1.1: Schematic of an optical fibre. Typically, the core diameter is ~ 10 µm 

while the inner-cladding diameter varies between 80 – 400 µm. 
 

 

Glass fibres can be doped with laser-active elements to obtain optical amplification 

through stimulated emission, e.g., from rare-earth ions. Rare-earth (RE) elements are the most 

common active dopant elements used for optical amplification in optical fibre. The dopant is 

generally situated in the fibre core or in close proximity in order to interact with both the 

exciting optical light-wave, called “pump”, and the optical light-wave to be amplified, called 

“signal”, transported in the fibre core. The operating wavelengths of rare-earth doped fibres are 

limited to the specific radiative transitions of the rare-earth ions. Some emission bands of RE-

doped silica are shown in figure 1.2. 

However, also fibres that do not contain any laser-active dopants and would normally 

be passive, can amplify through non-linear scattering which occurs in all fibres. Thus, also 

passive fibres can become “active”, i.e., amplifying, when optically pumped at the power levels 

required for processes such as stimulated Raman scattering. In such a case, the optical pump 

beam interacts with the material of the optical fibre to create gain through a non-linear 

interaction. Thus energy is transferred from the pump beam to a signal beam. As for rare-earth 

doped fibre, the amplification process is normally accompanied by a wavelength change. The 

composition of the fibre is important. For example, germanium-doping is often used to enhance 

stimulated Raman scattering. 

The silica fibre benefits from a remarkably low material loss, as shown in figure 1.2, 

and even when loss-increasing rare-earth dopants are used the losses can be as low as a few 

dB/km. Therefore optical fibres form an ideal amplification medium with a tight beam 
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confinement, a low background loss and long length. Consequently, the threshold of non-linear 

and actively doped fibre lasers can be reduced to a few mW. 

Silica Fiber Material Loss 
and 

some Rare-earth emission bands
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Figure 1.2: Silica background loss and emission bands of some rare-

earth dopants in the 0.8 - 2.0 µm wavelength range. 
 

 

Fibre laser sources differ from other type of lasers by their geometrical and mechanical 

properties. Practical optical fibres are generally made from glass, often silica, which can be 

readily fabricated in extremely long lengths with a precisely controlled geometry. The diameter 

of optical fibres varies from a few microns to around a millimetre in diameter, where it 

effectively becomes a solid glass rod. So-called nano-fibres can be fabricated with sub-micron 

diameter. Most commonly, the fibre diameter lies in the range between 80 µm to 700 µm. Such 

fibres are relatively easy to work with, and can be coiled with sub-metre or even cm-scale 

diameters. Therefore even kilometre-long fibres can be compactly packaged into small-footprint 

devices. 

Furthermore silica based fibres are excellent candidates for high power operation thanks 

to the high damage threshold of silica and their good thermal properties. Although silica glass is 

not a very good thermal conductor, this is compensated by the long length and the small 

transverse dimension of the fibre which allow for easy thermal management [20 - 22]. Still, 

active fibre cooling is used in commercial product to insure long term performance across a 

certain temperature range. 
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Finally, silica fibres can be fusion spliced with very low losses which eliminates 

alignment problems. Consequently, a fibre laser system can maintain a diffraction-limited beam 

quality (maximum brightness at a given power level) independent of variables like system age 

or environmental changes. Also, wavelength reflectors or filters can be integrated directly into 

the fibre by either writing fibre Bragg gratings or by appropriate waveguide design. For 

example, guiding can be completely suppressed for certain wavelength ranges, allowing for 

strong distributed filtering throughout the fibre. Polarisation effects which are intrinsically very 

small can be enhanced by fibre design if required. Thus fibre devices can easily be made 

compact and robust with integrated functionality and so present unique advantages that enable a 

large number of applications. 

 

1.1.3 Applications 

Applications for fibre lasers and amplifiers fall into two main categories: industrial 

applications and scientific applications. Industrial applications can be divided into several 

categories. The first and principal application is in telecommunications, for amplification of 

optical signals, thanks to the broad and high gain available in for example erbium doped fibre 

amplifiers and Raman amplifiers. These amplifiers operate in the low loss region of the silica 

fibre (also called third window) which extends from 1450 to 1650 nm. Recently, it has been 

proposed to use high-power fibre lasers for free-space inter-satellite [23] or even inter-planetary 

telecommunications. The second industrial application is in heavy industries where high-power 

fibres are becoming a competitive alternative to solid-state lasers for drilling, cutting or 

soldering [16]. In addition fibre lasers are used or considered for defensc and aerospace 

applications such as remote missile defence and remote sensing and range-finding, including 

LIDAR. An emerging area of potential applications for fibre lasers is in display technology 

where fibre lasers are used for high-power visible sources. 

The second category is scientific applications. Fibre lasers have multiple applications in 

medicine such as for microsurgery, dentistry and optical coherence tomography which requires 

broadband sources. Other scientific applications and research areas include sensing, atom 

cooling, interferometry, spectroscopy and non-linear optical conversion. 
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1.2 Motivations 

1.2.1 Erbium-ytterbium co-doped fibre laser sources 

Power-scaling of fibre laser sources has started only recently with the development and 

improvement of double-clad fibres and the power increase from diode pump sources. Cladding-

pumped fibre lasers and amplifiers have attracted a tremendous interest due to their capability to 

deliver high output power with good beam quality. Lately, fibre lasers and amplifiers have 

demonstrated, in cw operation, up to several kW of output power with single-mode output beam 

[17 - 18] and tens of kilowatts with multi-mode output while, in the pulsed regime, MW peak 

power [19, 24] and multi-mJ [25] energy have been achieved. The growth and development of 

fibre lasers have made the most of the improvements in fibre design and fabrication in 

conjunction with the availability of reliable pump diode sources. Therefore, fibre lasers are now 

used in cutting [26], engraving and soldering. However, these results and these lasers are mainly 

obtained in the 1 – 1.1 µm wavelength range with highly efficient ytterbium-doped fibre sources 

[27]. These are superbly well suited to power scaling, thanks to factors such as a broad 

absorption band, simple energy level diagram with only two levels, resilience to concentration 

quenching, small quantum defect, and more. Since these fibres emit at wavelengths of 1 –

 1.1 µm, they can be used as plug-in substitutes for Nd:YAG lasers at 1064 nm in a large 

number of systems. However, other rare earths emit at other wavelengths that are better suited 

to meet the needs of other applications. At the beginning of my thesis project, power-scaling at 

those wavelengths had been quite modest in comparison. 

Fibre lasers in the 1530 – 1670 nm wavelength range, in the so-called “eye-safe”1 

spectral range, are also very attractive because of good atmospheric transmission and the 

existence of well-established and reliable components developed for optical fibre 

communications which facilitate the realization of sophisticated high-power systems. There is, 

especially for narrow linewidth laser, considerable interest in numerous applications which 

require sources operating in this specific part of the spectra, for example, in the domains of 

defense and aerospace, from remote sensing to range-finding [28], free-space communications 

[29] to name a few. “Eye-safe” narrow linewidth laser are also used for scientific research (e.g. 

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

                                                      
 
 
 

1 Radiation at wavelengths longer than 1400 nm is strongly absorbed by tissue so it does not penetrate the 
through the eye and does not cause retinal damage. Hence the term "eye-safe", even though it is far from 
safe for the eye even at a power level of a watt. In reality none of the lasers I have worked with is 
anywhere near eye-safe. Still, scattered light is also a concern, and a much higher level of scattering can 
be accepted from “eye-safe” lasers. 
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addition, these lasers are of interest for materials processing, in particular for work that for some 

reason cannot be completely enclosed. Depending on the applications these lasers can be 

operated in the continuous-wave or pulsed regime but most often high power and narrow 

linewidth output are required. 

Power scaling of erbium doped fibres at 1.5 – 1.6 µm relies on the double-clad fibre 

structure to allow for the injection of high power pump light together with ytterbium co-doping 

[31] to enhance the pump absorption. The pump absorption is otherwise too low in cladding-

pumped Er-doped fibres, because of the modest maximum permissible Er-concentration and 

because of the low peak absorption cross-section of Er3+. 

Indeed, in 2003, the maximum output power in the short wavelength range of the 

erbium emission band, called the “C-band”, was reported by Nilsson et al. [32]. Even though 

this was a cladding-pumped erbium-ytterbium fibre laser, it was limited to 16.8 W of output 

power in a free-running double ended configuration. A 6.7 W tuneable fibre laser with a 

linewidth of 0.25 nm was also demonstrated. In the long wavelength range or “L-band”, 

Laroche et al. [33] developed a cladding-pumped Er:Yb co-doped tuneable fibre laser pumped 

at 940 nm by two beam-shaped diodes to achieve up to 29 W of output power with a broader 

linewidth of 0.6 nm. The laser was tuneable from 1561 nm to 1627 nm using an external bulk 

grating. The output beam was not diffraction limited (M2 = 2.9). In both cases, the laser cavity 

was built using free space optics which result in bulky setups. Therefore there is a clear need to 

reach higher output power from EYDF laser and to improve the laser brightness, preferably 

using all-fibre configurations to keep the benefits of fibre lasers: compactness and small form 

factor. 

Another interesting feature of rare-earth doped fibres is their ability to generate or 

amplify light pulses to high energy levels. In previous work, 0.5 mJ pulses [34] have been 

obtained from a large core erbium-doped ytterbium free multi-mode fibre amplifier. As 

discussed previously, the power and energy scaling of (Yb-free) erbium doped fibre is difficult. 

Therefore, efforts have been concentrated on erbium-ytterbium doped fibres which can be more 

easily power scaled. However, high energy extraction from EYDF had limited success. For 

example, 0.1 mJ pulses were obtained from a Q-switched erbium-ytterbium doped fibre laser 

[35]. Here, the energy stored was constrained by the small cross-sectional area of a fibre core 

close to that of a standard single-mode core. The energy available for extraction (energy stored 

in the gain medium) is defined by the number of excited ions in the active medium. There is an 

upper limit for the ion concentration in silica because of the clustering of the rare-earth ions. 

Furthermore, the output from [35] was not narrow linewidth, which restrains the application 

range of this type of source.  
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The energy stored can be increased by augmenting the number of ions by expanding the 

fibre doped area [36]. In addition, a large core mitigates non-linearities which can broaden the 

linewidth. At the beginning of my thesis work, a first encouraging result was demonstrated by 

the HPFL group at the ORC. Large core EYDFs were used, successfully, to amplify 100 ns 

long, 20 kHz spectrally wide, pulses to 0.29 mJ [28]. Consequently, this result, in combination 

with the in-house fibre facilities of the ORC, incited me to further investigate energy scaling of 

narrow linewidth EYDF lasers with good output beam quality. To meet the requirements to 

generate high energy pulses, large core EYDFs would be used 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 restricted by their wavelength coverage (see fig. 

1.2) while Raman fibre lasers are much more wavelength-agile. Traditionally, these have been 

core-pumped single-mode devices with a relatively small core. Until recently, the lack of 

singlemode high-power pump sources had limited the power of Raman lasers to a few watts. 

While Raman scattering in multi-mode fibres has been the subject of early studies [37, 38], the 

recent availability of high power fibre laser sources and of low loss fibres present a unique 

opportunity to explore and study the beam-clean up properties of SRS [39, 40]. Due to the fact 

that SRS is a nearly instantaneous inelastic scattering process that is not phase-matched, the 

instantaneous pump intensity defines the actual instantaneous gain profile for the Stokes wave. 

In conventional multi-mode fibre, the transverse pump distribution that typically results with 

most laser pump sources results in gain preferentially for the lower-order modes at the Stokes 

wavelength. This results in brightness enhancement. Brightness enhancement through SRS in 

multi-mode fibre has seen a revived interest in the last few years [41 - 44] and recently Nilsson, 

Jang et al. from the ORC demonstrated a cladding-pumped Raman source [45]. However this 

concept still remains unexplored territory in the continuous-wave and, in particular, in the 

pulsed regime. 

Single-mode, high energy pulses are required in many applications. These pulses can be 

produced by rare-earth doped fibre devices, often in an amplifying, so-called MOPA 

configuration. High-power MOPAs take advantage of the high gain and high efficiency offered 

simultaneosuly by rare-earth doped optical fibres. In a MOPA, the light from a low power 

oscillator, known as a “seed laser”, is amplified to high powers in one or several amplifiers. In 

case of a pulsed MOPA, the energy from the oscillator is often below a nanojoule, and high-gain 

amplification is then required to reach high output pulse energies. However, in practice, in 

conventional rare-earth doped fibre amplifiers, the gain is limited to 25 - 30 dB because ASE 
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and ultimately spurious lasing leads to large losses of power at high gain. In addition, limits on 

gain also limit the energy that can be stored and extracted with RE-doped fibre amplifiers. 

Already small amounts of stored energy lead to a high gain because of the tight confinement of 

fibre amplifiers. Thus several amplification stages are required to amplify a nanojoule seed 

pulse to high energies, but this lead to a complex system of cascaded amplifiers [34]. In order to 

reduce the propagation and amplification of the ASE in the MOPA, the different stages are 

isolated using optical isolators, spectral filters, and / or time gating elements. These additional 

components lead to extra losses which must be compensated for. One solution to this problem is 

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

small signal gain 0G  (in linear units) and extractable energy extE  are related by the saturation 

fluence satε  and the doped area A  by this expression [46]: 

( )0lnext satE A Gε=  (1.1) 

In addition, large core fibre benefits from an increased damage threshold [47], which is 

particularly critical for the generation of high energies in short pulses, i.e., high peak powers 

[19]. Typically, for pulse durations shorter than 10 ns, damage limits the energy that can be 

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

However, as the core becomes larger in these fibres, it also becomes multi-moded and 

the signal beam quality is degraded. The highest energy reported from a single-mode or good 

beam quality rare-earth doped fibre has been in low NA2 (~ 0.05 - 0.08) Yb-doped fibres [46, 

47, [48]. The low NA improves the beam quality in large-core fibres and reduces the number of 

guided modes in which ASE builds up. Furthermore, the high efficiency of Yb-doped fibres and 

the low losses it implies also facilitates high-energy pulse generation. In addition, the saturation 

fluence is relatively large in YDFs at 1060 – 1100 nm. Other systems are more challenging to 

energy-scale; for example, Yb doped fibres at 980 nm [49], Nd-doped fibres at 930 nm [50], and 

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

saturation fluence satε  is very low for Yb-doped fibres at 980 nm, while Nd-doped fibres at 

930 nm utilise spectral waveguide filters that require relatively small cores. 

                                                      
 
 
 

2 The NA (Numerical aperture) of the fibre is the sine of the maximum angle (or acceptance angle) of an 
incident beam with respect to the fibre axis, so that the transmitted beam is guided in the core. (The 
underlying assumption is that the incident beam comes from air, i.e., from a region with n = 1.) The NA is 
determined by the refractive index difference between the fibre core and cladding so that the light 
propagates with the critical angle for total internal reflection. 
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An alternative to rare-earth doped fibre amplifiers is to use non-linear processes to 

amplify the pulse seed to higher energy. Scattering and parametric processes have already 

demonstrated the capability to achieve extremely high gain, e.g., more than 60 dB for a fibre 

optical parametric amplifier (OPA) [52]. Stimulated Raman scattering (SRS), is another 

possibility, with the attraction that it is a phenomenon which does not require phase-matching. 

This is in contrast with, for example, optical parametric amplification, which is based on the 

FWM process.  

However, because Raman amplification is a weak non-linear effect, high pump power 

and / or long, low-loss fibre with tight beam confinement, e.g., single-mode fibre, are required. 

Still, [45] demonstrates that with sufficient power, multi-mode and double-clad fibres can be 

used for Raman amplification. In the pulsed regime, high peak powers simplify non-linear 

conversion while the cw regime requires high power cw pump sources. In addition, the novel 

approach of cladding-pumped fibre Raman devices has the benefit of generating an output light 

with a better beam quality than that of the pump. This phenomenon is called the “beam clean-

up” effect [43]. Of great interest is that this brightness enhancement is possible even in the 

pulsed regime. The SRS process does not store energy in the optical medium, but relies on a 

nearly instantaneous energy exchange, of the order of few femtoseconds, involving optical 

phonons. The nearly instantaneous response is attractive for brightness enhancement of pulses. 

To further illustrate the differences between RE-doped 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 of 

the active ions [53].  

Wavelength-agile operation 
depends on the pump 

wavelength, the material 
phonon energy and the 
background loss [54]. 

Power scaling 

Depends on the active media and 
the pump power availability. 

Thermal management can be an 
issue [21]. 

Other non-linear effects and 
cascaded Raman scattering can 

limit the maximum power 
obtainable at a given 

wavelength. 

Energy Energy stored in active ions [53]. 
Fast energy transfer involving 

optical phonons. 

System dynamics 

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

Instantaneous gain. 

Pulsed mode operation CW pump and pulsed signal. 

- CW signal and pulsed pump 
- CW pump and pulsed signal 
- Synchronised pulsed signal 

and pump [45] 

Architecture 
Multiple stages are required for 
high gain, because of ASE [34]. 

Single-stage possible for high 
gain [55]. 

Pulse shape 
Pulse distortion due to energy 

saturation and ASE. 
Clean pulses are possible, if 

pump pulses are clean. 

Linewidth 
Can be single-frequency because 
the device can be very short, e.g.,  

[56]. 

Stimulated Brillouin scattering 
makes it very difficult to 

operate with single-frequency 
because of the much lower 

threshold than SRS. Narrow-
linewidth operation is possible 

but then FWM (in CW or 
pulsed regime) and SPM (in 
pulsed regime) can also be 

present and increase the output 
linewidth. 

Table 1.1: Properties of rare-earth doped and Raman fibres 
 
 

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

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

possible thanks to the unique properties of SRS: beam clean-up and fast energy transfer. Such a 

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

restrictions on the type of pump light sources as long as they are bright enough. This new field 

would seem to provide much potential for pioneering and exciting research. 

 



Chapter 1: Overview 

C. A. Codemard  27 

1.3 Objectives and achievements 

In the previous section, the need for higher power and higher energy eye-safe fibre laser 

sources was identified. In this thesis, I propose two approaches to power and energy scale fibre 

lasers operating in this wavelength range. Both approaches rely on the brightness conversion 

process which takes place in cladding-pumped fibre.  

The first approach is based on large core erbium-ytterbium doped fibres. Here, the 

objective is to demonstrate that power and energy scaling of narrow linewidth EYDF laser is 

possible. So far the power and energy of EYDF lasers has remained deceptively low by 

comparison to ytterbium doped fibre laser. Furthermore this work is confined to narrow-

linewidth laser sources that have a large application range. Consequently, using large core 

EYDF and tapered fibre section, I have, with the help of others, demonstrated the highest power 

[57 - 58] and energy [28, 51, 59] from any erbium-ytterbium sources, and any source in the 

1.5 – 1.6 µm spectral range, at that time. 

The second approach is completely new and largely unknown, and, therefore, is more 

challenging. I propose to realise the power scaling of Raman fibre laser using a double clad 

fibre. This direct brightness enhancement through stimulated Raman scatting is possible thanks 

to the special properties of SRS. Here, the first objective is to establish some theoretical 

foundation to understand the working principles and the behaviour of DCRF laser. The second 

objective is the demonstration and study of a high power CW cladding-pumped Raman fibre in 

the “eye-safe” spectral range using a high power EYDF laser as pump sources. This objective 

has been fulfilled and the first continuous-wave high power DCRF fibre laser with a single 

mode output compatible with standard SMF has been demonstrated [60 - 61]. The power levels 

obtained were also amongst the highest reported from a Raman fibre laser. The last objective is 

to investigate the potential and possibly to demonstrate high energy pulses from a DCRF source. 

The potential has been put in evidence with a high gain in single-stage configuration [55] and 

the demonstration of the generation of 10 µJ pulses. Still, the full capability of cladding-pumped 

Raman fibre laser still remains to be investigated. 

 

1.4 Outline 

This thesis is divided into three related, but distinctive, sections. The first section 

comprises two chapters. This first, current, chapter introduces fibre lasers and their properties, 

and presents the motivations, objectives and achievements of this thesis. The second chapter 

gives an overview of the background theory. Firstly, the laser beam quality and brightness are 
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defined. Secondly, the general properties of cladding-pumped double-clad fibres are presented. 

Thirdly, a comprehensive view of the modal properties of optical fibres is given. Finally, non-

linear effects are introduced with an emphasis on Raman scattering. 

The second section contains the work on power-scaling and the study of erbium-

ytterbium doped fibre laser sources. Chapter 3 contains background information specific to 

erbium-ytterbium doped fibre and pulsed rare-earth doped fibre amplifier. In addition the details 

of the fibres, used in this thesis, are presented. In Chapter 4, C- and L-band tuneable, high 

power, continuous-wave EYDF laser sources are described. Both lasers include a tapered fibre 

section to control the output beam quality. The characteristics of the lasers are also discussed. 

Next, Chapter 5 contains the work on pulsed erbium-ytterbium doped fibre lasers. High-energy 

pulses with narrow spectral linewidth have been obtained from a MOPA based on large core 

EYDF. Challenges and limitations on energy scaling in erbium-ytterbium doped fibre are 

discussed. 

The third section concerns the development and study of high-power Raman fibre lasers 

and amplifiers based on the novel concept of a cladding-pumped Raman fibre. This section also 

contains three chapters. Fibre laser sources developed previously are being used as intermediate 

pump sources to create Raman gain in an undoped double-clad fibre. Firstly, Chapter 6 presents 

the principles and theory of continuous-wave and pulsed cladding-pumped Raman fibre laser 

sources. Then, in Chapter 7, an experimental and numerical study of high-power continuous-

wave single-mode Raman fibre laser is presented. Next, in Chapter 8, a high gain pulse 

amplification operation is demonstrated in a single-pass configuration. In addition, the potential 

to reach high-energy pulse in a double-clad Raman fibre amplifier is discussed and illustrated 

with some experimental results. Limitations due to other competing non-linear effects are 

examined and alternatives to overcome these are considered. 

Finally, Chapter 9 summarises the main results and achievements of this thesis and 

describes possible areas for further research. The thesis concludes with two appendices. 

Appendix I treats the modeling of stimulated Raman scattering in multi-mode fibres with an 

example of a computer program. Finally, Appendix II contains 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 that present an overview of theory and information 

required to understand the later chapters. Firstly, section 2.1 presents the notion of brightness 

and its relation to the beam quality in the case of a fibre laser source. Then, in section 2.2, the 

principle of cladding-pumping and double-clad fibres for high-power, high-brightness output is 

introduced. Thereafter, the fibre waveguide theory, that describes the properties of electro-

magnetic fields in an optical fibre, is briefly presented in section 2.3. This helps in the 

understanding of non-linear effects in multi-mode fibre. Finally, section 2.4 introduces some of 

the non-linear effects that arise from the propagating high 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 tight focusing of a beam, for example, in 

laser material processing, printing, marking, cutting and drilling, as well as long working 

distances and low divergence beams, such as in LIDAR or frequency conversion. These laser 

sources are generally optically pumped lasers which then, normally, generate laser beams of 

much higher brightness than the pump beam; although the output power is lower the beam 

quality is much higher. Furthermore compared to alternative pumping schemes, optical pumping 

has the advantage that its primary requirement is high optical quality, but that will necessarily 

be fulfilled by any laser gain medium. By contrast, other pumping schemes such as electrical 

injection place many additional requirements on the gain medium, which are often difficult to 

combine with high-power, high-brightness operation. 

Fibre lasers based on double-clad fibres which convert light from multi-mode 

semiconductor pump source into diffraction limited output beam are examples of lasers that can 

be optically pumped by high-power, low-brightness beams. Consequently they can be seen as 

brightness converters. In fact, due to recent developments, fibre lasers are among the brightest 

laser sources in existance, as figures 2.1 and 2.2 show. 
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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 

beam parameter product from different laser 

sources.  

Figure 2.2: Comparison of the brightness 

from commercially available semiconductor 

and fibre laser sources  
 

 

Due to confusion between beam quality and brightness, it is convenient to remind 

oneself of the definitions of these. Indeed the term high-brightness indicates either a high power 

output and/or a high beam quality. The brightness is also called the radiance and is defined as 

the amount of light that passes through or is emitted from a particular area, and falls within a 

given solid angle in a specified direction. Brightness is expressed in W/(sr.m2). 

Therefore, in the small angle approximation, in an optical fibre, the brightness B  can 

be expressed as [1]:  

2

P P
B

A NA Aπ
= ≈

Ω
 

(2.1) 

where B  is the fibre brightness, P is the emitted power from an area of size A  in a solid-angle 

Ω  (in the far-field), and NA is the fibre numerical aperture. B  is expressed in W/(sr.m2). 

Hence a high brightness fibre laser is one with a low optical divergence from a small emitting 

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

The beam quality of a laser source is described by the beam propagation factor 2M  

which can be expressed as [2]: 

2 0

4
D

M λ
π

Θ=  

(2.2) 

where 0D  is the diameter of the focal point (i.e. waist diameter), Θ  is the full angle in the far 

field of the light emerging through the focal point and λ  is the wavelength of the optical 

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

can be used for D0. 

The 2M  factor is related to the minimum spot size, which can be achieved at a certain 

wavelength with a certain aperture and numerical aperure. However, it is independent of the 

power. Practically, the 2M  factor can be measured according to ISO standard 11146 [3] by a 

fitting procedure from the measured evolution of the second order moment of the beam radius 

along the propagation direction. In the case of fibre lasers, a diffraction-limited beam can be 

obtained when the laser operates uniquely on the lowest order mode of the fibre core. However, 

even with a single-mode fibre, the 2M -value depends on the refractive index profile of the 

core. A diffraction limited beam has a 2M  factor which is unity. A single-mode step-index 

fibre typically has an 2M -value of 1.05, which still can be considered to be diffraction-limited. 

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

( )22

P
B

M λ
=  

(2.3) 

where P  is the power emitted from the laser, 2M  is the beam propagation factor and λ  is the 

wavelength of the optical radiation. 

Finally, there is another common term, which is used to quantify the beam quality of a 

laser source, called the “beam parameter product” or BPP. It is defined as: 

2 0

4

D
BPP M

λ
π

Θ= =  
(2.4) 

Other definitions may exclude the factor of 1/4. In contrast to the 2M -parameter, the BPP 

directly tells us how tightly a beam can be focused (at a 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 mid-1980s were single- or few-moded 

devices that were pumped in the core. They generally relied on single-mode pumping, which 

limited their scope for brightness-enhancement. Their potential for power-scaling was also 

limited, since suitable single-mode pump-laser diodes are still limited in power to the watt-level. 

To overcome these limitations we would like to break the constraint of single-mode pumping 
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and to allow greater amounts of pump power to be coupled into the fibre, while at the same time 

retain a diffraction-limited output beam. A solution was proposed in 1989 by Po et al. [4] which 

consisted of a fibre whose cladding is surrounded by a lower index outer cladding which then 

forms a waveguide, outside of the primary core waveguide. The pump light can be introduced 

into the inner cladding and can propagate along the fibre, interacting with the rare-earth doped 

core as shown in figure 2.3. Such a fibre is called a double-clad fibre [5]. Since the core is often 

single-moded, a diffraction-limited output is obtained even with high-power multi-mode 

pumping. 

 

Figure 2.3: Working principle of a double-clad fibre laser. The pump light (in blue) from 

a laser diode propagates in the inner cladding of the double clad fibre, while lasing (in 

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

 

In order to maximize the amount of pump power that can be launched, the second 

cladding must have a refractive index as low as possible, to yield an NA of the inner cladding 

that is as high as possible. The inner cladding can also have a significantly larger area than the 

core. Consequently, with a typical value for silica face damage of about 10 W/µm2 at around 

980 nm, more than 1.256 MW could theoretically be launched into a 400 µm diameter circular 

fibre. Unfortunately, although a larger inner-cladding enables more pump power to be coupled 

into the fibre structure, as long as the core design is fixed with a fixed RE-ion concentration, the 

pump absorption decreases as the interaction between the pump and the core is reduced (the 

overlaps between the modes of the inner cladding and the core decrease). Nonetheless this can 

be compensated with a longer fibre length, up to limits set by background loss and non-

linearities. In addition, the pump power coupled into the fibre can be further increased with 

spectral and spatial multiplexing of multi-mode pump sources such as laser diodes stacks, diode 

bars or multiple single laser emitters. Therefore, from the development of the double-clad fibre, 

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

Double-clad fibres have a secondary lower index, outer, cladding. There are three types 

of outer cladding. Firstly, the cladding can be composed of a low-index glass. For example, 

fluorine doped silica yields a numerical aperture of typically about 0.2 to 0.3 for a pure-silica 

inner cladding. Such double-clad fibres are also called all-glass double-clad fibres. Advantages 

include a high thermal resilience and low propagation loss. It is based on well-known 

technology used for the fabrication of large-core fibres, but then with a large pure-silica core 

surrounded by a fluorosilicate cladding. The double-clad fibre design would introduce a 

(primary) RE-doped core into the pure-silica core of such a fibre. Secondly, the outer cladding 

can consist of a polymer or polymer-like coating, e.g., a fluoro-acrylate or a silicone. In this 

case, the NA (relative to a pure-silica inner cladding) can become 0.4 – 0.5. This is the most 

commonly used approach because the fabrication is straightforward and the cladding can be 

easily removed and the fibre easily cleaved. Figure 2.5 shows a cleaved end-face of D-shaped 

double-clad fibre which was coated with a low index polymer. Finally, the secondary cladding 

can consist of air holes in a silica fibre as shown in figure 2.4, such fibres being known as all-

glass air-clad fibre (also Jacketed Air-Clad fibre). The numerical aperture depends on the 

structure. Values approaching unity have been reported [6], but are difficult to realise and to 

work with in practice. Typical values are lower, e.g., about 0.6 [7]. This is much higher than the 

other fibre designs due to the high refractive index contrast between silica and air. Still JAC 

fibres are challenging to fabricate and to handle and, therefore, are only occasionally used. 

  

Figure 2.4: Jacketed Air-Clad fibre whose 

outer cladding is formed by air-holes 

(here, the inner-cladding diameter is ~ 30µm) 

[7]. 

Figure 2.5: D-shape double-clad fibre with a 

low-index polymer outer cladding. 
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Another important aspect of the cladding design is its shape, which influences the 

interaction between the pump light and the doped core [8 - 11]. For example, in fibres with 

circular symmetry, there are skew modes, which never overlap with the core. In a step-index 

structure, these correspond to higher-order Bessel functions, which vanish in the centre. Only J0 

is non-zero in the centre, and the corresponding modes will see a high absorption. In contrast, 

the pump power contained in skew modes cannot interact efficiently with a core in the centre of 

the fibre. A large part of it is simply lost, without contributing to the amplification process. In 

the case of circular fibre, bending the fibre can induce some pump mode mixing. Thus, for 

example, pump power can be transferred into the J0-modes and prevent these from being 

depleted. Therefore bending is commonly used to increase the pump absorption in circularly 

symmetric fibres. A more robust and repeatable alternative is to use cladding designs that do not 

support skew modes [12, 13] as shown in figure 2.6. For example, fibres with a rectangular 

inner cladding have shown an increased pump absorption over circularly symmetric fibres [14 - 

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

 

 

Figure 2.6: Common shapes of the inner cladding of double-clad fibres: a) circular, b) square, 

c) rectangular, d) hexagonal, e) flower shape, f) D-shape [17]. 
 

 

2.2.3 Light injection methods 

The injection of the pump light into the inner-cladding of the DCF can be achieved 

through various means, partly depending on the fibre geometry. The choice of the injection 

method is important as it, together with the pump brightness, determines the maximum 

permissible pump power, which can be coupled into a DCF. In many cases, this determines the 

performance that can be reached with a high-power fibre laser. The pump injection methods can 

be divided in two groups according to the location of the injection point along the double-clad 

fibre: end-pumping and side-pumping. There are also hybrid schemes, in which the pump power 

is first launched into a passive fibre through its sides. The pump power is, then launched into the 

active fibre through its end, by splicing the passive fibre to the active one. 
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The simplest method is to launch the pump directly into the inner cladding of the active 

fibre through one or both of the fibre ends using free-space coupling optics. Free-space end-

pumping is easy to implement in an experimental set-up and the launch efficiency is generally 

good (e.g., 80%) if the beam quality of the pump source is sufficiently high. An additional 

advantage of free-space end-pumping is that the pump power can be scaled using diode bars or 

diode stacks whilst maintaining a high launch efficiency. Sometimes, free-space end-pumping is 

the only practical brightness-preserving solution when the source and fibre NA are very 

different, for example, in the case of high-NA, small inner-cladding fibres such as jacketed air 

clad fibres which have down to 30 µm inner cladding diameters [7]. However, the launch optics 

require precise and stable alignment. Furthermore, the fibre ends are not accessible for splicing 

which means that the signal has to be accessed with free space optics (at least with double-

ended pumping). However, in commercial products all-fibre pumping schemes are preferred as 

it reduces or replaces a number of bulk optic components, enabling the construction of 

monolithic fibre laser sources in which the light propagates within the fibre. For example, fused 

components and fibre splices cannot be misaligned (although they can still suffer from excess 

accumulated heat in some cases). 

Therefore, tapered fibre bundles (TFB) with signal feed-through [18, 19], which are 

only recently becoming commercially available, are commonly used in fibre laser. A tapered 

fibre bundle combines a fibre with a signal-guiding core and a number of pump fibres into a 

single double-clad fibre, guiding both the signal in its core and the pump in the inner cladding. 

Typically, the common double-clad fibre is not RE-doped, but is spliced to an active double-

clad fibre. However, with a passive TFB that is spliced to the end of an active fibre, this 

effectively becomes an end-pumping method. As such, the maximum number of injection points 

is limited to the two fibre ends. In addition, in high power applications, the high pump power 

intensity at the injection points can lead to thermal loading at the fibre ends and special cooling 

arrangements must be then implemented to reduce fibre damage. 

The second group of injection methods utilise some coupling mechanism that takes 

place on or along the side of the double-clad fibre. The notch coupling invented by Goldberg et 

al. [20] consists of a V-shaped groove cut into the fibre inner-cladding which is used to reflect 

the pump. V-groove side pumping allows for multiple injection points along the fibre with a 

typical launch efficiency of 75% [21]. However, the power scaling ability is poor because the 

number of V-grooves increases with power and the output power of laser diodes chips remains 

quite limited. Other side pumping methods consist of injecting the pump light through a side 

fibre in optical contact with the inner-cladding [22, 23]. This co-linear coupling is basically a 

long coupler, extended over the whole fibre where the pump and signal fibre are independently 

free and share a common low index cladding. This coupling mechanism is less prone to high 
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thermal loading because the pump power is slowly distributed to the active fibre inner-cladding 

[24]. Another side coupling method is the fused taper side-coupling invented by Samartsev et al. 

[25]. Little is really known about the power handling capability of this method, but in its design 

it is quite similar to the tapered fibre bundle and should have comparable power handling 

capability. 

 

2.3 Fibre modes 

To understand the properties of an optical fibre for the propagation of an optical wave, it 

is necessary to consider the optical fibre modes. An optical field can be described as the 

superposition of guided modes and radiation modes. Fibre modes describe how the 

electromagnetic field ( ),E H  (where ,E H  are the electric and magnetic fields, respectively) is 

distributed transversely in the waveguide and how the light propagates along the fibre. Many 

aspects of light propagation in optical fibres is best described in terms of modes. Therefore, they 

are important to understand the behaviour of cladding-pumped devices. In order to determine 

the properties of these modes, generally, the theory of electromagnetic wave propagation in a 

linear medium is considered. Thus, like all electromagnetic phenomena, the optical field is 

governed by Maxwell’s equations and associated boundary conditions. Because derivations are 

rather lengthy and tedious and because the equations are well known and presented in numerous 

textbooks, e.g. [26], they are not shown here in detail. Broadly, from Maxwell’s equations and 

after some considerations regarding the physical properties of the propagating medium (for 

example, the medium is non-magnetic), and some mathematical manipulation [26], Maxwell’s 

equations can be converted into the wave equation which is also called Helmholtz’s equation. 

This equation is used to describe the properties of optical waves in a waveguide. The optical 

waves, which can propagate in the waveguide, are discrete solution of the wave equation and 

are referred to as modes of the waveguide. The modal properties of optical fibre depend on the 

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

 

2.3.1 Helmholtz equation 

When a medium where the optical field is propagating is non-magnetic, Maxwell’s 

equations can be converted [26] into the wave equation (2.5) for the electric field E  (and 

similarly for the magnetic field H ). . 
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2 2

02 2 2

1

c t t
µ∂ ∂∇×∇× = − −

∂ ∂
E P

E  
(2.5) 

where E  is the electric field vector, P  is the induced polarisation from the electric dipoles, c  

is the velocity of light in the vacuum, 0µ  is the vacuum permeability and is related to the speed 

of light by 0 0 2

1

c
µ ε =  where 0ε  is the vacuum permittivity. 

This relation is valid in the electric-dipole approximation with a local medium response. 

The wave equation can be further simplified by the relation ( ) 2∇×∇× = ∇ ∇ ⋅ − ∇E E E  

where 0ε∇ ⋅ = ∇ ⋅ =D E  and ε  represents the medium dielectric constant. In addition, if the 

optical loss of the fibre is small (i.e. 2nε ≈ ), then (2.5) can be written as: 

2 2 2
2

2 2 2

n n

n c t

 ∇ ∂∇ + ∇ =  ∂ 

E
E E

 (2.6) 

where n  is the refractive index distribution of the optical waveguide medium, and c  is the 

velocity of light in vacuum. The term 2n∇  can be neglected if the relative change of the 

refractive index is small over the distance of one wavelength [27] (that is the case in a real 

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

( ) ( ) 0
0, , e i tt dtωω

∞
−

−∞

= ∫E r E rɶ ), equation (2.6) can be reduced to the well-known homogeneous 

wave equation (also called the Helmholtz equation): 

( ) ( ) ( )
2

2 2
2

, , , 0n
c

ωω ω ω∇ + =E r r E rɶ ɶ  
(2.7) 

Here Eɶ  is the electric-field vector in the frequency domain and is linked to E  by a Fourier 

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

Assuming the slowly varying envelope approximation [26] and a circularly symmetric 

structure like an optical fibre, the electric field can be written as a function of independent 

variables in (2.8). 

( ) ( ) ( ) ( ) ( )0 0, , exp expE A z F r im i zω ω ω φ β= − ±r ɶɶ  (2.8) 

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

angular dependence is given by ( )exp imφ±  where m  is an integer, Aɶ  is the amplitude of the 
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field that varies along the z -axis of the fibre and the term ( )0exp i zβ  contains the phase 

modulation during the propagation with 0β  the propagation constant. 

By inserting equation (2.8) into equation (2.7), the variables F  and Aɶ  can be separated 

into two distinct equations: 

( ) ( ) ( )
2 2

2 2 2
02 2

1
, , 0

d d m
k n r l F r

dr r dr r
β ν ν

  
+ + − − =  

  

ɶ  
(2.9) 

( )2 2
0 02 0

A
i A

z
β β β∂ + − =

∂

ɶ
ɶ ɶ  

(2.10) 

where ( )n r  is the radial refractive index distribution, ν is the radial mode number, m  is the 

azimuthal mode number, 0k  is given by 0

2
k

c

ω π
λ

= = , and βɶ  is the eigenvalue of (2.9). 

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

amplitude variation during its propagation in the waveguide. 

In a step-index fibre, the general solution of (2.9) is given by Bessel functions of the 

first and of the second kind. There are several solutions for each integer value of m , which, in 

order to have a physical meaning, must decay exponentially for large value of r , away from the 

waveguiding region. Therefore, the fibre modes are designated by the numbers ( ),mν  to which 

correspond a unique value βɶ . These numbers are used to designate Linearly Polarized (LP) 

fibre modes, ignoring the degenerate modes originating from the polarization orientation of the 

modes [28].  

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

non-linearity is included. This equation is discussed further in section 2.4.1. 

Generally, a fibre optical waveguide consists of a cylindrically symmetric core region 

surrounded by a low index cladding region to form a waveguide and guide the light along the 

core as in figure 2.7. The eigenequation (2.9) must be solved for the given refractive index 

profile (RIP) to find the propagation constants of the various LP modes guided by the structure. 
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Figure 2.7: Optical fibre waveguiding structure: a) fibre cross-section b) typical 

double-clad fibre RIP c) multi-mode fibre RIP with high index coating and d) 

Measured RIP of the core F402-LF122 manufactured at the ORC 
 

 

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

31] are discussed to solve equation (2.9). Depending on their values of 0β  [32], the modes are 

either predominantly propagating in the core region and are core modes, or they propagate 

(predominantly) in the cladding region and are called radiation modes. In the case of single 

mode fibre, the radiation modes extend into the cladding region and into the jacket, which is 

generally absorbing. Hence, this category of mode tends to disappear quickly in single mode 

fibre but not in double clad fibre because of the outer low refractive index region. In fact, in that 

case the modes in the inner cladding are also guided modes. 

 

2.3.2 Modal excitation 

When an optical fibre is illuminated with an incoming light beam, certain modes are 

excited according to the spot size, offset and tilt (with respect to the optical axis of the fibre) of 

the illuminating light beam. Hence, the incident power is distributed among these excited 

modes. This can be used to selectively or preferentially excite low order modes in large-core 

multi-mode fibre, e.g., the fundamental mode of a multi-mode fibre [33]. Therefore, it is 

important, in order to model accurately any multi-mode system, to know the modal power 

decomposition at the light injection point. Theoretical modal power decomposition can be 

determined from a knowledge of the incident light beam properties. Several methods exist, for 
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example, the mode matching method, the plane wave expansion [34] and the direct phase vector 

matching method [35]. It is also possible to determine experimentally the modal excitation of 

optical fibre, but, so far, it is rather difficult to measure it in device-length fibre and it is 

practically cumbersome [36]. 

Based on the mode matching method, the modal decomposition coefficient ,m nη , for an 

incident input field iF  into a supported mode ,m nF  (where m  and n  are the azimutal and the 

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

( ) ( )

( ) ( )

,

,

22

,

, . ,

, ,

i m n

m n

i m n

F x y F x y dxdy

F x y dxdy F x y dxdy

η

∞ ∞

−∞ −∞

∞ ∞ ∞ ∞

−∞ −∞ −∞ −∞

=
  
  
  

∫ ∫

∫ ∫ ∫ ∫
 (2.11) 

where ( ),iF x y  is the input field, ( ), ,m nF x y  is the modal field. This is the method used in this 

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

for Raman amplification. 

The same principle of modal excitation is used to determine the butt-joint splice loss, 

between, for example, the fundamental mode losses of two fibres. The splicing loss for two 

fibres with mismatched fundamental-mode diameters and a lateral displacement d  is given by 

[38]:  

2

_ 10 2 2 2
1 2

1 2

2 1

4
10 exp 2splice dB

d
L Log

w ww w

w w

 
 
  

= − −  +       +     
     

 

(2.12) 

where 1w  and 2w  are the mode field diameters of the first and second fibre, respectively. 

 

2.3.3 Mode coupling 

Mode coupling occurs in multi-mode optical fibre when the waveguiding properties of 

the fibre are perturbed, for example, through macro-bending [32] or core deformation [39]. 

Mode coupling can be undesirable when the fibre modal integrity must be preserved, for 

example, in the case of single mode operation of a multi-mode fibre [33]. On the contrary, in 

some cases, strong mode coupling and mode mixing is a useful feature, for example in rare-
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earth doped double-clad fibre where strong coupling of pump modes increases the pump 

absorption. In this work, mode coupling is important for the cladding-pumped Raman fibre [40]. 

Let us consider an optical fieldE  which travels down a fibre. The field can be 

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

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

superposition of modes of amplitudes iA . 

( ) ( ) ( )( ) ( )
1 0

, , , ; exp
zN

i i i
i

E x y z A z F x y z i z dzβ β
=

 
=  

 
∑ ∫  (2.13) 

If the fibre is translationally invariant, there is no mode coupling but mode beating occurs. In 

that case, the modes fields, iF , and the propagation constant iβ  can be calculated by solving 

equation (2.9). Otherwise, the modes and the propagation constants at every point z  evolve and 

the iF ’s and the propagation constants iβ  become a function of z . These modes are known as 

local modes. 

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

describe the modal power transfer which can be reduced to tracking the evolution of the modal 

amplitudes ( )iA z  [41 - 43]. Equation (2.14) governs the evolution of the amplitudes along the 

propagation axis (the z -axis). 

( ) ( ) ( ) ( ) ( )
1

d

d

N
i

i i ij j
j

A z
i z A z i C z A z

z
β

=

− = ∑  
(2.14) 

where the ijC  are the mode coupling coefficients between the thi  and thj  modes. The value of 

the mode coupling coefficients ijC  depends on the type of perturbation. In the absence of any 

perturbation the amplitude iA  oscillates along the propagation axis such as ( ) . ii z
i iA z A eβ= ɶ . If 

the fibre perturbation is small and oscillates around an average value then the mode coupling 

coefficient is given by equation (2.15) where the transverse dependence is omitted for simplicity 

[43]. 

( ) ( )( ) ( ) ( )2 2

2ij i i j jS
ref

k
C z n z n F F dS

n
β β

∞

= −∫  
(2.15) 

where k  is the amplitude of the wave vector defined in section 2.3.1, refn  is a representative 

reference index i.e. typically the core refractive index, and S∞  represents the infinite cross-
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section at a given position. The jβ ’s represent the propagation constants of the modes of the 

unperturbed waveguide. 

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

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

( ) ( ) ( )
( ) ( ) ( )

21

2ij i i j jS
ref i j

n zk
C z F F dS

n z z z
β β

β β ∞

∂
=

− ∂∫  
(2.16) 

where the local mode fields iF ’s are functions of the position z  through a local ( )i zβ  [43].  

 

2.4 Raman scattering and non-linear effects in optical fibres 

2.4.1 Introduction to non-linear effects 

Optical fibre shows a non-linear response to intense optical fields which give rise to 

effects such as harmonic generation, beam self-focusing, Kerr effect [44] and stimulated 

scattering processes. This non-linear response originates from several effects, including the 

oscillation of nuclei and the anharmonic motion of bound electrons under the influence of an 

applied field. In general, when a propagating electric field E  exists in a material, a polarization 

density P  is induced which may be expressed as a power series in the field [26]: 

( ) ( ) ( )( )1 2 3
0 . . . . . . ...ε χ χ χ= + + +P E E E E E E  

(2.17) 

where 0ε  is the vacuum permittivity and ( ) ( )1,2,...j jχ =  is the medium’s j th order 

susceptibility represented by a tensor of rank j+1. The linear susceptibility ( )1χ  is the dominant 

contribution of the polarization. The linear susceptibility results in a refractive index n  and an 

attenuation coefficient α . The second order susceptibility ( )2χ  is responsible for non-linear 

effects such as second harmonic generation and sum-frequency generation. In an isotropic 

material such as a silica fibre, this phenomenon arises from a lack of inversion symmetry of the 

medium. However it is extremely weak and in practice vanishes. Therefore, the lowest-order 

non-linear effects in optical fibre originate from the third order susceptibility ( )3χ . This is 

responsible for phenomena such as third-harmonic generation, four-wave mixing, the intensity 

dependence of the refractive index (Kerr effect) and non-linear inelastic scattering. The ( )3χ  

processes can be separated in two distinct classes of scattering effects. Elastic scattering effects 

do not exchange energy with the medium by definition. These effects are phase matched and 
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arise from the electronic response of the medium. The second class concerns scattering 

processes that are inelastic in that part of the optical field energy is transferred to the non-linear 

medium. These effects are non-phased matched and are induced by the nuclear or the 

electrostrictive response of the medium. These are the three main processes that commonly 

contribute to ( )3χ  depending on the light – medium interaction. 

( ) ( ) ( ) ( )3 3 3 3
Electronic nuclear electrostrictionχ χ χ χ= + +  (2.18) 

The electronic contribution results from the non-parabolic nature of the electronic 

energy wells. It has a minimum response time of order 10-16 s, while the nuclear contribution 

arises from optical-field-induced changes in motions of the nuclei and has a response time of 

order 10-12 s. The electrostrictive contribution results from electric-field induced strains and 

responds in 10-8 s. 

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

dependent refractive index 2n  that collects up the ( )3χ  effects 

( )0 2 0 2 2
real imgn n n I n n n I= + = + +  (2.19) 

where I  is the light intensity, 0n  is the material refractive index, 2n  is the non-linear 

contribution i.e. perturbation to 0n . The real part of the non-linear refractive index, 2n , which 

corresponds to the electronic response, is found to vary in the range 2.2 - 3.9 10-20 m2.W-1 for 

silica fibre. The variation in the value of 2n  is explained by the different dopants used in the 

fibre core and cladding, such as GeO2 and Al2O3. The imaginary part of the non-linear refractive 

index 2
imgn  is related to the non-linear scattering processes. 

For a better understanding of non-linear phenomena in optical fibres, it is necessary to 

consider the theory of electromagnetic wave propagation in dispersive non-linear media. Like 

all electromagnetic phenomena, the propagation of optical fields in an optical fibre is governed 

by Maxwell’s equations (2.5) where the polarization P  is replaced by Linear NL= +P P P . If we 

consider only the third order susceptibility, the non-linear contribution becomes: 

( ) ( ) ( ) ( ) ( )3
0, , , ,NL t t t tε χ=P r E r E r E r⋮  (2.20) 

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

obtained: 

222

0 02 2 2 2

1 NLL

c t t t
µ µ ∂∂∂∇×∇× − = +

∂ ∂ ∂
PPE

E  
(2.21) 
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The total electric field E  can be represented as a superposition of one or several 

monochromatic waves in one or several modes: 

( ) ( )
1

, cos
N

i i i
i

t E t zω β
=

= −∑E r  
(2.22) 

Then the non-linear contribution to the polarization becomes: 

( ) ( ) ( ) ( ) ( )3
0

1 1 1

, cos cos cos
N N N

NL i i i j j j k k k
i j k

t E t z E t z E t zε χ ω β ω β ω β
= = =

= − − −∑∑∑P r  
(2.23) 

where i , j  and k  represent the index of various modes considered with ω  and β  their 

respective optical frequency and propagation constant. 

The same process as in Section 2.3.1 can be used to solve the scalar wave equation 

(2.21). A new amplitude equation called the non-linear Schrodinger equation (NLSE) [26] 

describes the various non-linear effects: 

( )
( )

( ) ( ) ( ) ( )
00

2 22
230

0 0

, , 31
, ,

2 8

A z t A t ki d k dk
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z d k d z nωω
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ω ω ω

 ∂ ∂   − + = −    ∂ ∂    

r
 

(2.24) 

In practice, the power is a more convenient representation than the amplitude of the electric 

field because it can be directly measured. The power P  is related to the amplitude A  by 

* *

S

P AA FF dS= ∫ , with F  being the field distribution over the cross-section S . Once, the 

equation (2.24) is integrated over the cross-sectionS , the equations of the evolution of 

stimulated Raman scattering are derived (2.26) - (2.27). In that case, effective areas [45] are 

introduced and are defined as: 

22 2 2

, , ,

i j k l

S S S Si j k l
eff

i j k l

S

F dS F dS F dS F dS

A
F F F F dS

=
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∫
 

(2.25) 

where ( ),F x y  is the optical mode field distribution over the transverse area S  of the optical 

fibre and , ,i j k  and l  are indices which represent the various fibres modes involved in the non-

linear process. The overlap integral, i j k l

S

F F F F dS∫ , arising from integration over the waveguide 

mode-fields can differ depending on the specific modes involved. This overlap integral is non-

zero for processes like Raman scattering which deals with two distinct modes (i j=  and k l=  
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in equation (2.25)) or for combinations of modes with the proper symmetry in processes, like 

four-wave mixing, which involve four distinct fibre modes. 

 

2.4.2 Raman scattering 

2.4.2.1 Introduction 

As seen in the previous section, the optical medium can give rise to an electronic and 

nuclear non-linear response under the incidence of a high intensity beam. The interaction of 

optical photons with phonons (vibrational state) results in the scattering of the pump photons 

called Stokes wave. The spontaneous scattering occurs by the optical phonon vibrational modes 

of the medium determined by the temperature of the medium. The intensity of the scattered 

wave is strongly dependent on the angle of scattering and the optical power density in the 

material. However, in silica fibre, a fraction of the scattered light generated by the spontaneous 

scattering is captured by the waveguiding core, resulting in the transfer of energy from the pump 

wave to the Stokes wave [46]. Because of the capture effect, the Stokes wave light is emitted in 

the forward and backward direction of the waveguide. This phenomenon is called the Raman 

effect. The Stokes wave is frequency down shifted with respect to the pump wave, by an amount 

determined by the optical phonon of the medium [47]. Fused silica and other fused silica doped 

glasses, like GeO2 and P2O5, exhibit a broad Raman gain spectra, as shown in [47], due to the 

amorphous nature of the glass. In silica fibre, the peak gain frequency shift is about 13 THz 

from the pump frequency and the gain bandwidth is 10 THz. It is noteworthy that the Raman 

shift is independent of the pump wavelength but its intensity scales inversely with the pump 

wavelength. 

In the case of low-loss optical fibre and an intense pump wave, the scattered radiation 

can propagate with the pump wave over long distances. Under these circumstances, it is possible 

for the Stokes wave to continue to interact efficiently with the pump wave and, therefore, to 

grows exponentially with much of the pump energy being transferred to the Stokes wave. 

Alternatively, the Stokes wave can be seeded to force the energy transfer from the pump wave. 

This is referred as Stimulated Raman Scattering (SRS). 

 

2.4.2.2 Theory of Raman scattering in optical fibre 

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

for the pump and the Stokes wave, can be expressed by the following equations: 
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p p R
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dP g
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= − −  

(2.26) 

s R
s p s s

eff

dP g
P P P

dz A
α= −  

(2.27) 

where pP  and sP  are the power of the pump and Stokes optical waves oscillating at the 

frequencies pω  and sω , respectively. effA  is the effective area for a two wave interaction as 

defined in (2.25) and Rg  is the Raman gain coefficient of the optical fibre. pα  and sα  

represent the pump and signal background loss during fibre propagation.  

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

and takes the form: 

( ) ( ) ( ) ( ) ( ) ( )
0

01
0 exp 0 exp

z
pR R

s s p s s eff s
eff eff

Pg g
P z P P u du z P L z z

K A K A
α α

   
= − = −      

   
∫

 (2.28) 

where ( )0sP  and ( )0pP  are the Stokes wave and the pump power at the signal injection point, 

respectively, ( )pP z  is the pump power at the distance z  from the injection point, K  is a factor 

which depends on the polarization state of the pump and signal, effL  is the pump effective 

length, and sα  is the Stokes wave background loss. K  takes the value 1 if the pump and signal 

waves are polarization matched or 2 if both are depolarised. If the pump and signal are 

orthogonally polarized, K becomes large as the Raman interaction between crossed 

polarizations is weak. 

As the pump wave propagates along the fibre, its power decreases because of 

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

( )
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1 1
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0 0
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p zz
u

eff p
p p p
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−
− −= = =

∫
∫  

(2.29) 

with pα  the background loss of the pump in m-1. The maximum effective length is when the 

non-linear interaction is weak. In that case the pump is only attenuated by the background loss. 

If the background pα  grows, the effective length tends toward a finite value of 1
pα  while in 

the absence of background loss, effL  approximates z , i.e., the actual length of the fibre. 
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From (2.28), the small-signal gain for the first Stokes, neglecting the signal background 

loss, is expressed as [48]: 

( )exp 0SRS R
linear p eff

eff

g
G P L

A

 
=   

 
 

(2.30) 

It is related to the gain in decibel by the expression: ( )4.34SRS SRS
dB linearG ln G= . For example, at 

1 µm, the Raman gain coefficient is 1310 m/WRg −≈ . Thus the gain, per unit length and unit 

area, becomes 20.43dB.µm /(W.m)SRS
dBG ≈ . Therefore, high Raman gain can be achieved with 

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

 

2.4.2.3 Numerical modeling 

It is possible to expand (2.26) and (2.27) in order to obtain a more realistic model of the 

SRS phenomenon. A large number of wavelengths can be encompassed using multiple 

wavelength bins. In that case, a more complex propagation equation of the optical power present 

in the fibre can be considered: 
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(2.31) 

where index i  refers to the signal considered at the power iP  while j  is the index of any other 

signals. ( )iα ν  is the background loss at the frequency, iν . The sign ±  indicates the 

propagation direction with +  for forward and −  for backward. ( ),eff j iA ν ν  is the effective area 

between the mode at the frequency iν  and jν  respectively. ν∆  is the optical bandwidth of the 

wavelength bin considered, ( ),eff j ig ν ν  is the effect Raman gain coefficient for a wavelength 
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shift i jν ν− , h  is the Planck’s constant, Bk  is the Boltzman’s constant and T  is the absolute 

temperature of the fibre in Kelvin. 

The term ( )a  represents the propagation loss of the signal. The terms ( )b  and ( )c  

represent the stimulated energy transfer from higher frequency signals and the spontaneous 

generation of signal due to the thermal noise. The term ( )d  represents the energy transfer of the 

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

signals, which can become amplified by SRS into higher order Stokes. 

The set of equations (2.31) can be numerically integrated using well-established 

methods such as Runge-Kutta, to model the CW or quasi-CW 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 estimate the pump power or fibre length at 

which the SRS becomes significant. This is the case when designing a Raman amplifier or when 

one wants to avoid SRS, for example, in a high-power rare-earth doped fibre amplifier. The 

Raman critical power is defined as the input pump power at which the Stokes power, when 

unseeded, becomes equal to the pump power at the fibre output. The critical pump power can be 

expressed as follows [48]. 

In case of forward SRS: 

16 effp
critical

R eff

A K
P

g L
=  

(2.32) 

In case of backward SRS: 

20 effp
critical

R eff

A K
P

g L
=  

(2.33) 

where effA  is the fibre mode effective area, K  is a factor which takes into account the pump 

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

Rg  is the SRS gain factor, and effL  is the effective interaction length defined in (2.29).  

In the case of a Raman fibre laser, it is also useful to determine the pump power or fibre 

length required to reach the lasing threshold. The threshold corresponds to the point where the 

SRS gain compensate the cavity loss, and, in a simple Fabry-Perot, is given by [49]: 
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(2.34) 

where L  is the fibre cavity length and 1R , 2R  are the mirrors reflectivity that forms the cavity, 

and the other terms already defined. 

 

2.4.3 Overview of other non-linear effects 

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

the most relevant effects to the content of this thesis are presented. 

2.4.3.1 Stimulated Brillouin scattering 

When an intense light beam propagates in optical fibre, a non-linearity can arise from 

the interaction between the propagating light waves (photons) and the acoustic waves (phonons) 

in the fibre core. A fraction of the light wave travelling through the medium is scattered by the 

acoustic noise originating from the thermal noise. This phenomenon is called Spontaneous 

Brillouin Scattering. The scattered light interferes with the forward propagating light to create a 

power-induced index modulation of the propagation medium through the Kerr effect. The index 

modulation acts a grating that scatters the incoming light through Bragg reflection. This 

phenomenon is called electrostriction. Due to electrostriction, periodical compression zones 

moving at a speed given by the optical frequency difference are induced in the material. If this 

speed corresponds to the speed of sound in the material at this frequency, an acoustic wave is 

created. This acoustic wave in turn reinforces the scattering process. The scattered light is 

downshifted in frequency, because of the Doppler shift associated with the grating moving at 

the acoustic velocity. In that case, the scattering process is referred to as Stimulated Brillouin 

Scattering (SBS). The SBS phenomenon takes place in a very narrow bandwidth of about 20 

MHz in case of an optical wavelength of 1.55 µm in silica fibre. 

The Stokes intensity is found to grow exponentially in the backward direction. The 

impact of SBS can be estimated at low power level by the concept of critical power. The critical 

power of SBS, defined in [48], corresponds to the power where the Stokes wave at the fibre 

input becomes equal to the pump power at the fibre output. The SBS critical power is defined, 

under the nondepletion assumption and assuming a Lorentzian gain shape, as [50]: 

21 eff p Bp
critical

B eff B

A K
P

g L

ν ν
ν

∆ + ∆
=

∆
 

(2.35) 
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where effA  is the fibre mode effective area, K  is a factor which takes into account the 

polarization of the pump (for polarized light 1K =  and for un-polarized light 2K = ), Bg  is 

the SBS gain factor, effL  is the effective interaction length defined as for SRS by (2.29), and 

pν∆  and Bν∆  are the Lorentztian linewidths of the pump and of the SBS gain, respectively. 

The value of the factor 21 may change with the fibre length as discussed in [51], but it remains 

that (2.35) gives an indication of the threshold. When B pν ν∆ >> ∆  equation (2.35) reduces to 

the well-know critical power definition as [48]: 

21 effp
critical

B eff

A K
P

g L
=  

(2.36) 

The peak value of Bg  is nearly independent of the pump wavelength and the typical parameter 

value for fused silica is 115.10 m/WBg −≈ . 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 mixing) involve four optical waves 

interacting through the electronic response of the third-order susceptibility. It generally occurs 

when two or more light beams with different propagation constants propagate through an optical 

fibre with a high intensity. When the light beams are phase matched, additional light 

components are generated by transferring some optical power from the pumps waves into the 

anti-Stokes and Stokes wave. In fact two pump photons are annihilated with the simultaneous 

creation of an anti-Stokes and a Stokes photon. The anti-Stokes wave has a higher frequency 

than the pump frequencies while the Stokes has a lower frequency. The phase matching 

(conservation of momentum) requirement, in an optical fibre, is given by [52]: 

1 2 a sβ β β β+ = +  (2.37) 

where 1β  and 2β  are the propagation constants for pump 1 and 2 while aβ  and sβ are the ones 

for the anti-Stokes and Stokes waves, respectively. Furthermore, the frequencies must also be 

matched, i.e., 1 2 0a sω ω ω ω+ − − =  (conversation of energy). 

If only the pump lightwave is incident in the fibre, with the frequencies and propagation 

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

expressed as: 

( )
2

2

1 22
2

g PP
κγ  = −  
 

 
(2.38) 

where γ  is the (averaged) non-linear parameter, 1P  and 2P  are the incident pump powers and 

κ  is the net phase mismatch. The parametric gain is maximum when the phase matching is 

satisfied, i.e. 0κ = . 

The non-linear parameter, γ , is defined by: 

2 0
elec

eff

n

cA

ωγ =  
(2.39) 

where 2
elecn  is the electronic contribution to the non-linear refractive index, 0ω  is the pump 

frequency and effA  is effective area of the photon distribution interacting in the process. 

The net phase mismatch can be expressed as: 

02k Pκ γ= ∆ +  (2.40) 

where k∆  is the phase mismatched defined by 1 2 a sk β β β β∆ = + − − . This represents the 

contribution of the dispersion due to the waveguiding and to the material. The term 02 Pγ  

represents the non-linear contribution to the phase mismatch where 0P  is the total launched 

pump power (i.e. 0 1 2P P P= + ).  
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Chapter 3 Principles of erbium-ytterbium 
doped fibre laser 

This chapter presents the fundamentals of cladding-pumped erbium-ytterbium doped fibre 

(EYDF) and of pulsed rare-earth doped fibre. Section 3.1 presents the motives for co-doping 

erbium doped fibre with ytterbium ions to power scale laser output power from erbium ions. 

Then, section 3.2 presents background information on the fabrication and characterization of 

EYDF as well with some typical characteristic values. Subsequently, the details of erbium-

ytterbium co-doped fibres used in this work are given in section 3.3. Thereafter, the properties 

of pulsed rare-earth doped fibre are introduced with details specific to EYDF. Finally, section 

3.5 summarises this chapter 

 

3.1 Introduction 

Originally, co-doping, also called sensitisation, was invented [1] to improve the often 

undesirably low pump absorption of rare-earth doped fibre. In a double-clad fibre, because of 

the low brightness of the pump source and the maximum ion concentration permissible in silica 

fibre, it leads to a low pump absorption. Sensitisation also reduces the threshold, which is 

particularly important in systems with significant ground-state absorption. In co-doped fibres, 

the pump radiation is absorbed by the sensitizer ions, which then become excited. These ions 

then transfer their energy nonradiatively to a (quasi-) resonant energy level of the acceptor ions, 

which in turn, emit photons on a lower energy transition, at a longer wavelength. The best 

example is erbium doped fibre sensitized with ytterbium ions. Such fibres have been widely 

used in high power double clad lasers and amplifiers emitting at wavelengths around 1550 nm. 

Because of the poor absorption of Er-doped fibres (without Yb co-doping), it is difficult to use 

cladding-pumping to power-scale them. Core-pumping of EDFs at 980 nm or 1480 nm works 

quite well, but the output power is limited by the pump power available from single-mode 

diodes. By contrast, EYDF can be pumped in the broad ytterbium absorption band (~910 –

 980 nm) by high power, low-brightness, multi-mode laser diode sources in double-clad fibre 

configurations. Therefore, co-doping or sensitisation by ytterbium ions in a double-clad fibre 

structure, is the current approach to power scaling erbium doped fibre laser sources operation in 

the 1.5 – 1.6 µm 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 fabricated using the modified chemical 

vapour deposition (MCVD) process and the solution doping technique, which was adapted by 

J. E. Townsend at Southampton University [2]. In this process, the soot deposition and the 

sintering phase are separated, which improves the homogeneity of the fibre core doping. A soot 

layer is processed on the inside of a quartz tube, called a preform, using the MCVD technology 

to form a porous frit. The perform is then soaked in a solution containing a solvent and the 

dopants such as chlorides, for example, ErCl
3 

, YbCl3, AlCl3. In order to achieve a uniform 

doping, the preform is dried evenly to avoid any uneven dopant build-up under gravitational 

force. The preform is dehydrated on the lathe to densify the frit and lock the solute in the glass 

by vaporising the solvent. The dopant chlorides are left in the glass. The preform temperature is 

increased so that the chlorides become oxidised and the dopant oxides are consolidated into the 

silica glass. Then, the glass is sintered. Finally, the preform is collapsed under heat treatment 

into a solid core rod. The deposited soot layer forms the core while the silica tube forms the 

inner cladding. The rod can be "sleeved" with a pure silica glass tube to make the cladding 

thicker, or etched to make the cladding thinner.  

Currently, phosphorous based glass is considered to be the best host for Yb-sensitised 

Er-doped fibre because of the high RE-solubility and the low occurrence of energy back transfer 

from Er3+ to Yb3+ [26, 3]. Consequently, the most efficient silica-based Er:Yb co-doped fibre 

devices have used a phosphorous doped glass matrix [4]. This host is often referred to as 

phosphosilicate. However, the high volatility of phosphorous during the collapse process limits 

its incorporation into the fibre core. As a result of the phosphorous volatility, a central dip in the 

refractive index profile is quite common in EYDF. 

Furthermore, the control of the dopant concentration with the solution doping process, 

which depends on solute concentration, soot density, and dehydration conditions, can be quite 

challenging in practice. The concentrations of the various dopants are found to vary along the 

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

Finally, erbium-ytterbium co-doped phosphosilicate fibres not only benefit from a high 

pump absorption, but also from a higher than usual permissible Er-concentration. This is a result 

of the high solubility of rare earths in phosphosilicate, as well as of the low probability of Er 

clustering: RE-ions are prone to form clusters, but because the Yb-concentration is much higher 

than the Er-concentration, the Er-ions are more likely to form clusters with Yb-ions than with 
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other Er-ions, as the Yb- and Er-ions are essentially chemically equivalent. While clusters with 

several Er-ions are expected to be detrimental, clusters 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) and ytterbium (atomic number: 70) 

all belong to the lanthanides group. The lanthanides are characterised by the progressive filling 

of the 4f electronic shell. Because the electrons are shielded from the outer perturbation, the 

radiative transitions occur within energy levels between an inner orbital of the electronic shell. 

These transitions are comparatively host independent. Lanthanides are generally trivalent when 

oxidised in the glass matrix, e.g. Yb3+ and Er3+. The energy level corresponding to the electronic 

layer is annotated according to the Russell-Saunders scheme or LS coupling. An ion energy 

level is represented by the L, S and J triplet (2S+1LJ), where L is the angular orbital momentum, S 

the angular spin momentum and J is the total angular momentum. The conventional energy-

level diagram of an erbium-ytterbium co-doped system is shown in figure 3.1. 
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Figure 3.1: Energy level diagram for the Er:Yb co-doped system 

(from [6]) 
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In figure 3.1, 1N , 2N , 3N  and 4N  are the erbium populations of the 4I15/2, 
4I13/2, 

4I11/2 

and 4I9/2 Stark’s split energy levels, respectively, while 1M  and 2M  are the population for the 

2F7/2 and 2F5/2 energy level of Yb. The large arrows correspond to absorption and stimulated 

emission transitions with rate ijW  and jiW , respectively between the ith and jth energy level. The 

solid line arrows correspond to the spontaneous emission rate (fluorescence decay) from the 

excited level to the ground state level, while the dashed line arrows correspond to non-radiative 

decay from upper levels into intermediate energy levels. The lifetime of the ith energy level 

decaying to the jth energy level is denoted ijτ  for the erbium ion and '
21τ  for the ytterbium ion. 

The homogeneous upconversion process for two particles, from 4I13/2 to 4I9/2 that can occur for 

two excited Er-ions is also shown, represented with a thicker dashed line. The cooperative 

upconversion is an energy transfer process between two excited Er ions, in close proximity in 

the 4I13/2 level, that interact to promote one of the Er ions into the 4I9/2 state and de-excites 

nonradiatively the other in the 4I15/2 ground state. This process decreases the 4I13/2 population 

proportionally to the term 2
2 2C N−  and reduces the gain available for amplification and the 

available stored energy [7]. The dependence of the upconversion parameter 2C  on the 

concentration in EYDF is discussed further in [8 - 9]. 

Finally, the energy transfer between iso-energetic level 4I11/2 and 4F5/2 is represented by 

dotted arrows and the transfer rate are Yb ErR →  and Er YbR → . It is normally assumed that both 

coefficients are equal. Generally, they are different as they are given by overlap integrals of 

different emission and absorption spectra. However, because the dominant Yb absorption and 

emission peaks are quite sharp and nearly overlap with the Er-peak, the rates will be similar if 

not equal. A previous study [10] found that Yb ErR →  is strongly dependent on the ytterbium 

concentration and that the coefficient can be roughly approximated by a linear relation in the 

1026 – 1027 ions/m3 range. The Yb�Er energy transfer increases the population of the 4I13/2 

energy level by 1 2Yb ErR N M→ , while the Er�Yb transfer decreases the 4I11/2 population and 

indirectly the 4I13/2 population by 3 1Er YbR N M→ . This back-transfer process is usually neglected 

because it requires a significant population of the short-lived 4I11/2-level to become significant. 

Using the population rate equations, EYDF lasers sources can be modelled and several 

publications [6, 8, 11 - 13] cover this subject. The model can be made as complex as required to 

encompass for example, the effect of cross-relaxation [14 - 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 propagating in the core and inner cladding 

by the dopant ions in a double-clad fibre is very important as it can help to determine the dopant 

concentration and the length of fibre required for a given pump absorption. The dopant 

absorption in a double-clad fibre depends not only on the ion concentration, but also on the fibre 

geometry. Furthermore, different cladding-modes experience different absorption, so the 

measured absorption depends on the excited modes. Furthermore, the absorption does not 

follow Beer’s law (i.e., it is non-exponential). Thus the absorption depends on the measurement 

set-up, and can be difficult to perform in an accurate and relevant manner. Typically, the 

absorption spectrum is measured with a low-power broadband light source that is transmitted 

through a given length of fibre and a detection system, e.g., an optical spectrum analyser (OSA) 

[17]. A cut back method is generally used to remove the uncertainty in the light launch 

condition. The inner-cladding can be over-filled to create a reproducible well-defined 

measurement condition to further reduce the uncertainty. Still, there are generally fewer 

uncertainties with core absorption measurements. These are, therefore, often better for exact 

determination of dopant concentration. However, in the case of EYDF, the absorption by the 

ytterbium ions is so large that the core absorption is difficult to measure. Instead, the inner-

cladding absorption is measured by injection of light into the fibre inner-cladding, taking care 

that all the transmitted light is collected by an OSA. From the cladding and doped region 

dimensions it is possible to estimate the core absorption [18]. Typical core absorptions of 

EYDFs are in the range 1000 – 2000 dB/m at 975 nm. Therefore, even with large cladding the 

absorption is significant, in the range of 1-5 dB/m with these fibres. The absorption by the 

erbium ions is best measured in the 1550 nm wavelength range because the absorption at 

980 nm from the Yb3+ ions dominates the Er-absorption at this wavelength. In addition, because 

of the large concentration difference between the Yb3+ and the Er3+ ions, the absorption from the 

Erbium is preferably measured through a direct core absorption measurement. From the 

absorption data, it is possible to either calculate the dopant concentration knowing the dopant 

cross-section [17], or simply by using a look-up table which 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 reasonably well it is important to accurately 

determine the fibre absorption and emission (fluorescence) cross-section. Several methods, not 

detailed here, are used to experimentally obtain the cross-section [19 - 22]. 
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In the case of Er:Yb doped fibre, reported cross-sections vary a lot, depending on the 

fibre composition [23] (and undoubtedly also as a result of measurement inaccuracies). For 

example, the absorption cross-section for the 977 nm peak from the Yb3+ ions, has been 

measured in the range 0.9 to 2.8 10-24 m2. The cross-section of one of the EYDFs, F195-LF59, 

used in this thesis, is shown in figure 3.2. 

 

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 given by the decay of spontaneous emission, 

which can be measured with a pulsed pump source and fast detector [17, 24]. Continuous-wave 

excitation is possible as well, and this often leads to some differences in the excitation 

conditions. In any case, when turned off, the pump source must decay more rapidly than the 

spontaneous emission of interest. While the lifetime of metastable states of rare earths is long 

enough for this to be simple, other states as well as rapid initial effects can exhibit much shorter 

time constants and are therefore more difficult to measure. Furthermore, the pump should be 

switched off during a period several times longer than the lifetime of any involved energy 

levels, so that all excited ions return to the ground state. In addition, the energy of the pump 

pulse must be sufficient to excite a sufficient fraction of ions in order to have a clear 

measurement trace. The accuracy of the measurement depends on the speed and dynamic range 
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of the detection system. However, amplified spontaneous emission and reabsorption must be 

avoided, by making sure that the fibre is sufficiently short and / or that the fraction of excited 

ions is small. Typically, the pump power level is varied to verify that the fluorescence decay is 

free from fast decay caused by ASE, for example. A fast decay can also be caused by 

upconversion processes or quenched ions [25]. Finally, the fluorescence light must be filtered to 

remove any pump or any emissions from other transitions. In the case of some EYDFs used in 

this work, the erbium lifetime has been measured using the excitation of the 4I9/2 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 fibre is generally significantly higher 

than that of Yb- or Er- doped fibre because of the high concentration required for an efficient 

energy transfer. Figure 3.3 shows the background loss of commercial EYDF from different fibre 

manufacturers as a function of the core erbium absorption (i.e. concentration), and also, for 

comparison, the background loss of erbium-doped ytterbium-free fibres. 

Erbium and erbium-ytterbium doped fiber
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Figure 3.3: EDF and EYDF background loss at 1.3 µm 

(Data from various commercial doped fibre. Manufacturers: INO and 

Coreactive) 
 

 

The background loss of EYDF is typically in the 100 – 200 dB/km range and seems to be 

relatively invariant with respect to the erbium concentration. By contrast, in erbium-doped Yb-
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free fibre, the background loss increases with the erbium concentration, as one would expect. 

This difference is explained by the large number of Yb ions in the glass as required for efficient 

fibre. Typically, the Yb ion concentration is 10 to 20 times larger than that of the Er ions. 

Therefore, the Yb ions contribute more significantly to the background loss than the Er ions. 

Furthermore, EYDFs are also heavily doped with phosphorous, and this can well contribute to 

the background loss. Obviously, the relatively high background loss restricts the maximum 

useable length of EYDF but this is compensated for a much higher pump absorption which 

enables the use of relatively short cladding-pumped fibres. 

 

3.3 Fibre characteristics 

As discussed previously, EYDF fabricated with the MCVD technique tends to have a 

central dip in the fibre refractive index profile before of the phosphorous evaporation during the 

fabrication. Some of the Er:Yb co-doped fibre preforms used in this thesis suffer from such a 

dip. The fibre preform refractive index profiles are shown in figure 3.4. Note, however, that the 

refractive index can vary significantly along the preform (and fibre).  
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 Figure 3.4: Refractive index of EYDF preforms of fibres used in this thesis. 
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Such fibres have predominantly ring-shaped modes, including even the fundamental 

mode. The fundamental mode will not be diffraction-limited when its shape differs strongly 

from that of a gaussian beam. To circumvent this problem it is possible to dope the fibre with 

aluminium, which is less prone to evaporation than the phosphorous during the collapse phase. 

This reduces the central dip so that a more Gaussian-like fundamental mode can be obtained. 

Fibre F225-LF69 is such an example. The central dip would be less of a problem if these fibres 

could be manufactured with a low numerical aperture. However, the high phosphorous- and 

ytterbium-concentrations increase the refractive index, already EYDFs with moderately large 

cores are multi-mode with a typical numerical aperture of about 0.2. Consequently, it is 

important to eliminate the central dip, and even then, special measures have to be taken to 

enable large-core fibres to operate in the fundamental mode. 

In addition to the refractive index profile, a number of other criteria must be considered 

in order to achieve high performance from the EYDF. Firstly, the ytterbium concentration needs 

to be high enough to efficiently absorb the pump power in a double-clad fibre. Therefore, the 

Yb concentration is typically between 10000 and 30000 ppm. Secondly, the erbium-

concentration needs to be high enough to be able to create a sufficient gain per unit length 

somewhere in the 1.53 - 1.62 µm wavelength region. The Er concentration is typically from 

1000 to 3500 ppm. Finally, the overall composition must be well balanced such that the pump 

energy can be efficiently transferred from Yb3+ to Er3+ while avoiding the creation of high gain 

at 1 µm and excessive upconversion. Also, the signal background loss must be kept low. Our 

fibres were quite typical with background loss about 200 dB/km at 1300 nm. 

A widely accepted rule of thumb is that the best erbium:ytterbium concentration ratio is 

1:20. This is based on the work of J. Townsend which shows that this ratio gives the lowest 

lasing threshold in Er:Yb Al2O3 co-doped fibre [2]. However, the most efficient EYDF 

characterised by the HPFL group, e.g. [4], had a erbium:ytterbium ratio of between 1:8 and 

1:15. With typical erbium concentration of 2000 – 3000 ppm, this corresponds to a core 

absorption of roughly 2000 dB/m at 975 nm for Yb ions and a core absorption at 1535 nm in the 

50 – 100 dB/m range by the erbium ions. The concentration and absorption, as well as other 

characteristics of the fibres used in this thesis, are given in Table 3.1. 
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Threshold 2 

Fibre 

designation 

Core 

diameter 

(µm) 

Cladding 

diameter 

(µm) 

Absorption 

at 976 nm 

(dB/m) 

clad. 

Absorption 

at 1535 nm 

(dB/m) 

core 

[Er] 

(ppm) 

[Yb] 

(ppm) 

Core area 

(µm2) 

Esat at 

1535 

nm (µJ) 

Esat at 

1565 

nm (µJ) 

SRS 

(W.m-1) 

SBS 

(W.m-1) 

Where 

used 

(Chapter) 

F196-LF59 35 400/375 1 4.5 86 – 101 3000-

3500 
18000 710 64.2 227 163600 164 4, 7 

F225-LF69 25 400/375 1 2.5 45 - 50 2300-

2500 
18000 628 56.8 201 144700 144 4 

F260-LF35 50 400/375 1 18.3 - 20.3 29 – 34 1000-

1200 

20000-

25000 
1500 135.7 480 345600 345 5, 8 

F402-LF122 27 180 1 25.7 57 2500 20000-

25000 
572 52 183 131800 131 5 

F546-LF218 90 510 1 10 48 2200 7000 - 

12000 
6360 575 2035 1465500 1465 5 

Table 3.1: Characteristics of Erbium-Ytterbium doped fibres used in this work. 

Notes: 

1 – 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 amplification, meaning that the energy 

extracted from the amplifier by a single pulse is sufficiently high to alter the gain in the fibre.  

3.4.1 Saturation energy 

An important parameter for a doped fibre is the intrinsic saturation energy which 

corresponds to the energy that halves the absorption or gain, per unit length locally in a fibre. 

The intrinsic saturation energy of a doped fibre is given by (3.1). 

( )
s s core
sat s s

se a

h A
E

ν
σ σ

=
Γ+

 
(3.1) 

where shν  is the energy of a signal photon and s
eσ  and s

aσ  are the emission and absorption 

cross-section at the signal wavelength, respectively, while coreA  is the doped core area and sΓ  

is the signal overlap with the doped area. Generally, sΓ  is equal to or less than unity and in this 

work it will be assumed to be unity unless stated otherwise. The (intrinsic) saturation energy is 

the same irrespective of the state of the fibre, i.e., if it is pumped or un-pumped and there may 

or may not be signals or ASE present. Furthermore, it can be assessed at any wavelength, 

including the pump wavelength. The pump saturation energy of a double-clad fibre is quite 

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

Note that a saturation energy can be defined similarly also for an extended fibre, but this 

will have a different dependence of the fibre parameters 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], initially developed for bulk solid 

state amplifiers, can be used to predict the output energy also for fibre amplifiers according to 

(3.2). 

( )( )0ln exp / 1 1out sat in satE E G E E= − +    
(3.2) 

where inE , outE  and satE  are the input, the output and the saturation energies, respectively, and 

0G  is the linear gain in the fibre immediately before the pulse enters the input of the fibre 

amplifier. Once the input pulse is launched into an amplifier, it extracts energy, whereby the 
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energy stored in the form of an inverted gain medium, is reduced and the gain compresses. 

Then, once the pulse exits the fibre, the pump re-excites the ions until the initial gain is reached 

again (in case of stable pulsed operation). The energy storage and gain depend on the geometric 

and fibre parameters, and also on factors such as the efficiency and background loss of the fibre. 

Equation (3.2) neglects any excess loss mechanisms such as background loss and excited state 

absorption. Note that equation (3.2) is valid only if the inequality, ( )0expsat inE E G>> , is not 

satisfied, which is the case generally. 

If the incident number of photon is sufficiently large, i.e. in satE E> , equation (3.2) can 

be approximated by: 

( )0lnout in satE E E G= +  (3.3) 

 

3.4.3 Extractable energy 

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

inversion, the energy stored before the pulse is given by: 

( )2

0

L

stored s coreE h A n z dzν= ∫  
(3.4) 

where the integral term represents the sum of all the ions in the excited state and can be 

rewritten as: ( )2 0 2

0

L
Ern z dz LN n=∫ . In that case 2n  is the averaged ratio of excited ions and 

0
ErN  is the total number of erbium ions present in the fibre of length L . It is here assumed that 

all excited ions are in the upper laser level (level 2). 

Energy can be extracted from the stored energy in the fibre only as long as the dopants 

provide a net positive gain [28], i.e. down to the point where the amplifier becomes transparent 

( 1lin
EG = ). From (3.2), the linear energy gain, linEG , can written as: 

( )( )0ln exp / 1 1lin out sat
E in sat

in in

E E
G G E E

E E
= = − +    

(3.5) 

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

( )1lin
Extractable out in in EE E E E G= − = −  (3.6) 

Using equation (3.3) into (3.6) yields: 
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( )0lnExtractable satE E G=  (3.7) 

Using the average inversion model [17], the linear small-signal gain is given by (3.8). 

( ) ( )( )( )0 2explin Er Er Er Er
s o e a aG N L nσ σ σ= Γ + −  

(3.8) 

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

the average inversion, using the cross-sections given in figure 3.2, is shown in figure 3.5. 
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Figure 3.5: Net small-signal gain as function of the average fibre 

inversion, n2  
 

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

( ) ( ) ( )( )0 2
Er Er Er Ers

Extractable core e a as s
e a

h
E A LN n

ν σ σ σ
σ σ

= + −
+

 
(3.9) 

where sν  is the signal wavelength, Er
eσ  and Er

aσ  are the erbium emission and absorption cross-

sections respectively, coreA  is the doped area, L  is the amplifier length, 0
ErN  is the Er-

concentration (ions per unit volume), and 2n  is the fraction of excited ions. 

The energy extraction possible from an erbium-ytterbium doped fibre according to Eq. 

(3.9) is given in figure 3.6. This has a strong wavelength dependence because the bleaching 
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level is wavelength-dependent. At wavelengths beyond 1610 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 (indicated by the symbol, ○) 

according to the average population inversion and the wavelength. 
 

 

In figure 3.6, the best extractable energy is always at 1600 – 1620 nm. From (3.7), a 

high small-signal gain helps in actually extracting the energy, i.e., in “saturating” the energy 

extraction. The small-signal gain of EYDFs normally peaks at 1544 or 1565 nm, although it can 

also peak at around 1535 nm for short fibres and at longer wavelengths for long fibres. The 

optimum gain, marked in figure 3.6, corresponds to the highest small-signal gain in the 

wavelength range for a given inversion.  

Note that the extractable energy can be limited by factors such as ASE and spurious 

lasing. In the high gain regime, the stored energy is limited by self-saturation from ASE (from 

the erbium ions). In self-saturation, the number of ions, in the excited state, is clamped and any 

increase of the pump power produces more ASE, and only increases the stored energy (i.e. 

number of ions in the excited state) by a small fraction. In optical fibre, ASE is dependent on the 

fibre core NA, diameter, core refractive index and wavelength, which determine the fraction of 

spontaneous light captured by the core modes [17]. Importantly, in EYDF, ASE can occur from 

the Er and from the Yb ions. The ytterbium ions, which have a much higher dopant 

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

In this chapter, a brief overview of the fabrication and features of cladding-pumped 

erbium-ytterbium doped fibre is presented. Subsequently, the characteristics of the EYDFs 

fabricated at the ORC and used in this thesis are presented. These EYDFs have generally a large 

core and their typical erbium concentration is around 2000 ppm while the ytterbium 

concentration is about 20 000 ppm.  

Then the last section of this chapter is focused on the background theory of pulse 

amplification. The Frantz and Nodvik’s model is applied to erbium-ytterbium doped fibre to 

determine the maximum extractable energy from EYDF depending 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 double-clad erbium-ytterbium co-doped fibre in the 

continuous-wave regime. Firstly, section 4.1 introduces and reviews CW erbium-ytterbium 

doped fibre laser. Then, section 4.2 describes the requirements for single-mode operation of 

large core fibres with an emphasis on fibre taper as the means to select low order mode. Section 

4.3 presents C and L-band continuous-wave tuneable fibre lasers based on large-core fibre and 

tapered fibre section. Then the lasers characteristics are shown and discussed in section 4.4. 

Finally, section 4.5 summarises the results and findings of this chapter. 

 

4.1 Introduction 

As discussed in Chapter 1, continuous-wave, widely tuneable and narrow-linewidth laser 

systems are of great interest in the “eye-safe” wavelength range. Cladding pumped EYDF lasers 

should be able to reach much higher power than reported in the literature [1 - 4] while 

maintaining good output beam quality and good spectral properties, i.e. a narrow spectral line. 

However, the power-scaling of narrow-linewidth sources is difficult because of the modest 

efficiency of EYDF (typically around 30 - 40%) and because of the limitations associated with 

non-linear effects. In particular, a relatively long fibre with a small core diameter (typically 

<10 µm) leads to a low threshold power for stimulated Raman scattering (SRS), which degrades 

the laser performance and can limit the maximum output power achievable [5]. Furthermore, 

when working with single-frequency lasers (typically with a linewidth narrower than 50 MHz), 

stimulated Brillouin scattering is the dominant non-linear effect. Therefore, for power-scaling, a 

careful design of the laser system is required in order to suppress the effect of SRS or SBS, for 

example, by using a large-core fibre and a short device length. However, special precautions 

must be taken to avoid the degradation of the beam quality 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-core fibre either to increase the energy stored 

for the pulsed operation of rare-earth doped fibre or simply to avoid non-linear effect through 

the reduction of the core light intensity. However, high, even diffraction-limited, beam quality is 

desired in most high power, high brightness laser systems. Therefore, single mode fibres with 

large mode area have been developed [6]. Typically, the size of the mode field is increased by 

reducing the effective numerical aperture of the core either by special fibre refractive index 

profile designs [7] or by simply reducing the NA of a step index fibre [8]. In 1998, Broderick 

and co-workers [6] demonstrated that a large mode area (LMA) fibre was able to produce a 

robust single-mode output while the mode effective area was increased several times over that 

of a standard single-mode fibre. However, there is a practical limit to how complex the 

refractive index profile can be designed and to how low the fibre NA can be (typically NA ~ 

0.06 - 0.08) before the core stops guiding the signal light without significant losses into the 

cladding. 

Furthermore, e.g., for erbium-ytterbium doped fibre (EYDF), it is not easy to reduce the 

core NA without a special refractive index profile, such as raised inner-cladding, because 

efficiency requirements imposes constraints on the dopant. Thus, single mode operation of 

multi-mode fibre with relatively large cores is required for some applications. This can be 

achieved by using a distributed modal loss [9] or by using a discrete discriminating loss element 

such as a taper which removes any higher order modes [10] or by selective modal excitation 

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

 

4.2.1.1 Distributed modal losses 

The simplest way to select the fundamental mode in a multi-mode fibre is to coil the 

fibre such as to create a distributed and selective modal bend loss. In 2000, Koplow 

demonstrated a single mode output amplifier from a multi-mode coiled double clad fibre [9]. 

The core diameter was 25 µm and the V-number3 was 7.4 thus the fibre was supporting a large 

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

                                                      
 
 
 

3 The V number is a parameter which determines the number of modes supported by the fibre. It is 
defined as: V=2π/λ.a.NA, where λ is the vacuum wavelength, a is the radius of the fibre core, and NA is 
the numerical aperture. For V values below 2.405, a fibre is single-mode. Above, this value the fibre is 
multi-mode. 
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fundamental mode, LP01. Therefore, the output of the multi-mode amplifier was single-moded. 

This method can be applied to both fibre lasers and fibre amplifiers. More recently, in 2001, the 

fundamental-mode operation of a fibre with 2000 µm2 core area was achieved with the coiling 

technique [12]. 

However, for this method to be efficient, which is an over-riding requirement at high 

powers, the loss for the fundamental mode must be low. This requires that the effective 

refractive index of the modes must be well separated. When the modes are tightly spaced tighter 

coiling is required to discriminate the fundamental mode from the other modes. In order to 

illustrate this, the bend loss for a step index fibre with a 0.2 NA, operating at 1060 nm, coiled 

with 30 mm radius, is shown in figure 4.1 as a function of the V-number. The estimate of the 

losses induced by the bending of a fibre can be calculated using the formulae given in [13] for 

step index fibre and in [14] in case of an arbitrary fibre refractive index profile. In any case, the 

bend loss is calculated by evaluating the amount of power traveling outside the core. 

Wavelength = 1060 nm
Fixed fibre NA = 0.2
Bend Radius = 30e-3 m
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Figure 4.1: Modal bend loss estimation versus the V-number of a step 

index core fibre (NA = 0.2). The bend radius is fixed at 30 mm. 
 

 

When the fibre has a V-number of 10, in figure 4.1, the four lowest order modes, LP01, 

LP11, LP21 and LP02, respectively, are well guided for this given bend radius. A tighter bend 

radius is therefore required to discriminate the fundamental mode from the other modes. 

However, there is a limit, below which the bend radius becomes impractical. This is an even 
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greater concern when the fibre has a large cladding diameter 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 mode-selective element, which removes or 

prevents the propagation of higher order modes in the fibre while maintaining a low 

transmission loss for the fundamental mode. For example a pin hole placed after a multi-mode 

laser will act as spatial filter and can be used to select some lower order modes, but this will 

considerably reduce the laser efficiency. Alternatively, the mode filter can be placed within the 

laser cavity. For example, in [10], a tapered fibre section placed inside a fibre laser cavity shows 

a M2 improvement from 2.4 to 1.9 while the output power is reduced by 19%. Thus, the laser 

brightness improved by 2.4 times. 

Single mode operation of an amplifier can be achieved using selective mode excitation 

as demonstrated by M. E. Ferman [11]. A light source is imaged onto the input fibre facet such 

that the image has a maximum overlap with the fundamental mode of the fibre. The modal 

excitation is determined by equation (2.11). In practice, a set of lenses is used to launch the light 

from a diffraction limited source into the multi-mode core. The diffraction limited source has a 

gaussian transverse mode profile which can, with appropriate imaging optics, be matched in size 

to the fundamental mode of the multi-mode fibre. If the image is centred on the core (and does 

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

A more robust way of selective mode excitation is to use a tapered fibre section to 

progressively adapt the size of the mode field diameter while at the same time ensuring that 

mode-coupling does not occur [11]. The taper can support a single mode in one end and then 

increase in core size to the required diameter. Ideally, the taper can be used for connecting two 

mismatched fibres to each other, without any intermediate free-space propagation. This 

approach removes any uncertainty from optical misalignment and allows for all-fibre beam 

propagation as well as easier integration and small form device. However, it is very important 

that the loss of the taper is minimised and therefore the taper must be adiabatic for the 

fundamental mode [15].  

Another requirement for single mode operation with discrete mode selection is that the 

fundamental mode must not couple power into higher order modes, as it propagates down the 

fibre. Mode-coupling degrades the output beam quality and reduces the laser brightness. 

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

mode coupling coefficient can be approximated by [16]: 

2

1

1 ( . / . )effn
η

π κ λ
≈

+ ∆
 

(4.1) 

where κ  is the perturbation amplitude due to index and microbend fluctuations and effn∆  is the 

difference in effective indices between the different modes at the wavelengthλ . Thus a large 

effn∆  is desirable for low level mode coupling (e.g. effn∆  >10-4). However as the fibre’s 

effective area increases, effn∆  decreases as the modes become closer [11] and mode coupling 

cannot be avoided. Thus, large core are fibres become more sensitive to index perturbations in 

the core and tighter control of the fibre fabrication is required. Because the amplitude of the 

core perturbation is dependent on the cladding diameter, larger diameter fibres are less 

susceptible to core perturbation and to mode coupling (with a fixed core size) [11]. Therefore, it 

should be possible to use larger diameter core EYDF, with for example an outer diameter of 

400 µm, and still achieve good beam quality from a multi-mode core as demonstrated in [17]. 

 

4.2.2 Taper for single mode operation 

In some of the experimental work presented in this thesis, fibre tapers are used to ensure 

single mode or low order mode operation of high power large core fibre laser sources. The 

tapers losses for the fundamental mode must be kept to a minimum in order to insure a good 

optical performance but most importantly to avoid excess heat being dumped into the tapered 

fibre section. The role of the taper is to select the operating laser mode and to suppress any 

higher order modes while managing any waste heating resulting from this modal loss. To 

minimise mode coupling in the taper, the taper must be free from imperfections, which can 

locally couple modes together and excite higher order modes. In addition the taper should 

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

Thus, the taper must gently adapt the size of the fundamental mode during the 

transition, i.e. an adiabatic taper. Otherwise, some power will be radiated into the (inner) 

cladding. From there, it may be absorbed by a high index material or it may couple back into the 

core, e.g., in the waist region of another taper. The taper loss is minimised when the taper is 

slowly varying according to the adiabatic criterion defined as [18]: 

( )1 2

2

rdr

dz

β β
π
−

≤  
(4.2) 
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where 1β  and 2β  are the local propagation constants in the transition of the fundamental mode 

(LP01) and the closest mode ( typically LP11) and r is the core radius which varies along the 

taper. When this criterion, which defines an angle, is achieved the loss is minimal and 

essentially no power is coupled between the modes. Consequently, the closer the two modes are, 

the smaller is the angle and the longer the taper must be. 

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

order to have only the fundamental mode present. The number of LP modes present in the large 

core fibre can be approximated by 
2

modes 2

V
N ≈  where V is the V-number defined by 

2
. .V NA r

π
λ

= . Under the assumption that the modes are equally distributed in the core, their 

effective index spacing is 
modes

core clad
neff

n n

N

−∆ = . Thus the taper angle Ω  becomes: . neffr
λ

∆
Ω = , 

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

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

largest core radius for single mode operation is given by 
2.405
2finalr

NA
π
λ

= . Therefore the 

minimum taper length for an adiabatic taper can be calculated as: 
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.

final

taper
neff

r
NAr r

L

r

π
λ

λ

 
 

− 
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(4.3) 

For example, a fibre with a core of 0.22 NA, 15 µm radius operating at 1.550 µm, requires a 

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

Even though the modes are not evenly distributed in a step-index core, the expression is 

still a reasonable estimate of the required taper length. 

In practice, the taper waist region is spliced to a single mode fibre. Although, this fibre 

is singlemoded, it can have a different mode field diameter (MFD) than the waist region. Thus, 

the waist diameter must be tailored to minimise the splice loss between the dissimilar MFDs. 

The final dimension core radius can be determined by matching both fibres MFD using the 

following expression for the MFD [19] valid when 8V < : 
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(4.4) 

There are other parameters, which can contribute to the performance of the taper such as the 

smoothness of the surface of the taper. A smooth surface helps to avoid any mode coupling in 

the transition region. Finally, an important use of tapers is to connect readily available standard 

sized fibre components with large-core fibres to form practical all-fibre high-power solutions. 

 

4.2.3 Taper fabrication 

The taper fabrication generally consists of heating a silica fibre to the softening point 

and then stretching the fibre to taper it. The first tapers made by myself, were fabricated using a 

standard splicer (Ericsson FSU-995). At first, the fibre is heated by an electrical arc, between 

two electrodes, then a displacement of the fibre holders stretch the fibre. However, the splicer 

did not allow for a good control of the taper shape and length, and only fibre with a diameter 

less than 350 µm could be tapered adequately with this machine. In figure 4.2, a taper 

manufactured using the Ericsson splicer is shown. The left hand side is the waist section which 

is then spliced into single-mode fibre, while the right 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 single mode 

fibre using an Ericsson splicer. The total length is about 5 mm 
 

 

Therefore, a commercial industrial-grade splicing machine with tapering facility from 

Vytran (LDS-1250) was used to fabricate the taper sections. Here, the heating element consisted 

of a tungsten filament, which could reaches temperature as high as 3000 °C. In contrast to other 
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existing method, e.g. moving flame [20], the filament is set at a fixed position while the fibre is 

feed through the furnace at a differential rate between the left and right fibre holders. The 

transfer rate is determined by the glass volume, the filament temperature and the desired taper 

shape. This method gives a good control of the shape and dimension while also giving a good 

uniformity of the taper shape. In general the tapers were deliberately made about 1 cm long to 

reduce the core loss. Thus, the typical total loss from the single mode fibre to the large-core 

fibre (including the splice loss in the waist region and the taper loss) was measured in the region 

of 0.3 to 0.5 dB with an 1.3 µm laser source. 

 

4.3 CW tuneable laser set-up 

Narrow-band tuneable lasers are useful in their own right. Equally important for my work is that 

wavelength tuning provides important additional information about the laser, which helps to 

better understand them. For high-power high-brightness operation, it is necessary to use a large 

core and a mode-selector such as a taper, as discussed in the previous sections. 

4.3.1 C-band laser 
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Figure 4.3: Experimental setup of tuneable EYDFL. 
 

 

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

consists of a cladding pumped large core Er:Yb doped fibre (F196-LF59). The inner-cladding is 
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D-shaped in order to increase the pump absorption. The inner-cladding diameters for the long 

and short sections are 400 µm and 360 µm, respectively. The phosphosilicate core is co-doped 

with Er and Yb. It has a diameter of 35 µm, with a numerical aperture of 0.22. The core 

refractive index profile is shown in figure 3.4. Finally, the fibre is coated with a low refractive 

index polymer which provides the outer cladding for the double-clad structure with an NA of 

0.48. The fibre has a pump absorption of about 4.5 dB/m at the pump wavelength of 975 nm and 

the total fibre length is L = 3.5 m. The fibre length is such that the total pump absorption is 

about 15 dB, such as to protect the opposite fibre end. The pump is launched into the inner-

cladding through the free fibre end, so that the laser is counter pumped with respect to the laser 

output. The laser cavity is formed by the 4% Fresnel reflection of the perpendicularly cleaved 

fibre end facet at the pump injection point and by a 99.9% reflectivity fibre Bragg grating in the 

other end. The grating is written in a standard single mode fibre, which is spliced to the doped 

fibre. 

In order to achieve the best matching of the fundamental-mode between the single-

mode fibre and the large core doped fibre, the latter is tapered to a suitable diameter [21, 22]. 

The single mode fibre is 1 m long and high-index coated. The purpose of this section of fibre is 

to eliminate any higher order modes propagating in the laser and therefore to achieve an 

improved beam quality. Higher order modes are radiated out from the core in the taper and then 

stripped away (and partially absorbed) by the high index gel which covers the taper. The mode 

stripping arrangement is such that it takes place along a certain length to distribute the heat 

generated by the remaining unabsorbed pump and the radiated higher-order signal modes. The 

taper is cooled to prevent any damage from leaking high power light. The estimated unabsorbed 

pump power is only a few watts. No thermal damage was observed in the SMF section or the 

taper, even with 140 W of launched pump power. 

The grating was manufactured in-house by Dr M. Ibsen and packaged in a way so that it 

can be tuned from 1533 to 1578 nm based on a grating compression technique [23]. The grating 

fibre is terminated by an angle-cleave to avoid any reflection which could lead to spurious 

lasing at other wavelengths, e.g. at 1.1 µm by the Yb ions. 

The EYDF is pumped by a diode stack based source at 977 nm. A dichroic mirror (DM) 

with high reflectivity at ~1.5 µm is used to separate the pump radiation at 977 nm from the 

output of the tuneable laser around 1550 nm. A second DM with a high reflectivity at ~1.1 µm 

is also inserted between the pump and launch end to filter out any laser emissions at 1.1 µm 

which, due to the excitation of Yb ions, might have damaged the pump. Finally, the pump 

launch end of the fibre is held in a water-cooled metallic V-groove that is designed to prevent 
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thermal damage to the fibre coating by any non-guided pump 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) is used for an L-band tuneable laser. Here, 

the EYDF (F225-LF69) is 10 m long and has a phosphosilicate core of 25 µm diameter with NA 

of 0.22, surrounded by a D-shaped pure silica inner-cladding with a 400 µm diameter. The fibre 

is coated with a low refractive index polymer that provides an inner-cladding NA of 0.48. In this 

case the fibre has a small-signal inner-cladding absorption of ~ 2.5 dB/m at the pump 

wavelength of 975 nm. The cavity design is identical to that of the short-wavelength laser. A 

fibre taper connects and mode matches a single mode fibre with a HR FBG written in it. A 

diode-stack based pump source, operating at 975 nm, is launched into the EYDF through a 

simple combination of lenses. The laser output is taken from the pump launch end via a dichroic 

mirror, HR at ~ 1.5 – 1.6 µm. 

 

4.4 Laser characteristics 

4.4.1 C-band laser 

The incorporation of a fibre Bragg grating in the laser cavity provides a wavelength 

selective feedback into the cavity, thus restricting the laser operation to the bandwidth of the 

grating. The grating reflection spectrum is shown in figure 4.4 (dashed line). It has bandwidth of 

0.7 nm (FWHM). In comparison, the laser radiation (solid line) is much narrower with a 

linewidth of only 160 pm, due to the normal linewidth narrowing that occurs in a laser with its 

multiple pass amplification. The experimental results for the laser linewidth, shown in figure 

3.8, were measured at an output power of 20 W with an optical spectrum analyzer (ANDO 

AQ6315) with a 50 pm resolution bandwidth. 
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Figure 4.4: Comparison of the bandwidth of the grating and the 

laser linewidth 
 

 

The fibre Bragg grating was fabricated for a wavelength of 1566 nm in its unstrained 

state and compression-tuned by as much as 33 nm, down to a wavelength of 1533 nm. Figure 

4.5 shows the laser spectra for the different grating wavelengths at an output power of around 

20 W, measured using an OSA with a resolution bandwidth (RBW) of 0.5 nm. The short-

wavelength tuning range is limited to 1533 nm by the reduction in the Er:Yb gain at shorter 

wavelengths [3, 4]. For shorter tuning wavelengths, the Er excitation level required for lasing is 

so high that the gain at the gain peak becomes excessive, to the point where ASE at the gain 

peak starts to dominate the emission and the laser becomes unstable and prone to self-pulsing. 

This would damage the laser. It can be observed in figure 4.5 that already at 1533 nm the ASE 

build-up is quite significant. The limitation of operating the laser at wavelengths longer than 

1566 nm is only due to the grating fabrication wavelength in this case. As the Er:Yb gain 

spectrum of this fibre extends up to almost 1580 nm, I would expect that the laser would be able 

to be tuned up to that wavelength. The laser tuning range would be about 45 nm. Similarly as 

for short-wavelength tuning, a low gain relative to the peak gain would ultimately limit the 

long-wavelength tuning. Nevertheless, already the results 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 different 

grating wavelengths 

 

The laser slope efficiency and threshold at a wavelength of 1550 nm were measured to 

be ~30% and ~3.3 W, respectively. Figure 4.6 shows the laser output power for different 

launched pump powers. As most of the power is absorbed, the difference between absorbed and 

launched pump power can be neglected. Although not as high as that achieved in free-running, 

non-tuneable lasers, the laser efficiency is good, considering that the quantum defect limited 

efficiency for the laser is around 63% and that some power is lost in the taper (about 1 dB of the 

power launched into the taper), the fibre background loss, the imperfect transfer of energy from 

the Yb ions to the Er ions, and the ASE at 1 µm. Emission at 1 µm in EYDF can occur from 

excited Yb ions which do not transfer their energies to the Er ions. The most likely explanation 

is that a fraction of the Yb ions are too remote for energy transfer to any erbium ions. These Yb 

ions will produce some parasitic emission at ~1.1 µm. In this laser, this emission is relatively 

low (< 2 W) at the output, even at the highest output level. Still, most of the 1.1 µm emission is 

expected to be lost in the taper and therefore its power could not be reliably determined. 
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Figure 4.6: Slope efficiency of the laser for a wavelength of 

1550 nm 
 

 

Finally, the output power of the laser is measured for different wavelengths and pump 

powers. These results are shown in figure 4.7. It is observed that the laser output power is very 

flat across the wavelength range from 1533 nm to 1566 nm. Output powers in excess of 39 W 

were obtained over the whole tuning range with a maximum of 43 W at 1545 nm. The output 

beam quality is measured to be 1.7 times diffraction-limited, although the core with a V number 

of 15.6 can support a large number of modes. An M2-value 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 fear of potential damage to the large-core – SMF 

splice region. Nonetheless, this experiment shows a significant capacity for power-scaling of 

complex all-fibre laser cavities, which in this case incorporates a tapered splice and a single-

mode fibre with a FBG for improvement of spatial and spectral brightness as well as broadband 

tuning. 

 

4.4.2 L-band laser 

Figure 4.8 shows the laser output characteristics at the wavelengths of 1560 and 

1590 nm for the L-band laser. Figure 4.9 shows tuning data. The output power increases linearly 

with the pump power at 1560 nm with a slope efficiency of 30%. A similar behaviour is 

observed in the wavelength range of 1550 - 1570 nm. By contrast, in the 1585 - 1602 nm 

wavelength range, a roll-off in the output power is observed at high pump power. 
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Figure 4.8: L-band EYDF laser output at 1560 

and 1590 nm. 

Figure 4.9: L-band EYDF laser tuning 

characteristics. 
 

 

Similar behaviour has previously been observed in a low power experiment [24] and in 

simulation [25]. In the simulation, the roll-off is induced by the lasing or strong ASE from Yb-

ions at 1.1 µm. From the laser configuration, one expects that this power is lost in the taper. 

Thus it is difficult in this case to experimentally determine how much power is lost through this 

process. The emission from the ytterbium ions can have different causes. Firstly, the energy 

transfer from Yb to Er ions can become less efficient when the signal at 1550 nm does not 

saturate the erbium ions, for example, near the edge of the core. In this case, the energy transfer 

saturates, which results in the growth of the gain at 1.1 µm. Secondly, there can be Yb ions 

which are isolated from any Er-ions and so cannot transfer any energy to them. Such Yb-ions 
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are readily excited and generate gain and ultimately emit through ASE at 1.1 µm. In addition, it 

has been experimentally [26] verified that in some of our EYDF the composition varies 

significantly along the length of a fibre preform. Therefore, a fibre from the same preform can 

exhibit a different concentration ratio at different fibre ends. In particular low concentrations 

tend to lead to poor energy transfer and thus a higher fraction of excited Yb-ions. 

The roll-off can also be exacerbated by the large amounts of heat deposited in the fibre 

core [27, 28]. Indeed, even in efficient EYDFs, over 60% of the pump power is lost in the 

wavelength conversion process, mostly in the form of heat. Canat et al. [29] have shown that 

EYDF have a higher gain in the 1560 nm range thanks to the thermal effect on the population of 

the Stark energy sublevels. Their modeling also indicates that from 1580 to 1600 nm the ground 

state absorption increases as the fibre heats up. This would increase the threshold in a fictitious 

fibre laser in which the temperature is kept constant. In the real fibre with a varying 

temperature, this results in a roll-off, although it is unclear if the heating can account for the 

observed size of the roll-off. Nonetheless a maximum output power of 70 W at 1560 nm is 

obtained for 240 W of launched pump power (slope efficiency ~ 30%). Although the beam 

quality was not measured in this case, M2 = 2 was obtained with this fibre in a slightly different 

configuration [30]. 

The laser could be tuned from 1550 to 1602 nm, as shown in figure 4.10. The short end 

of the tuning range is limited by the tuneability of the FBG. The linewidth was ~ 0.2 nm. 
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4.5 Summary 

In this chapter, the power-scaling of large core double-clad Er:Yb doped fibre is 

presented. The requirements for single-mode operation of large core fibres are reviewed, these 

being the fundamental mode excitation and the discrimination of the higher order modes. In 

order to achieve this, a tapered fibre section is used in all-fibre Fabry-Perot laser cavity. This 

leads to the construction of a short and a long wavelength range, tuneable, continuous-wave 

fibre laser. High output power with good beam quality is thus achieved. Such lasers are 

constructed using large-core EYDFs and a tapered fibre section connected to a compression-

tuneable fibre Bragg grating. The EYDF are 3.5 m long for the C-band and 10 m for the L-band 

laser, but their dopant concentrations are also different. The lasers could be continuously tuned 

between 1533 – 1565 nm and 1550 – 1602 nm with a narrow linewidth of 0.16 and 0.2 nm, 

respectively. The laser slope efficiency is 30% in both cases. The output beam is good with a 

typical M2 value of 1.7 – 2, thanks to the mode selection by the fibre taper. The output power is 

about 40 W over the tuning range except at the longest wavelengths where competing emission 

directly from the Yb ions reduces the laser efficiency. In the short wavelength range strong ASE 

reduces the gain available for the laser signal, while the parasitic emission from Yb ions remains 

quite low. The laser output powers are limited by the fibre preparation, i.e. fibre cooling, 

protection of the taper and fibre end-facet quality, which could easily be improved. 

These results demonstrate that with a simple configuration, a larger core EYDF can be 

turned into a high-power, high-brightness and broadly tuneable laser source. However, different 

device configurations, in particular fibre lengths, need 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 EYDF. Firstly, section 5.1 introduces and 

reviews the performance of pulsed erbium and erbium-ytterbium co-doped fibre laser sources. 

Then, section 5.2 describes known challenges to energy scale pulsed narrow linewidth laser 

sources. Subsequently, in order to demonstrate a technique to overcome these issues, a fibre 

MOPA based on large core EYDFs is constructed. The experimental set-up is presented in 

section 5.3. The MOPA is capable of delivering high-peak power, high-energy pulses while 

maintaining a narrow linewidth. The detailed characteristics of each of the amplification stages 

are given in section 5.4. The performance of the MOPA is also discussed. Finally, section 3.6 

summarises the results and findings of this chapter. 

 

5.1 Introduction 

High gain, high efficiency, and high average power can be obtained simultaneously in a 

rare-earth doped fibre. These properties make Master-Oscillator, Power-Amplifier (MOPA) 

configurations attractive for pulsed sources, in particular when a narrow-linewidth is required. 

In a MOPA, a low power seed from a Master Oscillator is amplified to a higher power by one or 

several Power Amplifiers. In multistage MOPAs, the signal gain can well exceed 50 dB. 

Furthermore, this configuration allows for excellent temporal (e.g. pulse shape, pulse duration 

and repetition rate) and spectral (e.g. linewidth and wavelength tuneability) control of the pulsed 

light. At the same time, high output power can be reached. Thus fibre MOPAs provide a unique 

and attractive combination of high power and flexibility, whilst still retaining the advantages of 

fibre based sources such as compactness and reasonable efficiency, which suit a number of 

applications.  

Previously, several actively [1, 2] and passively [3] Q-switched erbium doped fibre lasers 

were constructed, and energy up to 0.5 mJ with several kW of peak power demonstrated. It is 

only recently that EYDFs have been used in a passively Q-switched laser [4]. In [4], the laser 

was tuneable from 1532 to 1563 nm with an output energy somewhat less than 100 µJ for a 

pulse duration as low as 3.5 ns. In a MOPA configuration, energy up to 0.5 mJ in an erbium-

doped Yb-free fibre has been demonstrated as well [5]. 
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The objective of this chapter is to demonstrate that power and energy scaling of narrow 

linewidth EYDF laser is possible by realization of a high energy pulsed MOPA. The simplest 

solution to reach high energy is to implement a similar approach to [6], with large core EYDF. 

However, the source has to have a narrow linewidth output and be more flexible than a Q-

switched fibre laser. 

 

5.2 Challenges 

Ideally, higher energy pulses can be obtained when more energy is stored in the active 

medium. Therefore, fibres with large core and high concentrations are utilized [7] to increase 

the energy storage (see equation (1.1) and related text). However, in the 1.5 – 1.6 µm spectral 

range, it has always been more difficult to extract a lot of energy from erbium-ytterbium co-

doped fibre than pure erbium doped fibres [8]. On the one hand, it is difficult to power-scale 

pure erbium-doped fibre [8] because the high-brightness pump sources required are limited to 

about the watt level. On the other hand, higher pump power can be used with EYDF, but the 

complex and various energy transfer processes which take place seems to limit the extractable 

energy. 

Short duration, high energy pulses have high peak power. Therefore, non-linear effects 

can become significant inside the active or passive fibres that make up the laser source. Self-

phase modulation, four-wave-mixing and stimulated Raman scattering deteriorate the temporal 

and spectral properties of the pulse. In order to mitigate the non-linear effects which scale with 

the intensity-length product [9], an arrangement of larger core and/or shorter fibre lengths are 

typically used in the laser source. When the source is narrow-linewith (e.g. one or several 

single-frequency lines), stimulated Brillouin scattering (SBS) becomes the major obstacle to 

high peak power output [10, 11]. Here, the high peak power, high energy pulsed fibre laser 

source presented in this section is based on a MOPA configuration, so that each amplification 

stage is optimised to avoid non-linear effect and still get the best performance. In this MOPA, 

non-linear effects are managed by using short length EYDF with high concentration and large 

cores. 

The other challenge is that large-core step-index erbium-ytterbium doped fibres are multi-

mode because of the phosphorous co-doping, required to enhance the energy transfer. This leads 

to a core with a large NA, typically ~ 0.2. Hence, fibres with core diameters of 30 µm are highly 

multi-moded with large V number (~ 12). If all their modes are equally excited the expected M2 

value is ~ 6. Still, large and multi-moded fibre cores can be made to operate on the fundamental 
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mode with the appropriate modal excitation and by suppressing higher-order mode coupling 

[12, 13]. 

Finally, amplified spontaneous emission (ASE) scales with the number of modes 

sustained by the core, and can become strong enough to limit further energy extraction. 

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

Consequently, based on these considerations, a MOPA configuration and the use of the 

EYDF fibres seem like the best approach to reach high-energy, high peak power, narrow-

linewidth output in the “eye-safe” wavelength range. For example, a high-coherence EYDF 

MOPA with energy of 0.4 mJ [14], and a millijoule single-stage MOPA with good beam quality 

and 575 ns long pulse [6] but with a large output linewidth (~7.3 nm) have been demonstrated. 

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

 

5.3 Pulsed MOPA set-up 

The fibre MOPA consists of a pulsed seed source followed by four fibre amplifiers (fig. 

5.1). The master oscillator is a directly modulated, external-cavity tuneable laser (TLS) source 

(TUNICS-Plus) operating at 1535 nm. The seed laser can be tuned across the Er emission range 

in the 1.5 – 1.6 µm window. In this experiment, the choice of the wavelength is dictated by the 

short fibre length and the strong pumping of the cascaded amplifiers. As shown in figure 3.6, 

with a relative inversion above 60%, the wavelength with the highest gain is around 1535 nm. In 

order to avoid SBS, it is best to operate with the highest gain possible in the amplifier [15]. 

Therefore, monitoring taps have been introduced to monitor the spectral and temporal evolution 

of the pulse along the MOPA. The pulse duration is 250 ns and the repetition rate is set between 

1 and 4 kHz. Though the precise linewidth is unknown, it is sufficiently narrow to generate SBS 

in the cascade. This indicates that some single-frequency lines are contained in the pulse. Direct 

measurements with an optical spectrum analyser show a linewidth of less than 0.05 nm 

(resolution-limited). Therefore, to avoid SBS, the overall length of the MOPA is kept to a 

minimum, < 12 m, including any passive fibres, and the power of the different amplifiers is 

adjusted to avoid both SBS and ASE saturation. The oscillator output is first amplified in a core-

pumped erbium-doped fibre (EDF) amplifier (length ~ 3 m, core diameter ~12 µm), the output 

of which is time-gated with a synchronized acousto-optic modulator (AOM). The signal is then 

further amplified in a cladding-pumped Er:Yb co-doped fibre amplifier (length ~2.5 m, core 

diameter ~ 18 µm). Its output is spectrally filtered with a narrow-band FBG at the signal 

wavelength. Time-gating with a fibre-coupled AOM that I had available was not possible 

because the peak power leads to optical damage in the AOM. Time gating by the AOM and 
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spectral filtering with the FBG is necessary to reduce any forward propagating ASE between 

pulses, as this would otherwise limit the energy extraction in the amplifier cascade. The third 

amplifier consists of a 2.5 m long, double-clad EYDF with a core diameter of 50 µm 

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

previous stage with a single-mode fibre.  

A polarisation controller (PC) is used to optimise the gain of the third amplification stage. 

Indeed, any doped fibres exhibit a degree of polarization dependent gain [16 - 19], either 

because of the pump polarization [17] (although this is unlikely here due to the nature of the 

pump source), or because of the anisotropy of the dopant ions [18]. In addition, polarization 

dependent gain (PDG) has been shown to be more important in multi-mode [19] than in single 

mode fibre lasers. Still, PDG is expected to be quite weak in rare-earth doped fibres, and 

polarization-dependent loss seems a more likely source of polarization-dependence, when this is 

observed. 

The signal is then free space launched through coupling optics into the final 2 m-long 

large-core (core diameter ~ 90 µm) fibre (F546-LF218) amplifier. The two final stages are end-

pumped with multi-mode pumps sources at 915 and 960 nm respectively, using dichroic mirrors 

to separate the signal and pump wavelengths. Beside the dichroic mirror and the lenses, there 

are no narrow-band filters or any other components between the last two stages, because of the 

power-level and the non-standard nature of the fibres. 
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Figure 5.1: Experimental set-up of high-energy, narrow-linewidth erbium-ytterbium  

large-core fibre MOPA. Inset: large-core fibre taper. 
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Optical isolation between the amplifications stages, where possible, is used to prevent leakage 

of backward ASE and to protect upstream amplifiers from potential backward high-peak power 

pulses induced by SBS. The upstream amplifiers and components are particularly sensitive to 

damage, as the fibre cores are relatively small there and components such as AOMs have low 

damage thresholds. Nevertheless, thanks to the high-power fibre isolator between second and 

third stages, the MOPA can be operated with several orders of SBS in the third-stage amplifier 

without any damage. In addition, the fibre end facets of the third and fourth amplification stages 

are angle-polished with an angle greater than 12° to avoid any core back-reflection, which are 

known to reduce the performance of pulsed amplifiers by increasing ASE. Note that a relatively 

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

Finally, the output pulses are characterised with a thermal power-meter, an energy-meter 

(Ophir), a fast detector (Thorlabs DT310) and an optical spectrum analyser (Ando AQ-6315E). 

 

5.4 Amplification characteristics 

5.4.1 Second amplification stage 

The second-stage amplifier is first characterised by the amplification of short pulses 

(2.4 ns). For such short pulses, SBS can be avoided. The input pulse energy of the cladding 

pumped EYDF is about 50 nJ, after a 20 dB amplication from the first core pumped amplifier. 

The wavelength dependence of the energy obtained after the FBG at the maximum launched 

pump power is shown in figure 5.2. 
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Figure 5.2: Energy dependence on the wavelength of the second 

amplification stage. 
 

 

Clearly, the pulse energy follows the shape of the small-signal gain spectrum obtained 

with around 50 - 60% of the Er-ions excited. Thus in this condition, the maximum energy 

extraction is obtained at 1536 and 1543 nm although the maximum energy extractable from the 

excited erbium ions is always around 1600 nm, i.e., at the longest wavelength possible (but 

shorter than the ESA range). However, because of lower gain, in this case, higher input pulse 

energy would be required to actually extract this energy. Then the repetition rate is changed 

with the same initial pulse duration from 100 Hz to 4.5 kHz, which is the limit of the energy 

meter used. The energy and pulse peak power obtained in this frequency range, are shown in 

figure 5.3. 
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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 very low repetition rate than near 5 kHz. 

Still the peak power is lower than expected if one considers the 2.4 ns output pulse. This is 

explained by the fraction of the energy which is contained in the tail of the pulse and measured 

by the energy meter. This power comes from a small fraction of ASE that is leaking through the 

AOM, between the amplification stages, and becomes pulsed. The highest peak power, i.e. the 

lowest power leak, is obtained at 1 kHz repetition rate. 

This can be explained by the dynamics and interaction between the first and second 

amplifier. For example, the gain in the first amplifier may build up slower than that in the 

second stage because of the different amplifiers parameters, e.g. pumping rate, fibre length. As 

the first amplifier gain and ASE grows, the power leakage increases and then compresses the 

gain of the second amplifier. Thus, the pulse should be fired as soon as the first amplifier has 

enough gain, before it produces too much ASE. Therefore, the frequency of the source is fixed 

to 1 kHz and the operating wavelength is either 1536 or 1543 nm. 

 

5.4.2 Third amplification stage 

For the third amplification stage, EYDFs F402-LF122 and F260-LF35 were tested. 

When using a 2 m long piece of F402-LF122 pumped by a 962 nm laser diode, and 100 ns long 

pulses, the maximum energy obtained is 87 µJ before SBS appears and perturbs the output 
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pulse. Any pump power higher than this induces first and second order Brillouin Stokes waves 

and produces very narrow and unstable output pulses. As the energy extracted below SBS 

threshold is quite low, a fibre with a core twice the size is used in the third amplification stage, 

namely F260-LF35. Therefore, for the same gain and same absorption length, the energy 

extractable should be about 4 times (~350 µJ) before SBS sets in. 

Indeed, with the same input pulse and a 2 m long fibre, more than 320 µJ are obtained 

at the maximum pump power. The output pulse duration (FWHM) decreases to between 90 ns 

and 80 ns due to the depletion of the EYDFA gain. This corresponds to a peak power of 2.5 kW. 

Here, the energy and output power are limited by the pump power available and the pump 

absorption at 962 nm. The output signal is SBS free, due to the large core [20, 21]. The output 

spectrum is measured using a single-mode fibre to collect the light and an OSA at highest 

resolution (0.01 nm). The output spectrum is very clean (see fig. 5.4), although some ASE leaks 

through the FBG. Still, the signal is 20 dB higher than the ASE pedestal in the immediate 

vicinity of the signal, as seen in the inset of figure 5.4, and the linewidth is resolution- limited. 

Still, in order to suppress any ASE in the final amplification stage, the signal is set at 1536 nm 

to reduce even further the ASE seen around that wavelength in figure 5.4. 
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Figure 5.4: Output spectrum from the third stage amplifier, using fibre 

F260-F35, at the maximum energy of 320 µJ. The resolution is 0.01 nm. 

Inset: enlarged signal spectrum. 
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The same MOPA has been tested with even higher pump power using a 976 nm pump 

source from Laserline based on laser diode stacks. However, energy scaling is not possible 

beyond ~ 350 µJ because of fibre damage. A close inspection by I. Buffetov places this damage 

at the boundary between the core and cladding, which indicates multi-mode operation of the 

fibre at the moment of damage as shown in figure 5.5. Because the shape of the damage is 

different to the bullet shape that forms during the slow optical discharge [22], it may be due to 

the so-called fast optical discharge (FOD) [23]. FOD is characterised by a velocity of half the 

longitudinal sound velocity and only slightly lower than transverse sound velocity. Here, the 

damage happens over a short distance of about 3 cm. Further investigation is required to 

establish whether this is due to, for example, an enhancement of SBS or of the associated 

acoustic wave, because of back-reflection at the output end, which interacts with the incoming 

pulse. General estimates place the threshold of this damage around 20 – 30 W/µm2, which is a 

greater intensity than that obtained in this fibre. 

 

  

Figure 5.5: Two samples of core damages in F260-LF35 at 350 µJ 

(pictures by I. Buffetov [22]). 
 

 

5.4.3 Fourth amplification stage 

A fourth amplification stage consisting of a 2 m long piece of F546-LF218 is then 

added to the MOPA. The average input power to the final amplification stage is 233 mW at 

1 kHz repetition rate. The input pulse energy is measured to be 179 µJ. Although this is not the 

maximum energy that one can extract from the first three amplifier stages, this is optimum for 

the final stage. This pulse is then amplified up to 1.011 mJ pulse at the maximum pump power 

(fig. 5.6).  
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Figure 5.6: Signal output energy and average output power of the 

signal, ASE and total output from the final EYDFA. 
 

 

The total average output power (ASE included) in the 1550 nm wavelength range is more than 

1.5 W. It seems that the energy extraction is limited by ASE saturation, which represents about 

30% of the total output power. However, at a high pump power level, even the ASE seems to 

roll off. Therefore, it appears that the pump energy is wasted in another process. One possibility 

is light generation at ~ 1 µm. The power and spectrum at 1 µm could not be directly measured 

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

configuration and the output spectrum is shown in figure 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 4% - 4% cavity 

configuration with 10 W of pump power absorbed. 
 

 

In this configuration the ASE from the ytterbium is quite strong and represents about 

50% of the total output power. Therefore, it is reasonable to assume that similarly when 

operating with a higher inversion in the final amplification stage ASE in the 1 µm Yb gain band 

starts to siphon off some of the pump energy. Indeed, it has been shown in [24] that the parasitic 

emission by Yb ions reduces the laser performance of EYDF. This is mainly due to a poor 

energy transfer from ytterbium to erbium ions, either because of a large fraction of Yb ions 

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

Still, the ASE at 1.5 and 1 µm can be reduced by increasing the repetition rate but this is 

at the expense of lower signal energy because of the shorter signal-gain build-up time between 

pulses. Alternatively, a better fibre end-facet with lower feedback could be prepared and 

additional time gating elements could be introduced between the amplification stages. 

The pulse peak power at the maximum output energy is 6.6 kW for a pulse duration of 

88 ns, as shown in figure 5.8.b. The pulse is compressed in the amplifier from the original 

250 ns to 88 ns FWHM pulse duration due to the depletion-induced difference in gain between 

the leading and the trailing edge of the pulse. The evolution 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-LF218, 

b) Output pulse shape at 1 mJ. 
 

 

Using the model of Frantz and Nodvik (equation (3.2)), at the maximum output energy the 

initial gain, 0G , is expected to be about 12 dB, although it is difficult to know exactly how 

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

it is expectred that practically all the power could be launched into the core. 

A problem with the pulse compression, as observed in figure 5.8.b, that results from the 

high initial gain and with the subsequent gain depletion, is that the peak power grows 

accordingly and can induce SBS, in the case of single frequency laser lines. Shaping of the input 

pulses could allow the peak to be controlled so that the pulse peak remains below the non-linear 

threshold while the duration is sufficiently long for maximum energy extraction. In many cases, 

rectangular pulses would be ideal. With the textbook SBS gain coefficient being about 

5×10-11 m/W for polarised light around 1550 nm, the SBS threshold becomes around 700 W 

peak power in a passive fibre of equivalent length and core size. However, no SBS is detected 

despite the peak power well exceeding the calculated threshold. In reality it is likely that pulse 

linewidth is larger than the SBS linewidth of ~ 20 MHz – possibly in the 100 – 1000 MHz range 

– which would reduce the Brillouin gain (equation (2.35)). Such broadening would not be 

measurable with our OSA. Furthermore, it is well known that a high quantum defect combined 

with a high concentration of active ions in Er:Yb doped fibres leads to large amounts of heat 

being deposited in the core. This leads to a strong thermal gradient in the fibre when end-

pumped from only one end. The thermal gradient, in turn, broadens the SBS gain coefficient 

since the Brillouin gain shifts by around 1 MHz/K [25, 26]. Thus a temperature difference of 

50°C between the input and output ends increases, in the case of a linear gradient, the SBS 

threshold by 2.5 dB [15]. In the large core fibre, a much larger amount of heat deposit is 
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expected near the pump injection point. Thanks to the combination of these effects, SBS is 

absent from this system. 

The output optical spectrum at the maximum output energy is shown in in figure 5.9-a. 

The ASE level is 25 dB below the signal wavelength. However, a closer look at in figure 5.9-b 

shows a spectral pedestal due to the cw ASE leaked through the FBG filter and amplified in the 

amplifier cascade. A comparison with the seed spectrum shows that the output linewidth 

remains unchanged and is still resolution-limited, below 0.05 nm (fig. 5.9-b). Furthermore, the 

output spectrum is free from second order SBS or FWM, indicating the absence of non-linear 

effects. 
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Figure 5.9: a) Normalized output optical spectrum (resolution 0.05 nm) at the maximum energy 

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

 

Finally, experience with this fibre suggests that the beam is not diffraction-limited, but 

may have an M2-value of 5. This value was measured in the cw regime. The direct measurement 

of the beam-quality of the pulses is difficult when there is a significant ASE-background. Whilst 

the launch of the signal pulses can be adjusted for best beam quality, the ASE cannot be 

controlled in this way and can therefore have a poorer beam quality. On the other hand, the 

population dynamics in the pulsed regime may degrade the beam quality relative to cw 

operation. A more advanced set-up that could have distinguished the beam quality of the pulses 

from the ASE was not available. 

This result represents to the best of my knowledge; an unprecedented combination of 

high brightness, high energy, and high spectral density from an erbium-ytterbium doped fibre 

source. 
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5.5 Summary 

In this chapter, the energy scaling of an EYDF is demonstrated. The challenges to reach 

high energy pulses while maintaining a narrow linewidth output are discussed. Using these 

design consideration, a fibre MOPA based on several large core EYDFs is implemented. The 

properties and performance of the various amplification stages are discussed. The final stage 

delivers up to 1 mJ, 6.6 kW peak power pulses of 88 ns duration, (FWHM) at 1 kHz repetition 

rate. The main limiting factor is thought to be ASE from the erbium and ytterbium ions. Thanks 

to the large core, the signal is free from deleterious non-linear effects such as stimulated Raman 

scattering and stimulated Brillouin scattering. This result indicates that even higher energy is 

possible with an improved fibre design and higher power pump sources. This example illustrates 

the energy-scaling capabilities of pulsed EYDF based laser sources which can be used as stand 

alone devices or, like in this thesis, as intermediate brightness 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 scattering in a multi-mode fibre which is then applied 

to the particular case of double-clad fibre. Section 6.1 introduces and reviews previous works on 

continuous-wave and pulsed multi-mode Raman fibre lasers. Section 6.2 presents the details and 

characteristics of the double-clad Ge-doped Raman fibre used in the experimental study 

presented in the next two chapters. Then, the theory of Raman scattering in multi-mode fibres is 

presented in section 6.3. Subsequently, a simple model for CW operation, which treats the 

multi-mode pump as an equivalent mode, is introduced to describe the general behaviour of a 

multi-mode Raman fibre in the continuous-wave regime. With this model the threshold of 

cladding-pumped Raman fibre laser action can be estimated. In addition, mode excitation, pump 

mode mixing and the generation of higher order Stokes radiation in the case of a double-clad 

fibre are discussed. Then section 6.4 treats the case of Raman lasers with pulsed pump and 

Stokes beams. Here, the walk-off length parameter, which defines a maximum length over 

which the pump and Stokes pulses are temporally overlapped, is introduced. In this regime, also 

called the quasi-CW regime, SRS can be treated with the CW Raman propagation equation 

which simplifies SRS modelling. Then, for various pump pulse durations and fibre refractive 

indexes, the calculated SRS small-signal gain and the pump critical power, are presented. 

Furthermore, the limitation by material damage threshold in the case of pulsed cladding-pumped 

Raman lasers is also briefly discussed. Finally, section 6.5 summarises the findings presented in 

this chapter. 

 

6.1 Introduction 

High-power Raman fibre lasers are much more wavelength-agile than rare-earth doped 

fibres which are restricted by their wavelength coverage (see fig. 1.2). Traditionally, these have 

been core-pumped single-mode devices with a relatively small core. Until recently, the lack of 

single-mode high-power pump sources had limited the power of Raman lasers to a few watts 

although this is now changing with the development of powerful single-mode fibre laser 

sources. An alternative to core-pumped fibre is to use multi-mode fibre which can be pumped 

with low-brightness sources. In the seventies, Raman scattering in multi-mode fibres has been 
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the subject of experimental [1] and theoretical [2] studies. However, it was only in the 1990s 

that Liu shows that multi-mode fibres could efficiently generate SRS [3]. In the same period of 

time, Chiang [4] experimentally demonstrated the beam clean-up properties of SRS in multi-

mode fibre, i.e. brightness enhancement through SRS in a multi-mode fibre, and envisaged the 

single mode operation of such a fibre [5]. The SRS fibre laser was pumped by a high-peak 

power pulsed dye laser and low order mode operation was achieved by the appropriate modal 

excitation of the multi-mode fibre. The Raman beam clean-up properties were first investigated 

in a solid state “bulk” (non-waveguiding) laser [6, 7] and subsequently in a multi-mode fibre by 

Russell and co-workers [8]. Meanwhile Ilev presented a tuneable double-pass fibre Raman laser 

based on a multi-mode fibre [9], although the beam quality was not investigated. In 

conventional multi-mode fibre, the transverse pump distribution results in Raman gain which 

preferentially favours lower-order modes at the Stokes wavelength. Consequently, the output 

beam quality is improved with respect to the pump beam quality. Still, in a cladding-pumped 

fibre the power injected into the fundamental mode of the Stokes can be controlled more easily 

than in large multi-mode structures. Furthermore, determination of the Stokes output power is 

facilitated as the fibre modes are well discriminated. Therefore, the real performance of the 

beam clean up process can be evaluated more accurately. However, there has been little 

theoretical work on the understanding and modelling of the behaviour of cladding-pumped 

Raman fibre devices. Thus, some theoretical foundations specific 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), used in my experiments, was 

fabricated at the ORC using a standard modified chemical vapour deposition process. The 

DCRF is an all-glass fibre formed by a pure-silica outer-cladding and a germanosilicate inner-

cladding and a germanosilicate core. The core is defined as the section with raised refractive 

index (with respect to the inner-cladding) of the fibre as shown in figure 6.1. Here, the core is 

formed by increased the germanium concentration. The inner cladding has a diameter of 

21.6 µm and an NA of 0.22 with respect to the outer cladding. The core has a diameter of 9 µm 

and an average NA of 0.14 relative to the inner cladding. The outer cladding has an outside 

diameter comparable in size to that of a standard SMF fibre. The core has an estimated cut-off 

wavelength of 1630 nm. 



Chapter 6: Principles of cladding-pumped Raman fibre lasers 

C. A. Codemard  117 

n(r)

r

(c)

(a)

(b) n(r)

r

(c)

(a)

(b) n(r)

r

(c)

(a)

(b) n(r)

r

n(r)

r

n(r)

r

(c)

(a)

(b)

 

Radius [µm]

-15 -10 -5 0 5 10 15

R
ef

ra
ct

iv
e 

In
de

x 
D

iff
er

en
ce

-0.005

0.000

0.005

0.010

0.015

0.020

0.025

0.030

 

Figure 6.1: Double-clad Raman fibre with 

idealised refractive index profile and cross-

section: (a) - outer silica cladding, 

 (b) - germanium doped inner cladding and  

(c) - core. 

Figure 6.2: Measured refractive index profile 

of F71-LF11. 

 
 

The measured refractive index profile of the fibre preform (F71-LF11) is shown in figure 6.2. A 

central dip is present in the fibre refractive index profile due to the evaporation of germanium 

during the preform collapse. The dip modifies the shape of the fundamental mode at the Stokes 

wavelength, but it does not affect the working principle of the Raman amplification process. 

The core section is still single-mode around 1660 nm. 

 

6.2.2 Raman gain coefficient  

The Raman gain coefficient, in the presence of germanium dopant, can be estimated [10 

-12] from the difference of refractive index of the doped region with respect to fused silica. 

From the empirical formula given in [10 -12] for a wavelength at 1550  nm and from the 

refractive index profile shown in figure 6.2, the Raman gain coefficient is expected to be around 

5.29 10-14 m/W in the inner-cladding whilst in the core it is estimated to be around 

6.34 10-14 m/W because of the higher germanium concentration. Furthermore, the germanium 

concentration used in the fabrication “recipe” is estimated to be around 25 to 30% (mol.) which 

fits with a previous estimation of the Raman gain coefficient [11] of 5.5 10-14 m/W. 
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6.2.3 Raman Gain spectrum 

The gain spectrum of the DCRF was measured using a white light source which was 

amplified with pulsed pump light. The pump power is kept low enough to avoid the presence of 

amplified spontaneous Raman scattering. The SRS gain coefficient spectrum obtained is shown 

in figure 6.3. 

Core SRS gain spectrum
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Figure 6.3: Core SRS gain coefficient, Rg : theoretical spectrum (black 

curve) from [13] and experimental measurement (red curve). 
 

 

The measured core gain spectrum compares well with the spectrum calculated, from the 

core germanium concentration in the silica matrix, using the formula given by Kang [13]. At 

short wavelength shift (below 300 cm-1) the SRS gain coefficient displayed is an artifact caused 

by the residual pump spectral content. 

 

6.2.4 Background Loss 

The high germanium concentration used in the design of F71-LF11 leads to scattering, 

which translates into background losses for the pump and signal. Originally, the fibre core 

background loss has been measured to be 3.1 dB/km whilst in the inner-cladding this loss was 

2.3 dB/km. However, at a later stage of my study, using a high resolution optical time-domain 

reflectometer, several small sections of the DCRF were found to be defective (most likely 

because of the high-germanium concentration). Subsequently these sections were removed and 

the fibre respliced which reduced the overall background of the fibre. At that point, after 
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remeasuring the losses with a cut-back method, the core fibre loss became 2.3 dB/km and the 

inner-cladding loss 2.0 dB/km in the 1500 - 1700 nm wavelength range. Therefore, in the 

experimental work presented in the following chapters, the corresponding fibre background loss 

is given. The actual background loss value of the DCRF is slightly worse than the value given 

by Bubnov [14] and Dianov [15] of about 1.33 dB/km for a 30% (mol.) GeO2 doped fibre at 

1550 nm. This fibre was also manufactured using the standard 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 scattering arises from the non-linear response 

of the core material under the high intensity optical field that is propagating in the core. The 

light is transported in a number of excited modes which are supported by the waveguiding 

structure, i.e., the fibre core and inner cladding. The power of each of these modes, then, 

contributes to create an optical power distribution which generates a SRS gain proportional to 

the local intensity. It is essential that the description of SRS in a multi-mode fibre takes into 

account the contribution of all pump and Stokes modes in order to give an accurate description 

of the phenomenon [2]. Using the notion of effective area, equations (2.26) and (2.27) that 

describe SRS in a single mode fibre can be expanded to include the case of multi-mode fibres. 

Equation (6.1) shows the temporal and spatial evolution of the pump light while equation (6.2) 

and (6.3) represent the evolution of the first and second order Stokes: 
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Here, 1 2, ,
, ,
P S S

l i jP  is the power in a specific mode l, i, or j, of either the pump (P), or first (S1) or 

second (S2) Stokes beams, 1 2, ,
, ,
P S S
l i jv  is the group velocity, and 1 2, ,

, ,
P S S
l i jα  is the background loss (in 

Neper per metre) of the corresponding mode at the corresponding wavelength 
1 2, ,P S Sλ . The 

Raman gain coefficient Rg  (in /m W) depends on the frequency difference between Stokes 

and pump waves and the phonon energy spectrum of the optical medium. Finally , , ,
eff
j j k kA  is the 

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

where ,i jψ  is the transverse electric distribution of the ,i j  modes considered in the fibre. The 

effective area represents an equivalent area which is the inverse of the mode overlap integrals 

over the waveguide. Depending on the modes involved, the effective area varies. Furthermore, 

higher-order modes can be degenerate, with a so-called sine and cosine mode. However, when 

those modes interact with the circularly symmetric LP0x modes, like the LP01 mode, the overlap 

integrals are identical. Therefore, because the LP01 mode is the one of interest in the DCRF, I 

will assume that these degenerate modes are equally excited, so that the pump beam is 

independent of the angular coordinate. 

In addition, pump mode beating is neglected. This may be justified by the fact that the 

SRS gain is small over a characteristic length given by the inverse of max mink k− , where maxk  

( mink ) is the largest (smallest) wavevector of any pump mode at the pump wavelength. 

Assuming that ( )max min _

2
core outer cladding

p

k k n n
π

λ
− ≈ − , the “coherence length” of the pump light 

in different modes is of the order of 10-3 m. Very little happens over such distances in a Raman 

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

Furthermore, the mode beating between the Stokes waves can also be neglected. Garth 

and Sammut have demonstrated [17] that the impact of mode coupling of the Stokes waves 

depends on the modal gain. Here, the strong relative enhancement of the fundamental Stokes 
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when seeded or when selected by a grating or by an aperture (e.g. by a spliced single mode 

fibre), reduces the effect of modal interferences. 

Moreover, the effect of pump mode coupling due to perturbations (see Chapter 2) can 

be reduced to the two extreme cases: weak and strong mode coupling [2]. In the absence of 

mode coupling effects, the pump modes are depleted at different rates. On the other hand, when 

strong mode mixing is present over a length where the SRS gain is small, the pump power 

becomes averaged over the number of modes and all the modes are depleted at the same rate. 

This case is discussed further in section 6.3.5. 

In conclusion, the set of non-linear differential equations (6.1) - (6.3) can be integrated 

over the fibre length with the corresponding boundary conditions using, for example, a high-

level language mathematical package like Matlab® and Mathematica®, to simulate cladding-

pumped Raman fibre laser sources. An example of the model used in this thesis is given in 

Appendix I, where mode coupling is neglected. A more accurate model could be considered by 

taking into account the local intensities of the pump and signal modes which are then integrated 

over the transverse cross-section to obtain the modal power 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 phenomenon requires the knowledge of the 

initial boundary conditions which corresponds to the fibre modal power distribution and, in 

particular to the power distribution of the pump modes, which can be numerous in large multi-

mode optical fibres. In order to simplify the propagation equation, the evolution of the total 

pump power can be considered independently of the number of pump modes or their power 

content. The total pump power launched, (0, )P
TP t , at the instant t  can be written as the sum of 

the power (0, )P
lP t  of the fibre pump modes: 

(0, ) (0, )
PN

P P
T l

l

P t P t=∑  
(6.5) 

where PN  is the total number of pump modes. Alternatively the power of each mode can be 

written as the fraction, lk , of the total pump power: 

(0) (0)P P
l l TP k P=  (6.6) 
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with 
1
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k
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=∑ . By substituting in the differential equation (6.1) the term ( , )P
lP z t  with 

equation (6.6), and then summing the pump wavelength equations with respect to ( , )P
TP z t , the 

differential equations can be written as: 
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Equation (6.7) represents the total power evolution while equations (6.8) and (6.9) still represent 

the evolution of the various modes of the first and second Stokes respectively. 

Because it will be never possible to accurately represent the true multi-mode pump 

propagation, an “equivalent”effective area can be used to describe the propagation of the total 

pump power. This “equivalent” effective area which encompasses the various effects of the 

pump power distribution can be defined as: 

( ) 1_
,

1 , , ,

PN
eff eq l
i pump eff

l i i l l

k
A

A

−

=

=∑  
(6.10) 

If the fundamental mode at the Stokes wavelength is only considered, the “equivalent” effective 

area, that I will call the joint effective area, is _
01,

eff eq
LP pumpA . Then, the joint effective area can be 

used with the standard propagation equations and in some 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 effective effective area which takes into account 

the weight of each pump mode, it is possible to use the expression, already established, for the 

SRS gain (equation (2.30)) and for the threshold of a laser (equation (2.34)). These expressions 

are also valid for a multi-mode core. From [18], the SRS gain in a cladding pumped fibre 

becomes: 

_
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(6.11) 

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

equation (2.34), and becomes: 
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6.3.4 Modal excitations 

It is clear from equations (6.1) - (6.3) that insofar as different pump modes have 

different effective areas for the interaction with the Stokes beams, the performance of a 

cladding-pumped Raman fibre laser source depends on the distribution of the pump power in the 

waveguide structure [20, 21]. In the absence of mode coupling between the pump modes, the 

modal distribution is determined by the modes excited at the pump injection point. In our case, 

where the fibre is free-space end-pumped, the excitation depends on the incident pump field 

shape (i.e., spot size in case of a gaussian beam), offset and angle with respect to the fibre 

optical axis. Using equation (2.11) and the knowledge of the properties of the pump field, it is 

possible to estimate the modal power distribution and therefore model such sources. It is worth 

pointing out, that the effective area according to (6.10), will not be equal to the spot area of the 

pump beam incident on the fibre. 

The modal power distribution in a multi-mode Raman fibre laser determines the 

transverse SRS gain profile [4]. In a long multi-mode fibre, at equilibrium, the pump 

distribution tends to have a flat top or a gaussian shape [22] in the absence of pump modes 

depletion. Because the lowest-order modes have the largest overlap with a gaussian pump 

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

process, which converts the low-brigthness pump beam into a higher brightness laser output 

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

behaviour of various pump modes (see fig. 6.4). 
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Figure 6.4: Simulation of a single-pass cladding-pumped Raman fibre amplifier. 
 

 

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

same physical properties as F71-LF11 given in section 6.2.1. Here the core background loss is 

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

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

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

sine and cosine modes. 

 

Pump 

Mode 
LP01 LP02 LP03 LP11 LP12 LP21 LP22 

% 10 20 10 10 10 30 10 

 
Table 6.1: Pump power distribution between the different modes. 

 

Here, the pump and Stokes mode coupling mechanisms are neglected. Then, to demonstrate the 

effectiveness of the SRS beam clean-up properties, I have assumed that a signal at the Stokes 
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wavelength (around 1660 nm) is injected in the DCRF in co-propagation with the pump launch 

direction. The total signal power injected in the fibre is 1 mW of which 16% is in the LP01 mode 

whilst 84% is in the LP02 mode. For simplicity’s sake, only the effective areas at the pump 

wavelength are considered because of the small difference in size between the modes at the 

pump and the Stokes wavelengths. Firstly, the mode field distributions have been calculated 

using a commercial fibre mode solver (FiberCAD® from Optiwave®) and the measured 

refractive index distribution (fig. 6.2) of the DCRF. Secondly, each effective area is calculated 

using equation (6.4). The effective areas of the different modes used for the modeling are shown 

in Table 6.2.  

 

 LP01 LP02 LP03 LP11 LP12 LP21 LP22 
LP01 64.97 233.19 171.42 93.56 208.25 223.12 175.01 
LP02  198.15 267.47 322.35 245.04 280.51 400.58 
LP03   168.01 274.51 390.4 362.14 359.25 
LP11    102.81 260.11 178.77 182.7 
LP12     218.43 312.33 269.98 
LP21      188.63 282.31 
LP22       205.86  

Table 6.2: Effective Areas (in µm2) of interacting modes. 

 

These effective areas and initial conditions are subsequently used when the propagation 

equations (6.1) - (6.3) are integrated. For this, I used a modified Runge-Kutta method specially 

developed by X. Liu for SRS problems in [23] and other publications. An example of the 

implementation of this method is given in Appendix I. 

Firstly, figure 6.4 shows that although the pump modes have very different overlaps 

(hence effective area) with the signal that propagates in the LP01 mode of the fibre, i.e. in the 

core, they are absorbed within a similar fibre length due to the non-linear pump absorption as 

the signal starts to grow. Secondly, in this simulation the Stoke power in the LP01 mode, which 

is much less than that of the LP02 mode, experiences a higher gain and dominates along the fibre 

length. The effective areas with respect to the LP01 mode are generally smaller than the effective 

areas respective to the LP02 mode. Therefore the joint effective area of the LP01 tends 

(depending upon the pump modal distribution) to be smaller than that of the other modes. As a 

result, the Raman gain of the LP01 mode is effectively larger than that of the other modes. In 

addition the LP01 mode benefits by its position in the core region from the higher SRS gain due 

to the higher germanium concentration. Even if higher order modes contains a fair fraction of 

power at the end facet of the fibre (i.e., following signal injection or reflection), the exponential 

dependence of the linear gain on pump intensity helps to select the mode with the highest gain 
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and power. Thus if the Stokes LP01 mode is seeded in a multi-mode Raman gain fibre, the 

output will principally be single-mode as verified in [10]. The difference in SRS gain between 

the Stokes modes forms the basis of the beam clean-up process. 

 

6.3.5 Mode mixing 

In double-clad rare-earth doped fibres, the pump absorption is improved by either a 

suitable fibre cladding geometry or by scrambling the cladding modes, for example, by bending 

the fibre [24]. This influences the optimum length and the spectral properties of doped fibres. 

However, in practice I found no significant changes of the Stokes output power in the double 

clad fibre lasers. 

This might be explained by the fact that mode mixing does locally change the pump 

distribution and, therefore the pump absorption. However, in fibre with long interaction length, 

this effect is small because of the non-linear pump absorption by the Stoke wave. In the 

opposite case, e.g., for short fibre length, pump mixing helps into improving the number of 

pump modes participating in the SRS process. Otherwise, some pump modes would be depleted 

much faster than modes with larger effective area, reducing the device efficiency. 

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

distributed equally between the pump modes. Therefore the joint effective area becomes: 
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The effective area is averaged over the number of pump modes sustained by the fibre. If the 

number of modes is significant and the modes are large, the efficiency of the cladding pumped 

Raman laser is reduced and must be compensated by longer fibre. Thus, in long fibre, it is more 

important to get the best modal excitation possible than 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 sufficiently high power level in the fibre core, it 

generates, in turn, a second Stokes wave at a wavelength determined by the SRS frequency 

shift. This process can be cascaded and used to generate wavelengths far away from the pump 

wavelength. However, my work focuses on generating a high power, high-brightness, first order 

Raman Stokes laser. Higher-order Raman scattering in cladding-pumped Raman lasers is 

interesting, but the lack of characterisation equipment and components such as fibre Bragg 
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gratings at long wavelengths would have hampered studies of this. In addition, above 1700  nm, 

silica glass starts to absorb because of the vibrational transitions of the Si-O bond. This effect 

can be somewhat mitigated in very high germanium concentration fibre [15] whose absorption 

curve is shifted towards longer wavelength. In the DCRF laser, the second order Stokes will 

arise in the core where the Stokes intensity is the highest. Any parasitic reflections will enhance 

the growth of the second order Stokes inside the lasing cavity and must be avoided, for example, 

by using angle cleaved fibre. In the DCRF, if the background loss is neglected, the second order 

Stoke small-signal gain in the fibre core is 4.34 0.0037 /( . )R
dB

eff

g
G dB mW

A
= ≈ . Hence, if one 

assumes that around of 60 dB of gain is enough to notice the growth of the second order Stokes 

at the output of the laser, in a 1 km long DCRF (with no loss and a constant longitudinal power 

distribution), only 16 W of Stokes power is required. 

 

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 (6.1) - (6.3) describes the temporal and 

spatial evolution of the powers of the pump and Stokes modes under the Raman scattering 

process in a multi-mode fibre. These equations can also be used to describe the behaviour of 

double-clad Raman fibre amplifiers in the pulsed regime, with the knowledge of the power in 

the various modes involved in the process. In the case of a double-clad Raman fibre pumped by 

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

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

travels with a different group velocity, as well. For sufficiently large differencies in group 

velocities, as determined by the pulse duration and the amplifier length, this will lead to 

(temporal) walk-off between signal and pump light. As a result, the energy transfer between 

different parts of the pump modes and the Stokes mode (or modes) can be concentrated to 

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

have the pump modes more separated, i.e., with larger differences in gv , than a low-NA fibre, 

even if the V-numbers, and therefore the numbers of modes, are the same. Pump modes with 

group velocities similar to the Stokes group velocity will, with the right timing, interact more 

strongly with the Stokes beam and will therefore transfer power more quickly. A second 

parameter which defines the energy transfer rate in the non-linear process is the power of the 

modes involved as discussed in section 6.3.4. A pump mode with a small joint effective area 

will transfer its power much faster to the Stokes mode than a mode with a larger joint effective 
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area. Thus, even when the walk-off is negligible, the power in different pump modes will be 

transferred to the Stokes beam with different relative rates, because of different effective areas. 

Furthermore, the SRS interaction will increase with higher intensity, i.e., with higher power as 

well as with tighter confinement. However, as the Stokes beam grows, it will in turn enhance 

the energy transfer from the pump mode with the largest joint effective area overlap to itself, so 

the presence of power in the pump modes with a small joint effective area helps with the 

conversion of pump power in modes with a larger effective area. For a constant V-number fibre, 

a low-NA inner-cladding will result in a lower intensity than a high NA design and the fibre 

length required for the SRS process will increase. Therefore, in pulsed SRS multi-mode fibre 

both the temporal overlap and the spatial intensity overlap are important parameters; both 

depend on the inner-cladding parameters and both will affect the temporal as well as the spatial 

evolution of the pump and Stokes beams.  

The length for the maximum pump and Stokes pulse interaction is defined as the 

distance in which the Stokes signal passes through the pump pulse. This length is called the 

walk-off length and is defined as [18]: 

s p
Walk off

s p

v v
L T

v v− = ∆
−

 
(6.14) 

where sv  and pv  are the group velocities of the signal and pump wave respectively and T∆  is 

the launched pump pulse duration. In the particular case of the double-clad fibre, the greatest 

velocity difference, i.e. the shortest interaction length, will correspond to the length involving a 

pump mode near the cut-off, i.e., with an effective index near the refractive index of the outer 

cladding, and the fundamental Stokes mode traveling in the core. Therefore, in the multi-mode 

case, when neglecting the wavelength dependence of the dispersion (in the 1500 - 1700 nm 

wavelength range the chromatic dispersion is about 20 ps/nm//km [18] in bulk silica) with 

respect to the material refractive index, the walk-off length becomes [26]: 

_

_

1outer cladding
Walk off

core core outer cladding

n
L c T

n n n−

  
≈ ∆   −  

 
(6.15) 

where coren  and _outer claddingn  are the refractive indexes of the core and outer cladding of the 

DCRF. This assumes a low-order signal mode and a high-order pump mode, with effective 

indices close to the refractive index of the core and outer cladding, respectively. Figure 6.5 

illustrates the effect of the pulse duration and of the 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 maximum refractive index difference 

(See fig. 6.2) is about 27×10-3, therefore for a 100 ns pulse the expected walk-off distance is 

about 1.1 km. If the fibre length used is less than the walk-off length, the SRS gain is 

comparable to that obtained with continuous-wave operation during the pulse, which is the case 

in the experimental work presented later. This regime is called quasi-CW. However, in the case 

where the fibre length exceeds the walk-off length, the signal pulse duration can start to grow 

larger [25] depending on the SRS power transfer. As the pulse duration decreases, the walk-off 

length decreases accordingly which leads to a substantial increase in the pump intensity 

requirement for SRS generation. 

 

6.4.2 Gain in pulsed regime 

In the quasi-CW regime [18], neglecting the pump and signal background loss, the 

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

_4.60358
Pump

dB Launched R
Stokes Walk off

eff

P g
G L

A
=  

(6.16) 
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where Pump
LaunchedP  is the launched pump power, Rg  is the SRS gain coefficient determined by the 

material and effA  is the effective area defined by (6.4). This assumes that the interaction length 

is limited by walk-off rather than by loss or the actual fiber length. The term “averaged” gain is 

used to designate the gain over the pulse duration as opposed to the instantaneous gain at the 

pulse peak. Figure 6.6 shows the intensity required in order to reach 60 dB of small-signal gain 

according to the pulse duration and the difference between the refractive index of the guiding 

layers of the fibre. 

 
Figure 6.6: Pump intensity in [W/µm2], relative to the joint 

effective area required for 60 dB of small-signal gain. 
 

 

If the maximum pump effective diameter of the DCRF is about 20 µm and the cladding-core 

NA corresponds to a 27×10-3 refractive index difference, less than 78 W of peak power is 

required for a 100 ns pulse in order to reach a gain of 60 dB. It should be possible to reach an 

even higher gain using higher peak power pulse. Such a high gain from a single-stage amplifier 

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

The term pump critical power, defined in [27], is commonly used to determine the 

launched pump power required to obtain an equal amount of pump and Stokes output power, in 

an unseeded amplifier of a given fibre length, under the assumption of an undepleted pump. 

While this is an intrinsically inconsistent assumption, the critical power in the presence of pump 

depletion is only marginally different.  

The critical pump power for the first Stokes line, as a function of the fibre core-cladding 

refractive index difference and the pulse duration is shown in figure 6.7. Here, for simplicity, 

the fibre length is fixed to the walk-off length. 
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Figure 6.7: Pump critical intensity in [W/µm2] for the first Stokes 

line generation in a cladding pumped Raman amplifier with a 1 mW 

seed. 
 

 

The pump critical intensities are calculated by solving equations (6.7) - (6.9). The signal and 

pump background losses are also set to 2.3 dB/km as per the double-clad Raman fibre, F71-

LF11. The amplifier Stokes seed is set to be 1 mW and the other modes modelled with an 

equivalent noiser input power. The general rule is to set the power of each mode to one photon 

per second per hertz per polarization mode within the equivalent bandwidth. As the number of 

modes increases with the fibre NA, so does the total equivalent input noise power. 
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The top left shaded area defines, approximately, the region where silica damage should 

occur for the pump intensity. This is mainly for indication purpose only, because the intensity of 

the Stokes could be higher than the pump intensity after amplification. The right hand side 

region indicates where the walk-off length is longer than the maximum effective length (the 

inverse of the pump background loss). In this region, an increase of the fibre length, made 

possible by longer pulse duration, no longer contributes to SRS because of the increased overall 

background loss. 

Then, in the same configuration, with the same parameters, the pump intensity required 

for the output first Stokes power to be equal to the second Stokes power, is shown in fig. 6.8. 

Here, the second Stokes wave builds up from the thermal noise. 
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Figure 6.8: Pump critical intensity in [W/µm2] for the second Stokes 

line generation in a Raman amplifier with a 1 mW seed at the first 

Stokes. 
 

 

The operating region, in which the second Stokes line is obtained, is much narrower than that of 

the first Stokes, due to the increased demand on the pump power. In the case of a 100 ns long 

pulse, the minimum pump intensity is about 3 - 3.5 W/µm2 in a 1.1 km long fibre. In a double-

clad Raman fibre, this also depends on the pump and Stokes joint effective area so the critical 
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pump peak power will be typically between 100 and 300 W before the second Stokes becomes 

too important. 

 

6.4.4 Pulse damage threshold 

The maximum intensity that can be launched into a silica fibre is limited by the material 

damage [28]. This threshold intensity depends on the operating wavelength and the pulse 

duration. Typically, the damage threshold is taken to be proportional to the square root of the 

pulse duration [29]. Figure 6.9 shows that very high peak power pulses could be used to 

generate SRS in a multi-mode fibre, as calculated from [29]. However, because of the 

brightness enhancement process, the Stokes intensity could may well exceed that of the pump 

and then damage the fibre. Finally, the maximum energy (assuming square shaped pulses) that 

can be launched into a 20 µm diameter fibre is also shown to illustrate the potential of the 

DCRF to get higher energy pulses from a Raman amplifier. The damage threshold energy 

increases with the square root of the pulse duration, insofar 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 in a 20 µm 

diameter fibre for a range of pulses duration. 
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6.5 Summary 

The characteristics of the double-clad Raman fibre used in this work, was presented early 

in this chapter. Around 1550 nm, the fibre has a Raman gain coefficient around 0.55 10-13 m/W 

and the background loss is around 2 dB/km for the inner-cladding, and 2.3 dB/km for the core. 

Then, the theory of SRS in multi-mode fibre was presented and was extended to form a 

theoretical framework which describes the behaviour of cladding-pumped Raman fibre, in the 

cw and the pulsed (quasi-cw) regime.  

In the cw regime, an analysis of the propagation equations (6.1) - (6.3) of the various 

pump and signal modes revealed that pump modes can be collectively described by a power 

distribution which depends on the pump modal excitation and mode coupling mechanisms. This 

power distribution is represented by a joint effective area with the Stokes fundamental mode. 

From this joint effective area, the laser threshold can be derived and numerical simulation can 

be easily be implemented without exact knowledge of the pump power decomposition. 

In the pulse regime, only the quasi-cw regime is studied because of the limitation on the 

available pump sources to perform experimental work. The quasi-cw regime is limited by the 

pump and Stokes pulse walk-off effect which causes pulses broadening and limits the 

conversion efficiency. The pulse walk-off effect depends on the numerical aperture of the 

double-clad fibre and on the pump pulse duration. It also defines a maximum permissible device 

length, called walk-off length, over which the pump and Stokes pulses are temporally 

coincident. In addition, the transverse dimension of the fibre leads to a minimum pump intensity 

required to reach SRS threshold. This intensity depends on the joint effective area which can be 

altered by the fibre design, i.e. core and cladding dimension and core numerical aperture. Still, 

as expected, the simulation indicates that short pulses require much higher peak power because 

of the shorter walk-off length. With high peak power, short pulses, the first Stokes in the low-

order mode grows faster and the threshold for the second order Stokes can be reached quickly. 

Therefore the fibre length must be tailored for the pump properties in order to avoid, if 

undesired, the second order Stokes. Finally, additional consideration for pulse damage threshold 

was also discussed that let foresee potential for high energy output. 
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Chapter 7 High-power continuous-wave 
cladding-pumped Raman fibre lasers 

This chapter contains my work on continuous-wave cladding-pumped Raman fibre laser 

sources. Firstly, section 7.1 reviews some previous work on multi-mode Raman fibre laser and 

recalls the motivations for this study. Then, section 7.2 and 7.3 present the experimental 

realisation and study of counter and co-pumped DCRF lasers. The lasers characteristics are 

presented and discussed. Subsequently, the properties and limitations of these lasers are 

discussed in section 7.4. Section 7.5 presents possible improvements to increase the output 

power and enhance the laser efficiency. Finally, section 7.6 summarises the findings of this 

chapter. 

 

7.1 Introduction 

Recently, Baek and Roh presented a low power single mode Raman fibre laser based on a 

multi-mode fibre [1] with a M2 ~ 1.66. The laser consisted of a 40 m long, 50 µm core diameter 

fibre with two broadband FBGs written in the multi-mode fibre to form the laser cavity. The 

laser slope efficiency was quite low at only ~ 7.3%. At the same time, Nilsson and co-workers 

have proposed a cladding-pumped (i.e. multi-mode) Raman fibre [2]. By comparison to 

standard multi-mode fibre, in a double-clad fibre, the mode definition is greatly improved by the 

use of a single-mode core which is embedded inside the multi-mode waveguide structure which 

carries the pump power, similarly to rare-earth doped fibre lasers. As discussed in Chapter 1, 

cladding-pumped fibre lasers provide many advantages and are especially very good for power 

scaling purposes. However, a high power cladding-pumped Raman fibre laser had never been 

demonstrated, nor investigated. The critical parameters, for a good laser performance, still 

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

7.2.1 Experimental set-up 

In this experiment, a cladding-pumped Raman fibre laser is realised with a counter-

propagating pump (with respect to the laser output). The experimental set-up is shown in figure 

7.1 and consists of a multi-mode Er:Yb co-doped fibre laser (EYDFL) pump source and a 

Raman fibre laser based on a DCRF. The fibre laser pump source consists of a 2.5 m long Er:Yb 

co-doped fibre (F196-LF59), fabricated at the ORC, which is cladding-pumped by a multi-mode 

laser diode stack source at 975 nm from Laserline GmbH. The EYDF has a 25 µm diameter, 

0.22 NA core, and a 400 µm diameter D-shaped inner cladding, surrounded by a polymer outer 

cladding of low refractive index. With a V-number of 22, the fibre output is well multi-mode 

and the expected M2 is 7.8 for a free-running laser. The EYDF laser output power was up to 

26 W at 1545 nm. As there were no wavelength-selective elements in the EYDFL, the operating 

wavelength was determined by the Er-spectroscopy and the ion inversion (which depends on the 

Er-concentration, fibre length, and Er gain level). The fibre laser output is free-space coupled 

into a 1.42 km long double-clad Raman fibre via a dichroic mirror. The presence of defective 

regions in the length of fibre means that the average background loss of the core region is 

3.1 dB/km whilst in the inner-cladding this loss is 2.3 dB /km, i.e., somewhat higher than the 

loss measured in defect-free regions. 

 

Figure 7.1: Experimental set-up of the counter-pumped DCRF laser. 
 

 

A cutback measurement shows that up to 55% of the EYDFL’s output power could be 

launched into the DCRF. Of the launched power, around 6.8% is the LP01 mode. This was 

evaluated by splicing a standard single-mode fibre to a short piece of DCRF. In the DCRF, the 

1545 nm pump beam generates Raman gain with a peak at ~1658 nm. The Raman laser cavity is 

formed by a perpendicularly cleaved, 4% reflecting, facet at the pump launch end, and a fibre 

Bragg grating spliced to the DCRF, at the other end of the fibre. The reflectivity of the grating is 
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> 99% at 1660 nm with a bandwidth less than 0.2 nm. The transmission spectrum of two 

cascaded gratings in the same piece of DCRF is shown in figure 7.2. 

 

Figure 7.2: Transmission spectrum of two cascaded grating written 

in the DCRF. 
 

 

Unlike in a conventional rare-earth doped double-clad fibre, Raman gain occurs both in 

the inner cladding and the core of the DCRF. Therefore, core-mode lasing must be promoted 

over any cladding-mode lasing. Here, a fibre Bragg grating selected the core mode in a similar 

way to [1]. However, because the inner-cladding is also germanium-doped and is 

photosensitive, a grating is quite likely to have been formed in it. Because the Bragg wavelength 

of the grating is proportional to the effective refractive index of the propagating mode [3], 

higher order modes, which have lower effective indices than the LP01 mode, are reflected at 

shorter wavelength. In the DCRF the number of modes is relatively small. Consequently, the 

modes are sufficiently spaced in refractive index for their Bragg wavelengths to be a few 

nanometres apart. Therefore, any reflections from higher order modes would be very distinct 

from the LP01 mode and easily identifiable from the output optical spectrum. 

 

7.2.2 Laser characteristics 

Figure 7.3 shows the Raman laser output power versus the launched pump power (at 

1545 nm). The laser threshold is measured to be around 7.1 W and the slope efficiency is 67% 

which is quite remarkable taken into account the fibre background loss. The maximum output 
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power is 3.4 W at 1660 nm for a 27% power conversion of launched pump power. Here, the 

output power is limited by the pump power. 
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Figure 7.3: DRCF laser output power. 
 

 

Using Eq. (6.12) with the experimental parameters given above and with the DCRF’s 

Raman gain coefficient, the laser threshold becomes 7.2 W for a joint effective area of 150 µm2. 

Note that the average value of a joint effective area is 184 µm2 from Table 6.2. Thus this value 

of 150 µm2 is quite reasonable because the modal excitation is not known exactly. 

Figure 7.4 shows the output spectrum of the cladding-pumped CW Raman fibre laser at 

maximum output power. The signal spectrum is very clean and some pump is reflected from the 

end-facet. As discussed previously, the narrow laser linewidth indicates that no cladding modes 

are presents. The output beam quality was not measured in this experiment but single mode 

operation is expected. Furthermore, no second order Stokes is present in the laser. This agrees 

with the rough estimation given earlier, which places the threshold above 16 W of output power. 

Nonetheless, the laser fibre length must be tailored for the pump power and signal/pump 

background loss in order to achieve the best performance, 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 previous section, here the DCRF laser is in a co-

propagating pump configuration and provides a higher output power with an improved degree 

of brightness enhancement, from M² ~ 8.5 to a diffraction-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, consists of a high-power continuous-wave 

pump source at 1552 nm and an all-fibre cladding-pumped Raman laser. The pump source is a 

two-stage fibre master-oscillator power-amplifier (MOPA) based on Er:Yb co-doped fibre 

amplifiers (EYDFAs). The seed source of the MOPA consists of a high-power tuneable fibre 

ring laser which uses a commercial 2 W EYDFA from Southampton Photonics, and a tuneable 

fibre Bragg grating made in-house, and attached to a circulator. The ring laser is set to an output 

power of 1.4 W at 1552 nm. The linewidth of the ring laser is large enough (0.2 nm) to avoid 

any stimulated Brillouin scattering in the relatively long Raman fibre laser. The seed from the 

ring-laser is then, free-space launched into a 4 m long large-core high-power EYDFA. The 

Er:Yb doped fibre in the power amplifier (F196-LF59) has a core diameter of 35 µm and a NA 

of 0.2. The inner-cladding is D-shaped. The diameter is 650 µm and the NA of the pump 

waveguide is 0.48, as determined by a low-index polymer coating. This diameter and NA allows 
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for a good pump coupling of our diode pump source. The high-power EYDFA is end-pumped 

by a high-power diode stack source at 972 nm (Laserline GmbH), launched through the signal 

input end. Both end-facets of the large-core EYDF are angle-polished to suppress any back-

reflections into the amplifier. 
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Figure 7.5: Experimental set-up of the co-pumped cladding-pumped Raman fibre laser. 
 

 

An output power in excess of 35 W is obtained from the MOPA, as shown in figure 7.6, with a 

clean spectrum (fig. 7.6 inset). The EYDF must be relatively short to obtain the 1552 nm 

emission wavelength required in this experiment. The slope efficiency of the high-power 

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

the EYDF. 
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Figure 7.6: Multi-mode fibre MOPA output power and optical spectrum (inset). 
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The output beam quality of the MOPA corresponds to an M² of ~ 8.5, because of the 

multi-mode nature of the EYDF. The output beam is free-spaced launched into the DCRF via a 

set of lenses. It would also be possible to splice the EYDF directly to the DCRF, but because of 

the core size mismatch this was not attempted. The remaining unabsorbed pump power at 

972 nm is removed by a dichroic mirror, so it is not launched into the DCRF. The 1552 nm 

pump beam is reflected by a dichroic mirror which transmits wavelengths longer than 1650 nm, 

before being launched into the inner cladding of the DCRF, through an angle-cleaved end. 

About 60% of the 1552 nm pump is launched into the DCRF. 

The Raman gain medium consists of a 1.2 km long piece of the same DCRF as before, 

but with lower loss. Now, the inner-cladding loss is 2 dB/km and the core loss is 2.3 dB/km4. 

The DCRF output end is spliced to a 1 metre long piece of SMF-28. A high-index gel is used to 

strip all the unwanted modes and also to protect the high-index coating of the single-mode fibre. 

The splice loss for the core mode is evaluated to be less than 0.5 dB from equation (2.12), while 

all other modes are lost at this point to un-guided radiation modes. The Raman laser cavity is 

formed with a narrowband (~0.4 nm) highly-reflective FBG at 1660 nm, written in the core of 

the DCRF, placed at the 1552 nm pump launch end, and a laser output coupler formed by a flat 

cleave in the SMF-28 fibre. The highly reflective FBG has a reflection of 80% at 1660 nm. 

Thus, some leakage from the Raman laser in the backward direction is expected. Therefore, a 

protective dichroic mirror is used to prevent the 1660 nm radiation from being fed upstreams 

into the MOPA. The transmission spectrum of the grating is shown in figure 7.7. It was 

measured with an OSA by injecting a broad linewidth signal into the core of the DCRF. 

                                                      
 
 
 

4 In this experiment (alone), the background of the DCRF is lower than previously. Indeed, using a high 
resolution optical time-domain reflectometer, several small sections of the DCRF were found to be 
defective (most likely because of the high-germanium concentration). Subsequently these sections were 
removed and the fibre re-spliced which reduced the overall background of the fibre after re-measurement. 
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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 Raman fibre laser through the SMF-28 

output end is shown in figure 7.8 for a 1.2 km, 1 km and 0.85 km long cavity. The general 

performance is similar to the earlier work for the 1.2 km long fibre. The laser slope efficiency is 

67% and the conversion efficiency is close to 48% at the maximum power About 10.2 W of 

output power is obtained for 21.4 W of launched pump power. Here, the thermal loading of the 

DCRF launch end can cause some misalignment of the launch optics and, therefore, limits the 

launched pump power. 
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Figure 7.8: Experimental results – single-mode, DCRF laser output 

power for 1.2, 1.0 and 0.85 km lengths of fibre. 
 

 

A roll-off is observed at high powers in figure 7.8 for the shorter fibre length. It could 

have been induced by the generation of a second-order Stokes wave. However, none could be 

detected when using a monochromator and a photodiode. Further investigation, using the 

modelling of the DCRF laser shows, that the roll-off can be explained by the the non-linear 

pump absorption. A simple simulation of a 1 km long DCRF laser, shown in figure 7.9, exhibits 

the same behaviour when the output power is plotted versus the launched pump power. In the 

experiment it is not possible to measure the absorbed pump power because of the single-mode 

fibre attached at the end of the laser cavity. Because of the non-linear absorption, the absorbed 

pump power can increase quicker than the launched pump power over a limited range of pump 

powers (near the laser threshold). As a result, the output power of the laser seems to roll-off. 
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Figure 7.9: Comparison, by simulation, of a single-mode DCRF laser 

output power with respect to the launched (�) and absorbed (�) pump 

power. The fibre is 1 km long. 

 

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

threshold and slope efficiency of the different cavity lengths are shown in Table 7.1. 

 

DCRF 
Length [m] 

Laser slope 
efficiency [%] 

Laser threshold 
[W] 

Calculated 
threshold for 
the 2nd 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: DCRF laser threshold and slope efficiency 

 

Clearly the threshold is behaving as expected, it increases as the fibre length decreases 

as there is more SRS gain for a given pump power. However, the experimental measurement of 

the slope efficiency is not clear because of the non-linear pump absorption. Indeed, as the cavity 

becomes shorter, there are less intrinsic losses insides the cavity, i.e., background loss, thus the 

slope efficiency should increase. This is confirmed by the 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/km at the pump wavelength and a core 

background loss of 2.3 dB/km at the Stokes wavelength. The laser cavity is formed by an 84% 

and a 4% reflective grating. The cavity is co-pumped with 20% of pump power in the core while 

the rest of the pump power is in the cladding with a corresponding average effective area of 

about 184 µm2. Here the slope efficiency increases as the fibre becomes shorter.  
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Figure 7.10: Simulation – single-mode, DCRF laser output power for 

1.2, 1.0 and 0.85 km lengths of fibre. 
 

 

This discrepancy is attributed to some experimental errors which might have been caused by 

some feedback from the DCRF laser into the final EYDFA, 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 launch end leads to a significant amount 

of output power being lost at this point. Including this lost power, the total slope efficiency of 

the laser is in fact 84% with a conversion efficiency of 60% in a 1200 m long DCRF laser as 

shown in figure 7.11. 
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Figure 7.11: Experimental results – Total output power from the DCRF 

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

 

The details of the dual-ended laser performance are presented in Table 7.2. 

 

DCRF Length 
[m] 

Laser slope 
efficiency [%] 

Laser  
threshold [W] 

1200 84 6 
1000 70 6.54 
850 72 8.65 

Table 7.2: Dual ended DCRF laser threshold and slope efficiency 

 

As expected, the thresholds measured are, within error margins, the same for single-ended and 

dual-ended output. 

In figure 7.12, the simulation of the combined power from the single-mode end and 

from the pump launched end is presented for the three fibre lengths used in the experiment. 

Again, it is worth noticing that in this laser configuration the laser exhibits two slope 

efficiencies: one directly above the threshold which is about 91% for the 1.2 km fibre while it 

drops to around 54% for high powers. This is because of the non-linear pump absorption 

discussed previously.  
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Figure 7.12: Simulation – Total output power from the DCRF laser for 

1.2, 1 and 0.85 km lengths of fibre. 
 

 

In fact, when the total power of the DCRF considered, clearly the laser is highly 

efficient and considering the background loss, the double-ended slope efficiency is very close to 

the quantum limit. This demonstrates that cladding-pumped Raman fibre lasers can be 

exceptionally efficient with a lower background loss and that with a stronger grating in the 

DCRF, a higher single-ended output power is expected. 

 

7.3.2.3 Brightness enhancement 

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

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

conversion, a brightness enhancement factor Bη  can be defined simply as the ratio of the signal 

(here Stokes) brightness over the pump brightness: 

22
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(7.1) 

In the case of the DCRF, the maximum power is about 12.5 W at 1660 nm (M2 = 1) for 

30 W of launched pump at 1545 nm (M2 ~ 8.5), so the brightness is improved by 26 times. The 

brightness enhancement depends on the power conversion efficiency and the refractive index 

profile. The refractive index profile, by and large, determines the improvement in beam quality. 
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However, the refractive index profile is also intrinsically linked to the efficiency, as this 

depends on the overlap (the geometry of the refractive index distribution) and signal 

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

mode fibre will have 1Bη <  because of various system losses and because of the conversion to 

longer wavelengths. Thus a single-mode SRS source sees a reduction of brightness of the signal 

with respect to the pump of at least, 

3

p

s

λ
λ

 
 
 

. At the other end of the spectrum, rare-earth doped 

fibres are excellent brightness converters because of high signal gain per unit length (or energy 

transfer), even when a large cladding is used. For example in [4], Jeong and co-workers have 

demonstrated a 1.36 kW single mode output from a cladding-pumped fibre laser whose inner-

cladding had diameter of 650 µm for a numerical aperture of 0.48. If one assumes that the fibre 

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

brightness enhancement factor is roughly ~ 1.5 105. 

 

7.3.2.4 Spectral characteristics 

The forward optical spectra, emitted from the single-mode fibre end, are measured at 

each power level. The spectra, corresponding to the maximum output power and close to the 

laser threshold, are shown in figure 7.13 with a 1 nm resolution. When the output power 

increases, the remaining pump power in the single-mode core of the SMF is 18 dB lower than 

the laser output at 1660 nm whilst most of the un-depleted pump power in higher-order modes 

is lost at the splice point. 

The high intensity in the fibre core can lead to the generation of a second order Stokes 

at the Raman gain peak at 1793 nm. However, using a monochromator, no second-order Stokes 

can be found. Its absence can be explained by the low reflection level from the angle-cleaved 

DCRF end, although at higher powers, significant second Stokes power would build up even 

without any feedback. 

A broadening of the Raman fibre laser linewidth at the full-width half-maximum from 

0.5 nm (near the threshold) to 2.5 nm (at the maximum output) is observed. This is caused by 

the combination of the high intensity in the core mode 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 output at the 

maximum output power (solid line) and near the laser threshold 

(dashed line) at 1 nm resolution.s 
 

 

It is well-known that because of the long interaction length and/or high intensity that is 

required to initiate the Raman process, especially with cladding-pumping, other non-linear 

effects such as FWM can also be expected [7], especially when the conversion efficiency is 

high. In some cases, the competition between both phenomena can lead to a bandwidth 

reduction of a continuous wave Raman fibre laser [8] if the FWM is induced by the SRS pump, 

and if the FWM gain bandwidth is larger, then the SRS shift. Here, the FWM only concerns the 

Stokes wave because of its higher intensity inside the laser cavity. Based on [9, 10], the 

broadening of the laser linewidth can be approximated by the bandwidth of the FWM 

parametric gain.  

In the anomalous dispersion regime of an optical fibre, the FWM is phase-matched, i.e., 

at its maximum when the linear phase mismatch is compensated by a power-dependant non-

linear contribution [11]. The phase-matching condition is: 

2 sPγ β= −∆  (7.2) 

Here, γ  is the non-linear parameter, sP  is the Stokes power and β∆  the linear phase mismatch 

due to the waveguide and material dispersion. Furthermore, γ  is defined as 
'
2

.
P

eff

n

c A

ωγ = , where 

'
2n  is the non-linear refractive index (typically between 2 and 2.2 10-20 m2/W), Pω  is the optical 
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angular frequency of the Stokes beam, effA  is the Stokes modal effective area andc  is the speed 

of light in vacuum. 

After a Taylor expansion of the dispersion, the linear phase mismatch can be expressed 

as a function of the dispersion [9]. Equation (7.2) becomes: 

2
2

0 02 2
0 0

2 2
2 ( )( ) ( )

2s s s FWM s

c dD c dD
P

d d

π π λγ λ λ λ λ λ λ
λ λ λ λ

∆ = − − = −  
 

 
(7.3) 

where 0λ  is the zero dispersion wavelength of the waveguide, 
dD

dλ
 is its dispersion and FWMλ  

is the peak wavelength of the FWM process. λ∆  is the wavelength difference between the SRS 

Stokes and the FWM maximum. Because of the symmetry of the FWM, 2 s FWMλ λ λ∆ = − . 

Thus (7.3) can be rewritten such that λ∆  becomes: 
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(7.4) 

Now, the laser linewidth broadening under FWM can be roughly expressed as: 
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(7.5) 

where _ _laser no FWMλ∆  indicates the laser linewidth without any FWM and laserλ∆  is the laser 

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

is a rough approximation. Still, the experimental and theoretical linewidth, using equation (7.5), 

agree in a remarkable way for this power range, as shown in figure 7.14. 
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Figure 7.14: Raman linewidth vs Raman laser output power. The open symbols 

represent the FWHM linewidth measured with 1 nm (�) and 0.01 nm (�) 

resolutions, while the red circles (�) represent the estimated linewidth using eq. 

(7.5). The dotted line is the linear fit whose equation is shown on the graph. 
 

 

In some applications, the broadening of the linewidth can be problematic. Nevertheless, 

FWM can be mitigated by using adequate dispersion-management, for example, with varying 

core parameters to disrupt the phase matching condition required. 

 

7.3.2.5 Temporal characteristics 

Although the steady-state properties of Raman fibre lasers are well-known, it is only 

recently that the temporal behaviour of such laser sources has been studied [12, 13]. For 

example, in telecom system, the transfer of the relative intensity noise from the pump to the 

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

In order to measure the temporal fluctuation of the output of the cladding-pumped 

Raman fibre laser, the signal output is fed into a fast photodiode (Thorlabs - DT210) with about 

1 GHz bandwidth which is in turn connected to a RF spectrum analyser. Figure 7.15 shows the 

DCRF laser output, the pump (output from the EYDF MOPA) and the pump seed (EYDF ring 

laser) measured at several watts of output power from the DCRF laser. Clearly, the pump beam 

exhibits a periodic temporal fluctuation with a fundamental frequency of 7.6 MHz. This noise 
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comes from the longitudinal mode beating; corresponding to a round trip in the EYDF ring laser 

with a cavity length of 30.7 m. As expected from [14] the 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) EYDF ring laser, 

b) EYDF MOPA and c) DCRFL output. 
 

 

In theory, it is possible to reduce the intensity noise of the pump using a less noisy laser 

source; however, in practice, this is not so easy. For example, a semiconductor DFB laser (like a 

ILX Lightwave 79800) could be used in a MOPA configuration instead of the ring laser. The 

narrow linewidth of a semiconductor means that SBS will arise, probably in the MOPA chain or 

otherwise in the DCRF. Therefore, the laser needs to be phase modulated to reach a linewidth of 

the order of 1 GHz. To avoid noise in the Raman laser output one would also have to avoid 

frequency modulation to amplitude modulation conversion effects. 



Chapter 7: High-power continuous-wave cladding-pumped Raman fibre lasers 

C. A. Codemard  155 

If the DCRF is assumed to be relatively homogenous so that SBS linewidth has the 

typical value of 20 MHz, the critical pump power for SBS can be estimated using: 

21
1 eff

Critical
eff B B

A
P

L g

ν
ν

 ∆= + ∆ 
 

(7.6) 

Taking the background loss to be 2dB/km for the pump, the effective lengtheffL  is then 920 m 

for a 1200 m long fibre, the core mode effective area effA  is about 70 µm2 in the DCRF, the 

SBS gain Bg  has a typical value of 5.10-11 m/W, the SBS linewidth Bν∆  is about 20 MHz, 

while the laser linewidth ν∆  is 1 GHz; the critical pump power CriticalP is 1.6 W. With 40 W of 

pump power being launched into the DCRF and typically lower order modes containing 20% of 

the pump, SBS becomes a serious issue. SBS cannot be tolerated in the present set-up due to the 

absence of isolation between the pump fibre source and the Raman fibre laser. An alternative to 

semiconductor DFB lasers is to use for example a fibre laser in a linear cavity whose photon 

lifetime is long enough so that fluctuations is minimised [15]. However, in many cases the 

temporal fluctuations measured with the current set-up would be acceptable. 

 

7.4 Limitations 

7.4.1 Signal FWM 

As shown in figure 7.13, the Raman fibre laser output can suffer from four-wave mixing 

which enlarges the spectral linewidth. In some applications this feature might not be desirable, 

e.g., for wavelength multiplexing or spectroscopy. The four-wave mixing process depends on 

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

length product. The non-linear refractive index 2n  is generally correlated with Rg  because both 

are linked to material. Hence, the only practical route for reducing the FWM effect in the 

Raman fibre is to operate in the normal dispersion regime of the core; either by changing the 

operating wavelength to less than 1.3 µm, typically, or by shifting the fibre core zero-dispersion 

wavelength as in dispersion shifted fibre [16]. When operating at shorter wavelength, standard 

single mode fibre tends to have a small core diameter. In this case, in a DCRF structure a lower 

overall efficiency is expected because the overlap between the core mode and the pump modes 

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

Because the signal core mode is smaller than the area of the inner-cladding, the 

intensity obtainable in the core can exceed that of the pump. As a result, the fibre length must be 

matched to the pump powers and the desired signal power level, in order to suppress the second-

order or higher order Stokes from cascaded SRS in the core. Alternatively, it is possible to 

increase the threshold of the second-order Stokes by inserting a wavelength specific loss 

element in the laser cavity. For example, longer wavelengths are more sensitive to bend loss in 

step index fibre [17] and SRS filtering by bending can be enhanced with a W-type fibre [18]. 

Such an effective approach can easily be implemented in a 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 achieved through either a mode selective 

element such as specific waveguiding structure or by a controlled modal excitation in the case 

of an amplifier. For example, in some configurations it was found necessary to include a mode-

selecting single-mode fibre in the cavity. When the DCRF is not spliced to a single-mode fibre 

at one end of the laser cavity, Stokes cladding-modes started 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 in a 1.2 km 

long DCRF fibre (Res.0.5 nm). 
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The grating is also expected to reflect the cladding modes. A laser cavity is then formed 

with a flat cleave at the opposite end of the DCRF which reflects indiscriminately. This clearly 

suggests that the Raman gain in the cladding is important when no modal selection is present. 

Note that in figure 7.16, the cladding mode lases at shorter wavelength as discussed in earlier in 

this chapter. In addition, the lack of isolation between the pump and the Raman laser makes the 

pump fibre laser more susceptible to any unwanted feedback which can lead to spurious lasing 

of the EYDFA. 

 

7.5 Output power scaling 

In order to improve the output power from a cladding-pumped 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 Raman fibre laser which consists generally 

of long fibre is the signal background loss. Figure 7.17 illustrates the effect of background loss 

on the laser threshold and the slope efficiency in a counter-pumped configuration, from 

simulation and using (6.12). 
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Figure 7.17: Effect of the signal/pump background loss on the DCRF laser 

threshold and slope efficiency, assuming a 1 km long piece of F71-LF11. 
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Here, the DCRF laser consists of a 1 km long fibre with a 100% – 4% cavity in a 

counter-pumped configuration. The fibre background loss of 2 dB/km, identical for pump and 

signal in this case, degrades both the laser threshold and the slope efficiency. A 1 dB variation 

or 20% on the background loss translate into a 7% change in the slope efficiency which is not 

negligible. As expected, the threshold evaluated using Eq. (6.12) is identical to that obtained 

from solving the complete propagation equations (6.7) - (6.9). To reduce the impact of the 

background loss one can either use low background loss fibres or short fibres. The Raman 

conversion occurs over shorter lengths at high powers, allowing shorter fibres with lower total 

loss to be used. 

 

7.5.2 Laser configuration 

The modelled DCRF laser performance with co- and counter-propagating pumping 

schemes is shown in figure 7.18. Here, the DCRF fibre possesses the same properties described 

earlier in the experimental work, and the cavity length is 1250 m. The cavity is formed by a 

99% and a 4% reflective grating; both gratings selecting only the core mode. 
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Figure 7.18: Comparison co- and counter-propagating DCRF laser. 
 

 

The counter-pumped Raman fibre laser shows quite a linear dependence on the launched pump 

power while in the case of the co-propagating pump scheme the laser slope efficiency is lower. 
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The different slope efficiencies can be explained by the different background loss experienced 

by Stokes light during a round-trip inside the laser cavity. In the counter-pumped configuration 

the Stokes waves experiences a lower loss than the co-pumped configuration, before exiting the 

laser cavity as in most fibre lasers. In addition, both 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 cladding-pumped Raman fibre laser, one can 

try to increase the pump power launched into the inner-cladding of a DCRF. However, as the 

power of laser sources increases their brightness tends to decrease, especially if semiconductor 

laser sources are used. The obvious choice is to scale the dimension of the inner-cladding, 

however, this reduces the pump intensity and longer fibre lengths are required. Alternatively, 

the numerical aperture of the inner-cladding can be increased so that smaller inner cladding and 

therefore shorter fibres are used. Practically, this can be realised either with a fluorine doped all-

glass fibre [19] or with an air-clad fibre [20]. Still, such fibres can have a relatively high loss but 

because the SRS gain is quite high at high powers, short fibre lengths can be used. 

Alternatively, one can use high peak power pulses to pump the fibre. 

 

7.6 Summary 

In this chapter, two Raman fibre lasers in co- and counter-pumped configurations are 

presented and characterised. Both lasers operate at around 1660 nm. The fibre laser slope 

efficiency reaches 67% and the threshold can be as low as 6 W. In the co-propagation scheme 

the output is made truly single-mode with a standard single-mode fibre. This is the first 

demonstration of a high power diffraction-limited Raman laser from a multi-mode fibre. In the 

single-mode single-ended configuration, up to 12.5 W of output power for 30 W of launched 

power are obtained. This represents a power conversion efficiency of 41% and a brightness 

enhancement of 26 times with respect to the brightness of the pump. In the dual-ended 

configuration, i.e. considering the Stokes power leaking through the highly reflective grating, up 

to 16 W of output power is obtained for 30 W of launched pump power. In that case the power 

conversion is 53%. Numerical simulations agree with the power characteristics of the co- and 

counter-pumped DCRF laser and explain the origin of the roll-off observed. The roll-off is 

induced by the non-linear pump absorption near the laser threshold. Still, the DCRF laser 

performance is near quantum limited considering the background loss of the fibre. These results 

are quite remarkable. The temporal behaviour and the spectral characteristics are also presented. 



Chapter 7: High-power continuous-wave cladding-pumped Raman fibre lasers 

C. A. Codemard  160 

The laser output suffers from a linewidth broadening due to four-wave mixing as most Raman 

fibre lasers do at this wavelength. Then, some solutions are being proposed to mitigate or avoid 

the signal FWM, the generation of second order Stokes wave and the effects of Stokes light in 

higher order modes, encountered in this kind of laser. 

These results are actual very promising and even higher output powers are foreseeable 

with more powerful pump sources. This novel concept has recently attracted attention and there 

are now some other research groups involved in the development 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 my work on pulsed cladding-pumped Raman 

fibre laser sources. Section 8.1 reviews the motivations for the study of Raman scattering for 

pulse amplification. The theory of pulsed Raman scattering is introduced in section 8.2. Section 

8.3 presents experimental results in a high gain pulsed SRS amplifier and the demonstration of 

the potential for high energy pulses amplification. Then section 8.4 deals with the competition 

of the parametric process called four-wave mixing (FWM) with the Raman scattering process. 

This competition can limit the performance of the SRS and some solutions are presented to 

prevent the growth of the FWM process. Section 8.5 reports studies on the potential for direct 

diode pumping of cladding pumped Raman fibres, which could be implemented in the future. 

Finally, section 8.6 summarises the findings of this chapter. 

 

8.1 Introduction 

For Raman amplification with pulses, the signal and pump pulses must temporally 

coincide in the fibre to achieve the maximum energy transfer, because the SRS gain is only 

available to the signal during the pump pulse. This is referred to as synchronous pumping. The 

gain disappears as soon as the pump pulse has passed. In comparison, in a RE-doped fibre, the 

pump energy is transferred to the gain medium, and the gain remains as long as the gain 

medium remains excited. The gain created in a Raman amplifier by a pump pulse automatically 

forms its own short time-gate, which negates the effects of spurious feedback and amplified 

spontaneous emission (ASE) build-up. There is no ASE generated between the pulses. 

Moreover, the SRS gain becomes biased co-directionally with the pump propagation because 

forward- and backward-propagating signal light have different temporal overlap with the pump 

[1]. The gain is higher in the forward direction (for light temporally synchronised with the pump 

pulses). 

In a DCRF, the situation is more complicated because the pump is multi-mode while the 

Stokes is preferably in the fundamental mode. However, because the pump is multi-mode, one 

expects that higher energy pump pulses should be available and that, therefore, higher energy 
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output Stokes pulses could be obtained. Hence, the first aspect to investigate is the gain that can 

be achieve in the DCRF and then try to improve the output energy. 

 

8.2 High gain single stage amplification 

8.2.1 Experimental set-up 

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

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

 

The pump source is a MOPA incorporating a master oscillator (MO) emitting at 1547 nm. The 

MO output is then time gated and amplified in an amplifier cascade. In order to avoid any 

stimulated Brillouin scattering (SBS) in the long DCRF, the source has an output linewidth of 

about 20-50 pm. This is much larger than the Brillouin gain bandwidth of approximately 

0.2 pm. An incoherent source is used because all (conventional) laser sources, including fibre 

laser or semiconductor laser, present one or, typcially, several single-frequency components 

(i.e., longitudinal modes) under a spectral envelope. However, even when there are a large 

number of modes participating in the laser process, it is difficult to rule out the occasional 

concentration of the output power into a single longitudinal mode. When that happens for a 

sufficient time, SBS will result. Here, a mode-free amplified stimulated emission (ASE) seed 

source is used. This is amplified in a core-pumped double-passed EDFA that incorporates a 

fibre Bragg grating at 1547 nm. The grating acts as a reflective filter for control of the spectral 
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content. The source delivers 34 mW of output power without any spurious lasing. If the ASE 

source is switched off, the EDFA starts to lase because of the high small-signal gain in 

conjunction with various reflections that create a cavity with the FBG in one end. The amplified 

pump is then modulated and further amplified by a consecutive set of acousto-optic modulators 

(AOM) and optical amplifiers. The first amplifier is a commercial core-pumed EDFA (Nortel). 

The final amplification stage consists of a high-power EYDFA delivering up 700 mW of 

average power in the present pulse regime. Both AOMs are modulated by electrical pulses of 

100 ns duration at 100 kHz repetition rate, to avoid any self-Q-switching in the amplifiers 

resulting from a high MOPA gain between pulses and thus to avoid damaging any components. 

Also, the commercial EDFA has a restricted input power range which does not allow for low 

repetition rate operation because the average input power becomes too low. Furthermore, the 

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

The pump source output spectrum is shown in figure 8.2. In order to simulate a multi-

mode output, the pump brightness is reduced by splicing, with an offset, the single-mode output 

fibre into a 1 m long multi-mode fibre which is coiled in such way it provides good mode 

scrambling. The output M2 is measured around 4.5. 

By design, the cladding-pumped fibre Raman amplifier must be operated above 

1640 nm, in order to provide a single-mode output. With the pump source used, the Raman gain 

peaks at ~ 1663 nm, so fulfills this condition. However, because there is no readily available 

conventional source at the operation wavelength of 1663 nm, a rather complex set-up of a 

Raman ring laser is used as a seed source. A high-power, tuneable fibre ring laser operating at 

1547 nm, consisting of an EYDFA and a filter, pumps a Raman fibre ring laser. The Raman ring 

laser consists of a 2 km long, highly non-linear fibre (Sumitomo HNRAC-2), an output coupler 

with a large feedback, to slightly broaden the spectrum, as shown in figure 8.3, and of a WDM 

coupler to inject the pump co-directionally into the ring laser. An L-band isolator is inserted into 

the feedback loop, after the output coupler and before the WDM coupler to ensure uni-

directionality of the lasing. Finally, a variable-optical attenuator is placed in front of the laser, 

outside the laser cavity, so that the output power can be varied up to a maximum power of 

58 mW, without modifying the spectral content at 1663 nm. 
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Figure 8.2: Spectrum of the MM pump at 

1547 nm, (rep. rate 100 kHz, pulse duration ~ 

100 ns) 

Figure 8.3: SRS CW seed output of the 

ring laser at 1660 nm 

 
 

The final element of the set-up is the DCRF amplifier, which mainly consists of a long 

length of fibre F71-LF11. Its output end is spliced to a piece of standard single mode fibre 

(SMF) (NA 0.12, core diameter 8 µm). The splice loss between the SMF and DCRF is ~0.5 dB 

for the signal travelling in the core mode. By contrast, also in these experiments essentially all 

the pump light is lost here, since the cladding in the SMF does not guide light. In this 

experiment, the core loss is 3.1 dB/km and the inner cladding loss is 2.3 dB/km, both at 

1550 nm. 

The pulse pump and CW seed signal are free-space coupled into the DCRF inner-

cladding and the core respectively, via a dichroic mirror highly reflective at 1547 nm and highly 

transmittive at 1663 nm. The pump launch efficiency is 65%, of which 15% is coupled into the 

DCRF core. Therefore, up to 500 mW of average power or 50 W peak power is launched into 

the DCRF. By contrast, the CW seed launch efficiency is 80%, of which 75% or about 31 mW 

of average power is in the core. 

Since the Raman gain is essentially instantaneous and since the pump pulse is much 

shorter than the length of DCRF, the pump pulse creates Raman gain that travels with it through 

the fibre [1]. This makes the Raman gain essentially uni-directional, and even though a cw input 

signal is used, the signal at the output end of the DCRF 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 the corresponding peak powers, are 

shown in figure 8.4 for 450 m and 1100 m long DCRFs. At low launched pump powers, the 

average signal output power is dominated by the unamplifed part of the cw seed signal, between 

pump pulses. Insofar as the gain is low, the average power will be equal to the peak power in 

this regime. For higher pump powers, the energy in the amplified pulses dominates the average 

output power. 

 

Figure 8.4: Average power and output peak power of the DCRF 

amplifier versus launched pump power for 450 and 1100 m long fibre 

(input seed power: 30 mW in the core) 
 

 

The measurements were taken using a calibrated power meter and a monochromator 

with a fast detector to detect the output power and the shape and duration of the pulse at the 

pump and Stokes wavelength. In figure 8.4, the Stokes power in the 450 m long DCRF is 

growing exponentially up to 160 mW, while in the 1100 m long fibre, it is rolling off at the 

maximum pump power, with an average output of 200 mW. Both experiments agree with the 

amplifier simulation based on a joint effective area of 184 µm2. The average power in the long 

DCRF rolls off because some second order Raman Stokes at 1800 nm is generated in the DCRF 

core. The second Stokes line limits the power obtainable from the single mode core if the fibre 

length is not adjusted to the pump and signal powers. The 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 for 450 and 1100 m long 

DCRFs. Right: Pulse shape of the signal output pulse for the 1100 m long DCRF. 
 

 

Additionally, the different group velocities of the pump modes and the Stokes mode 

slightly increases the signal pulse duration, and therefore reduces its peak power as shown in 

figure 8.6, for the maximum input signal (31 mW) and pump peak power (51 W) for the 450 m 

long DCRF. This was confirmed by simulations, using the method of lines, in fig. 8.6. This 

method consists as discretizing the partial differential equations (6.1) - (6.3) in the z-dimension. 

Then, the semi discrete equations can be integrated as a system of ordinary differential 

equations. Here, the simulations agree reasonably well with experimental data. The difference in 

the remaining pump power can be explained by the inaccuracy of the modal power 

decomposition in the parameters used. 

a) b) 

Figure 8.6: Pulse shapes for the incident and pump through signals and for the output Stokes signal: 

a) experimental, b) simulation. 
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As expected, only the region of the pump pulse with sufficiently high peak power contributes to 

the SRS process, whereas the wings of the pump pulse do not contribute. Therefore, it is 

obvious that a square-shaped pulse will have a better average power or energy conversion than a 

gaussian pulse. In addition, only the light synchronised with the pump pulse benefits from the 

SRS gain. Since a cw signal seed source was used, there was some signal light present between 

the pulses, but this was not amplified by the pump pulses. 

 

8.2.2.2 Definitions of gain 

In order to fully comprehend amplification in the pulse-pumped DCRF, two types of 

gain have to be considered: the peak gain and the energy gain. Firstly, there is what is called the 

peak gain, which represents the gain of the signal peak. Therefore the peak gain is defined as: 

1010
out
peakPeak

dB in
peak

P
G Log

P

 
=   

 
 

(8.1) 

where out
peakP  and in

peakP  are the output and the input peak power of the Stokes. Because the peak 

gain represents the gain that would be seen in the case of square pump pulses, when dispersion 

is negligible, i.e. the DCRF length is less than the walk-off length; it is generally higher than the 

energy gain. 

The energy gain is the ratio between signal pulse output and input energies. In this case, 

when a cw input signal is used, the input signal energy corresponds to the energy of an 

“imaginary” input pulse of the same duration as the pump pulse. The pulse energy gain is 

defined as: 
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(8.2) 

where in
CWP , out

CWP  and out
avgP  represent the launched seed power, the continuous part of the 

Stokes and the average Stokes power at the output of the DCRFA, respectively. T  is the pulse 

periode and T∆  is the (pump or Stokes) pulse of duration.  

The average power at the output consists of the pulse and a CW part, as shown in 

equation (8.3). 
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where peakP  is the peak power of the Stokes pulse, T  is the period of the in-between pulse and 

( )s t  is the Stokes pulse shape scaled to unity peak during the pulse duration T∆ . After 

inserting (8.3) into (8.2), the expression for the energy gain becomes: 
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(8.4) 

Equation (8.4) confirms that the pulse energy gain is lower than the peak gain because of the 

output signal pulse shape. Thus, the energy gain is maximised for square-shape pump pulse, i.e. 

( )
0

T

s t dt T
∆

= ∆∫ . 

Another feature of interest is the power conversion efficiency (PCE) which indicates the 

performance of the process. Again, two power conversion efficiencies are defined to encompass 

the effect of the pulse. Firstly, the peak power PCE is defined as: 

_ _

_

signal out signal in
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peak pump in
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P P
PCE

P

−
=  

(8.5) 

where _signal out
peakP , _signal in

peakP  and _pump in
peakP  are the peak power of the output signal, the input 

signal and the launched pump, respectively, within the duration of the pulse. Secondly, the 

energy PCE is defined as: 

_ _

_
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E E
PCE

E

−
=  

(8.6) 

where _signal out
energyE , _signal in

energyE  and _pump in
energyE  are the energy of the signal output, of the signal input 

and of the launched pump pulse, respectively. 

 

8.2.2.3 High-gain results 

Measured signal peak gain and peak power conversion efficiency (defined in equation 

(8.5)) are shown in figure 8.7. 
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Figure 8.7: Signal peak gain and conversion efficiency of the peak 

power versus the amplifier signal input power for a 450 m long DCRF 

at the maximum pump power. 
 

 

At low input seed power, the gain reaches about 50 dB in the 450 m long DCRF for a pump 

peak power of 50 W. As the signal peak power increases, the power conversion efficiency of the 

peak gain reaches 30% and stalls there. The conversion efficiency does not increase any further 

because the fibre is too short for the pump peak power. Still, the small-signal gain of the pulsed 

Raman amplifier is much higher than with rare-earth doped fibres because the amplification 

process only occurs when the pump pulse is present in the Raman fibre. Thus there is far less 

ASE to saturate the gain available to the signal 

In order to investigate further the effect of the fibre length and of the pump peak power, 

the set-up is modified. The uncertainty in the signal launch power is removed by using a direct 

core splice for the injection of the seed light. In order to have the pump and signal co-

propagating together for maximum efficiency in the fibre case, the signal is launched at the 

opposite end of the pump injection point and then it is reflected on a grating to travel alongside 

the pump. In addition, the pump source is replaced with the first three stages of the MOPA 

described in Chapter 5. However the peak power is limited to 100 W by SBS in the DCRF 

because the pump seed is a directly modulated tuneable external-cavity laser diode.  

Figure 8.8 shows the average gain obtained for three fibre lengths: 465 m, 850 m and 

1100 m and at different pump peak power. In Figure 8.8.a) the fibre length is 465 m, which is 

too short for the lowest pump power to generate an efficient Raman conversion. Therefore, only 
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the small fraction of the pump pulse corresponding to the highest peak power is depleted and 

used to create gain at the Stokes wavelength. By increasing the pump power, Raman 

amplification starts and the small-signal peak gain reaches 50 dB for a 1 µW seed power level. 

Then the DCRF length is increased to 850 m, which results in a higher gain, as shown in Figure 

8.8.b), thanks to the longer pump-signal interaction length. In this case the greatest small-signal 

gain is achieved for a pump power of 70 W. However, at higher pump power, i.e., 105 W, the 

Stokes beam itself is depleted to generate a spontaneous second order Stokes beam. The 

generation of second Stokes power strengthens with the increase in the input seed power. Thus 

with high pump power, some of this is lost to the second Stokes with higher seed power. It is 

clear that pump peak power and fibre length must be adjusted to reach the optimum gain. 

Finally, with the longest fibre (Figure 8.8.c), the overall performance is the worst, except for the 

small-signal gain of the lower pump power. The performance decline is due to the higher 

background loss in the long fibre on the one hand and the second Stokes generation on the other. 
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Figure 8.8: Gain vs input power for a) 465 m, b) 850 m and 

c) 1100 m long DCRF, respectively 
 

 

The experimental energy and peak power PCE of the DCRF amplifier are shown in figure 8.9. 
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a) b) 

Figure 8.9: power conversion efficiency according to the launched 

 pump peak power for: a) the energy, b) the peak power. 
 

 

In figure 8.9, the seed power is set at its maximum value of 30 mW, while the pump 

peak power is varied. The energy power conversion efficiency reaches 35% and rolls off in the 

long fibre length. This is explained by the pulse shape, the increased background loss and the 

generation of second order Stokes. The behaviour is much different in the case of the short fibre 

length and more pump power should yield to an even higher PCE. However, in this experiment 

the peak power was limited by the pump pulse temporal stability. The signal peak power PCE is 

also behaving in similar fashion, but this time the maximum efficiency is around 50%. This 

indicates that potentially in the long fibre length, up to 50% of the energy could be converted 

into the Stokes. Furthermore, if the background loss is taken into account, the PCE is near the 

quantum limit. Hence, with lower background loss fibre and shorter fibre, higher conversion 

efficiency could be expected. 

The advantage of the cladding-pumped Raman laser source is that the multi-mode pump 

light is converted into a diffraction limited beam at the first Stokes wavelength. The maximum 

brightness enhancement (Equation (7.1)) that can be expected 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 source is used, and by controlling the 

initial pulse shape and the inversion of each amplification stage, high-energy rectangular shaped 
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pump pulses are generated. The aim is to show that with appropriate pulse shaping, most of the 

pump energy can be transferred into the signal. 

The experimental set-up shown in figure 8.10 consists of three sections: a DCRF 

amplifier, a seed source at the Stokes wavelength, and a high peak power, high-energy, pulsed 

pump source at 1545 nm. 
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Figure 8.10: Experimental set-up of the double-clad Raman fibre amplifier. 

 
 

The double-clad Raman fibre used in this experiment is the same as before, i.e., F71-LF11. The 

pump pulse is free-space launched into the DCRF through a set of lenses L1 and L2 of focal 

lengths 8 mm and 4.5 mm respectively. The pump launch efficiency is typically 70%. Less than 

30% of the launched pump power is into the core mode. The DCRF end face is angle cleaved to 

avoid any back reflection into the pump source, as no free-space isolator was available. To use 

the DCRF in a pulsed amplifier configuration, for maximum gain, pump and signal should be 

co-propagating so that the temporal pump-signal overlap is maximized. As before, in order to 

ensure a proper seeding of the core mode and a robust set-up, the seed is core launched in a 

counter propagation scheme using a broadband 50/50 coupler (OC3). The seed is then reflected 

at the pump launch end by a fibre grating (FBG 2), written in the core of the DCRF and highly 

reflective for the core mode. The grating is identical to that used in Chapter 7 with a reflection 

of 83% at 1661 nm. Thus, following reflection, the seed signal and pump are co-propagating 

along the DCRF, with the seed in the core only. The pump pulse, through SRS, modulates and 

amplifies the seed signal similarly to the previous experiment. This ensemble forms the double-

clad Raman fibre amplifier (DCRFA). The output of the DCRFA through OC3 is then analysed 

using a thermal power-meter (GENTEC PS-310-V3), an optical spectrum analyser (ANDO 
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AQ6315-E) and a monochromator, in combination with a fast detector (Agilent 83440D). The 

monochromator resolution is set at 2 nm. 

The Raman seed laser consists of a CW Raman ring laser similar to the one described in 

the high gain experiment section of this chapter. The main difference is that the Raman ring 

laser is counter-pumped with respect to the lasing output direction to avoid any back reflection, 

from the DCRF amplifier, into EYDFA 3. Inherently, some powers at 1545 nm and 1660 nm are 

fed back into the ring laser from the DCRF fibre. However, there are no consequences, insofar 

as some of the reflected power is lost in the VOA, depending on the attenuation, and an 

additional 50% is lost in OC3 and again in OC2, protecting the ring laser from pertubations. The 

launched power, from the Raman ring laser, into the DCRF, varied from 0.016 mW to 16 mW. 

The final element of the set-up is the pulsed pump source. It is the same cascade of 

amplifiers as in Chapter 5. The final amplifier (EYDFA2) consists of a 27 µm core diameter 

fibre (F402-LF122) which delivers pulses with a beam propagation factor (M2) of 4. In this 

experiment, the seed for the 1545 nm MOPA is generated by a directly modulated tunable 

external cavity diode laser, a Photonetics Tunics-Plus tuneable laser source (TLS). The TLS is 

directly modulated by an electrical pulse shaped such that the optical signal shape compensates 

the changes in the gain that occurs during the pulse, as the pulse extracts energy from the 

amplifiers. A triggered arbitrary waveform generator (Agilent 33120A) is used as a generator 

for shaped pulses. The pulse shape from the generator is carefully adjusted to make the MOPA 

output pulses rectangularly shaped. Figure 8.11.a shows the shape of the pump pulse launched 

into the DCRF inner cladding through the grating’s end. The multiple peaks present within the 

pump pulse are caused by the shape of the pulse from arbitrary waveform generator.  

This complex system forms the experimental set-up. The length of the pulse is mostly 

imposed by the speed of arbitrary waveform generator. Thus, the pump pulses launched into the 

DCRF are 700 ns long. The repetition rate is fixed at a 25 kHz which corresponds to a launched 

peak power of 40 W or an energy of 28 µJ, and a pulse of square shape. 

Finally, The DCRF length is set at 850 m because, from the previous experiment (see 

fig. 8.8), it presents the best performance for the pump peak power settings and the fibre 

background loss.  

 

8.3.2 Output characteristics 

The incident pump pulse, the output Stokes pulse and the residual pump are shown in 

figure 8.11. These pulses were taken at the maximum output power from the single mode output 

fibre. 
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Figure 8.11: a) Input pump pulse shape after the fibre MOPA, b) Stokes pump pulse, 

 c) Residual pump pulse at the pump wavelength in the SM fibre. 
 

 

In figure 8.11.c, the residual pump in the core is strongly, but not completely, depleted. A 

fraction of the pump pulse seems to not have experienced SRS most likely because of pulse 

walk-off. In addition, the output pulses are much noisier than the input pump pulse and present 

many sharp and fast peaks. At first, it was believed that because of the narrow linewidth nature 

of the pump pulse, some pump light was reflected by SBS. Thus the backward light from the 

double-clad fibre was monitored in order to check for backward SBS pulses. Virtually no pump 

was reflected at the pump power level used in this experiment, which indicates that no SBS was 

taking place.  

A more plausible explanation is that the noise might be induced by modulation 

instabilities [3 - 7] because the pump and the signal are operating in the anomalous dispersion 

regime of the fibre. Furthermore, similar effect has been already observed by Ilev [8] in a 

double pass Raman amplifier. Still further measurements would be required to precisely identify 

the origin of this noise. 

In the output spectrum, shown in figure 8.12, as expected, the pump through is nearly 

completely depleted, with nearly all of the pump power converted to the Stoke wavelength. The 

Stokes linewidth is about 1.85 nm, which is larger than the grating transmission FWHM (~ 

0.4 nm). The broadening exceeds that expected from SPM, which therefore seems to confirm 

that the signal might experience additional broadening through modulation instability [3]. 
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Figure 8.12: Output spectrum of high-energy Stokes pulse (optical 

resolution 0.5 nm) 
 

 

Finally, figure 8.13 shows the signal energy for various input seed powers and energy. 
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Figure 8.13: Stokes output energy versus seed input energy. The seed 

input power and the Stokes peak power are also given. 
 

 

In figure 8.13, the Stokes pulse energy reaches the level of 9.9 µJ in a 620 ns pulse, at 

the maximum input power (or energy). The Stokes peak power is estimated to about 16 W. As 
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the Stokes input energy is increased, more power is transferred from the pump into the signal 

until the output energy saturates. This indicates that nearly all the pump power is transferred 

into the single mode. Thus, even if the input Stokes energy increases no more energy can be 

extracted from the pump pulse. In fact, the output energy should decreases because of the excess 

loss from the background loss. For higher input energy, the fibre length should be shortened. 

Indeed as discussed previsously the SRS gain is strongly depends on the Stokes seed power, and 

stronger seed power “accelerate” the pump to Stokes energy transfer. 

It is worth noting, that, here, no higher-order Raman Stokes was detected. Obviously, if 

the fibre was longer or if the pump power was higher, most likely higher order Stokes lines 

would have been produced. 

The energy conversion efficiency is quite low at 36% but considering the background 

loss of the fibre, this is a quite remarkable result which represents the first tentative and 

demonstration energy pulse generation from a cladding-pumped Raman fibre device.  

 

8.4 Pump induced four-wave mixing in cladding pumped Raman 
fibre 

8.4.1 Introduction 

As the cladding-pumped Raman fibre becomes shorter or the inner-cladding becomes 

larger, higher and higher pump peak powers are required to obtain SRS amplification. However, 

at higher power, in multi-mode and double-clad fibres, spontaneous SRS can take place in the 

cladding and other non-linear processes start to become significant, especially four-wave mixing 

(FWM). For example, in [9], FWM was observed at 600 MW/cm2 (or 6 W/µm2) in a 200 m long 

fibre using 8 ns long pulses. FWM gives rise to gain which can be outside the Raman gain 

bandwidth. The photons created by the FWM process can be lost to the SRS. The mutual 

influence of SRS and FWM in optical fibres has been thoroughly studied in single-mode Raman 

fibre lasers, e.g., [10], and amplifiers, e.g., [11, 12], as well as in multi-mode fibres, e.g., [13 - 

15] over the last three decades. In case of cladding-pumped Raman fibre, the multi-mode 

structure favours four-wave mixing because of the multitude of possible phase-matched 

interactions. In a Raman amplifier, FWM should, preferably, be avoided, but this is not always 

the case. Therefore, it is necessary to compare the gain of 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 difficult because FWM is a phase-

matched process which can have a multitude of interactions (although not all these interactions 

are efficient) while SRS is not phase matched and therefore only depends on the pump intensity 

distribution. In order to simplify this analysis, let us consider the following scenario where a 

pump light propagates in a multi-mode fibre. Let us assume that the pump and Stokes modes 

have a nearly identical effective area. Let 1P  and 2P  be the incident pump powers of two 

distinct modes. The four-wave mixing parametric gain g  becomes [3]: 

2
2

1 24
2

g PP
κγ  = −  
 

 
(8.7) 

where γ  is the fibre non-linear parameter [3 - 15] and κ  is the net phase mismatch [3 - 15]. To 

simplify the expression in the case of a multi-mode fibre, γ  is an averaged value for the 

different modes considered. The non-linear parameter γ  is defined by: 

22

eff

n

A

πγ
λ

=  
(8.8) 

where λ  is the pump wavelength, 2n  is the non-linear refractive index of the medium and effA  

is the mode effective area for the interaction. Based on the germanium concentration, 2n  can be 

estimated [17] to about 3.15 10-20 m2/W for the core of F71-LF11 and to 2.7 10-20 m2/W for the 

inner cladding. Thus in F71-LF11 assuming a 300 µm2 effective area at 1550 nm, γ  becomes 

~0.36 10-3 m/W. 

The net phase mismatch κ  can be expressed as: 

( )1 2P Pκ κ γ= ∆ + +  (8.9) 

where κ∆  is the phase mismatch due to the material and waveguide dispersion, while the term 

( )1 2P Pγ +  represents a non-linear contribution to the net phase mismatch.   

The phase mismatch κ∆  is defined as [18]: 

1 1 2 2
eff eff eff eff
a a s s p p p pk n n n nω ω ω ω∆ = + − −  (8.10) 

where effn  is the modal effective index and ω  is the optical frequency of the anti-Stokes, the 

Stokes and the pump power in the first and second mode, as indicated by subscripts , , 1a s p  

and 2p , respectively. Here, I consider the case of a single pump wavelength in different modes. 
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The calculated effective indices for L71-LF11 modes are 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 various modes of 

L71-LF11 at the pump wavelength 1550 nm. 
 

 

In figure 8.14 , the red shaded region, at ~500 cm-1, denotes the frequency shift 

corresponding to the SRS process. The modal phase matching is achieved when the sum of the 

effective index of an anti-Stokes and Stokes component of identical frequency difference with 

the pump (i.e., of equal distance on opposite sides of the pump frequency) is equal to the sum of 

the effective indices of the two pump modes (see eq. (8.10)). If the frequency difference is such 

that it corresponds to the SRS shift then both processes interact. Then, the SRS process and the 

FWM process start to “amplify” each other [13]. 

When phase matching is realised, the maximum gain coefficient for the FWM process is 

given by [19 - 38]:  

2
_ max

2
FWM

p

n
g

π
λ

=  
(8.11) 

Assuming the previous value of 2n  ~ 2.7 10-20 m2/W for the inner-cladding of F71-LF11, the 

gain coefficient becomes 1.09 10-13 m/W or about twice the value of the SRS gain coefficient (~ 

0.55 10-13 m/W). 

The Stokes gain over a length L for which the process remains phase matched, is given 

by: 
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Equation (8.12) can be approximated by [3]: 
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(8.13) 

where 1 2pP P P= + , is the total pump power, L  is the interaction length and γ  is the fibre non-

linear parameter. For comparison, recall that the SRS gain in the multi-mode fibre is given by: 
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In order to compare FWM and SRS, let us assume a double-clad fibre with similar 

properties to F71-LF11, i.e. with a FWM gain coefficient of 1.09 10-13 m/W and a SRS gain 

coefficient of 0.55 10-13 m/W, supporting 15 modes equally excited by 1 kW pump power, with 

a core effective area of 64 µm2 and an effective area of 300 µm2 for some cladding modes. The 

calculated SRS gain and FWM gain (under perfect phase matched condition) for a core mode 

and some cladding modes are shown in figure 8.15. 
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Figure 8.15: Comparison of the Four-Wave Mixing and Raman gain in 

the core and the cladding of LF71-LF11. 
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Figure 8.15 shows that the SRS gain is much more important than the FWM gain in the 

cladding and in the core. As the fibre length increases the gain of the FWM in the core 

overtakes the SRS gain in the cladding. This figure illustrates the predominance of the SRS 

process over FWM in the multi-mode fibre. However, because of the approximations assumed 

and because it is possible and likely that for some modes have a smaller effective area, and also 

because of the pump power modal distribution, that the FWM gain becomes higher than the 

SRS gain. Nonetheless Ilev remarks [8] that in multi-mode fibre: “…, the influence of four-

photon mixing is also relatively small, due to the use of the highly multi-mode optical fibre and 

the fact that these parametric processes appear within the framework of separate transverse 

modes, while the Raman components comprise the energy of many modes.”. Furthermore, in 

my experiment the SRS process is seeded which further increases the SRS gain and reduces the 

effect of other the non-linear processes. Still, the SRS process with or without any seed is more 

important for low-order modes because of the bean clean-up properties. Furthermore, FWM is 

more likely to occur in higher order mode, as noticed by Sharma [14]. In fact, under a 1 kW 

peak power pump pulse, LF71-L11 exhibits some third harmonic 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 pulses (2 ns long). 
 

 

In figure 8.16, a clear ring structure is visible, that indicates that the modes, involved in 

the FWM process, seem to belong to the circularly symmetric modes of the LP0x family. Still, 

even at 1 kW peak pump power, only a small fraction of pump power estimated to less than 1% 

is converted into the visible spectrum by the FWM process.  

However, in order to avoid any detrimental pump loss through FWM, several solutions 

exist. Firstly, the Raman Stokes wave can be seeded with a low power signal alongside the 
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pump wave to reduce the threshold for Raman scattering, as demonstrated in [13]. Once the 

SRS process is started, the energy of the pump will be transferred to the Stokes wave. The seed 

power for the Stokes wave at the desired mode should significantly exceed the equivalent input 

power of all the other modes. Thus, the seed input power requirement scales with the NA and 

cladding dimension of the fibre. Still it does not suppress FWM, which can occur in the fibre 

core as we have seen in Chapter 7. Secondly, the coherence length can be reduced by perturbing 

the effective indices of the modes over a short length [18]. Typically, the fibre cladding can be 

perturbed periodically or tapered to reduce building up the phase matching process. However, in 

some cases, some of phased-matched processes can be, at the first order, insensitive to the 

fluctuation of the fibre diameter [15]. 

 

8.4.3 Conclusions 

A study of the competition between FWM and the SRS is presented. The FWM process 

occurs between modes that are phase-matched while the SRS process only depends on the 

intensity overlap between the pump and the Stokes modes. Consequently, the power of the 

modes involved in a FWM process is much less than in the SRS process. Thus, the gain of the 

FWM becomes less than that of the SRS. Furthermore, in a long multi-mode fibre, SRS is the 

dominant non-linear process. It is only when high peak power pulses are used, that FWM can 

transfer some of the pump photon energy to a frequency shift larger than the SRS shift. In that 

case, these photons are lost. However, solutions exist that mitigate the effects of FWM on the 

SRS process, for example, by reducing the SRS threshold or by reducing the FWM coherence 

length. 

 

8.5 Laser diode pumped pulsed double-clad Raman fibre 

In this section, semiconductor laser diodes are proposed as laser sources to directly pump 

a cladding-pumped Raman fibre transformer. Thanks to the recent progress in semiconductor 

technology, laser diodes have seen a dramatic increase of their output power and an 

improvement of their output brightness [19]. Usually they are used to pump rare-earth doped 

fibres, which in turn can be used as pump sources for a SRS laser. The use of an intermediate 

brightness transformer makes the SRS laser more complex and reduces the electrical to optical 

efficiency. Furthermore, the wavelength range of the rare-earth fibre laser is limited (see 

Chapter 1), while the operation range of laser diodes is much broader. Laser diodes can easily 

be operated in continuous-wave and pulsed mode, even with diode stacks. In addition, the pump 

power can be increased by multiplexing diodes spatially, in polarization, and spectrally. Finally, 
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diodes can be controlled electrically and do not suffer from pulse distortion like in the pulse 

amplification process in RE fibre. Thus laser diodes should be an excellent candidate to replace 

RE-doped fibre lasers as pump sources for cladding-pumped fibre Raman devices. Obviously, 

laser diodes can be operated with a short pulse duration in the order of of nanoseconds to a 

much longer duration. Still, the short pulses generation can be difficult due to of the large 

amount of current needed to be rapidly switched. 

In order to verify that laser diodes can generate enough intensity, so that SRS can take 

place in the multi-mode fibre, the SRS gain per unit length must be expressed in terms of the 

fibre brightness. The SRS gain in decibels, in the un-depleted regime, in a multi-mode fibre can 

be written as: 

4.34dB P
SRS R eff s

eff

P
G g L L

A
α= −  

(8.14) 

where PP  is the launched pump power into a fibre of length L  which has an effective area effA  

and exhibits a SRS gain coefficient Rg . effL  is the fibre effective length and sα  is the Stokes 

background loss.  

Using the definition of the brightness, equation (8.15) becomes: 

2/ 4.34 effdB
SRS R clad s

L
G L g B NA

L
π α= −  

(8.15) 

where B  is the fibre brightness and cladNA  is the inner-cladding numerical aperture. From 

equation (8.15), the SRS gain per unit length can be plotted according to the pump brightness, 

as shown in figure 8.17. Here, it is assumed the optical system conserves the pump brightness in 

the fibre. Also the pump and signal background loss is set at 1 dB/km to give a more realistic 

view. 



Chapter 8: Pulsed cladding-pumped Raman fibre laser sources 

C. A. Codemard  185 

SRS Gain vs Pump Brightness

Pump Brightness Log [W/(sr.µm2)]

-3 -2 -1 0 1 2 3 4 5

S
R

S
 G

ai
n 

Lo
g 

[d
B

/m
]

-5

-4

-3

-2

-1

0

1

2

3

4

DCRF NA=0.4
DCRF NA=0.3
DCRF NA=0.2
DCRF NA=0.1

100 W, single-mode fibre laser

Direct Diode pumping

 

Figure 8.17: SRS small-signal gain vs pump brightness for cladding-pumped 

Raman fibre with NA=0.1, 0.2, 0.3 and 0.4 respectively. 
 
 

Figure 8.17 highlights the effect of the cladding NA on the SRS performance. It has 

been demonstrated recently that all-glass fibre structure can be made with high NA [20]. 

Alternatively, an inner-cladding with a higher NA is also possible using an air-clad structure but 

so far these fibres have exhibited a higher background loss [21] than all-silica fibre.  

In Figure 8.17, the area in-between the blue lines indicates where state of the art multi-

mode laser diodes operate from cw to quasi-cw. A red line indicates, for comparison, the 

brightness of a 100 W single mode laser. This graph indicates that it should be possible to reach 

a SRS gain of 0.1 dB/m in a high NA fibre pumped by semiconductor laser diodes. To reach 

this regime, the operation of the laser diodes in the quasi-CW regime is recommended because 

the peak power is then higher than the average power that the diodes can deliver. It is also worth 

mentioning that lower background loss fibre would help in reducing the requirement on the laser 

diodes. This approach to directly transform the light from a multi-mode semiconductor laser 

diodes source into a single mode laser output is interesting and certainly worth pursuing further. 
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8.6 Summary 

In conclusion, a pulsed DCRF has been studied for high gain amplification and for the 

generation of high energy pulse has been investigated. A gain in excess of 50 dB has been 

demonstrated experimentally in a pulsed single-stage cladding-pumped Raman fibre amplifier 

using 100 ns long pulses. The peak power conversion efficiency was 50%. The experimental 

temporal shape and output power of the Stokes beam highlight the influence of pump pulse 

shape and of the fibre length. In order to obtain maximum energy transfer from the pump to the 

signal, the pump pulse should be rectangular. Furthermore, as expected from Chapter 6, the 

fibre length must be tailored to the pump peak powers in order to avoid any second order Stokes 

generation. Then, using an 850 m long DCRF and pump pulses with the best achievable shape, a 

Raman amplifier delivering nearly 10 µJ pulses, 620 ns long, has been demonstrated 

experimentally. Here, the output energy was limited by the characteristics of the pump source 

(pulse shape and energy) and by the pump temporal stability at higher power. The interaction of 

FWM and SRS is discussed, as both non-linear effects can compete for pump photons and, 

therefore reduce the SRS efficiency. However, it was found that in seeded amplifiers SRS 

should dominate. 

Finally, thanks to recent development of pump laser diode, laser diode drivers and fibre 

manufacturing, I show that in theory, laser diodes could potentially be used as pulsed pump 

sources. Using high-power, high-brightness, multi-mode laser diodes sources, a SRS gain of 

0.1 dB/m should be achievable in high-NA double-clad fibres. The DCRF would be then a 

direct brightness converter which would produce single mode pulses. The combination of high 

power laser diodes and double-clad Raman fibre would provide 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 results presented throughout this thesis on the 

advancement of Raman and erbium-ytterbium doped, cladding-pumped fibre device, and 

presents possible future directions of research and investigations.  

 

9.1 Cladding-pumped Raman fibre laser sources 

9.1.1 Summary 

Cladding-pumping is a well established approach to power-scaling of high power fibre 

lasers. In this thesis, this approach generally reserved to rare-earth doped fibre, is extended to 

stimulated Raman scattering. Optical amplification through stimulated Raman scattering enables 

cladding-pumped high-power fibre lasers to operate at any wavelength. However, the power of 

Raman lasers was until recently relatively modest, typically up to ~10 W [1], because of the 

lack of high power single mode sources. Since cladding-pumping allows for higher pump power 

to be launched into the fibre, it seems natural to investigate the potential and properties of a 

cladding-pumped Raman fibre, fabricated at the ORC. Raman scattering in multi-mode fibres 

has been the subject of early studies [2, 3], and more recently SRS beam-clean up properties 

have been the subject of further investigations [4 - 6]. 

In this thesis, the experimental and theoretical works on continuous-wave cladding-

pumped Raman fibre laser sources are presented in Chapter 7. The brightness conversion 

process due to the so called “beam clean-up” from Raman scattering in a multi-mode fibre is 

explained considering the various fibre modes. The waveguide brightness and the pump modal 

excitation determine the efficiency of SRS process. However, I show that when the Stokes wave 

is seeded or preferentially selected, for example, with a grating for the core mode, pump mode 

mixing is not critical and that the multi-mode SRS process can be modelled by an equivalent 

effective area that encompass the pump mode distribution. An all-glass germanium doped 

double-clad Raman fibre has been fabricated at the ORC. The fibre is single-mode above 

1640 nm and the inner-cladding is 20 µm wide. The fibre Raman gain coefficient has been 

evaluated to be around 0.55 10-13 m/W due to the high germanium concentration while the 

background loss is around 2 dB/km. Using this fibre, I experimentally demonstrated high-power 

operation of a co- and a counter-pumped Raman fibre laser. Both lasers were operated at around 



Chapter 9: Summary and future work 

C. A. Codemard  190 

1660 nm and pumped by high power erbium-ytterbium doped fibre lasers fabricated in-house. 

The single-mode fibre laser slope efficiency can reach up to 67% and the threshold can be as 

low as 6 W. In the co-propagation scheme the output is truly single-mode and compatible with a 

standard single-mode fibre. However, the performance of the counter-pumped laser is slightly 

better because the signal experience a lower loss inside the laser cavity with respect to the gain 

distribution. Nonetheless, this is the first demonstration of a diffraction-limited Raman laser 

using a multi-mode fibre. Then the spectral characteristics and temporal behaviour of the laser 

are discussed. The laser suffers from a linewidth broadening of the signal due some four-wave 

mixing in the fibre core. 

In Chapter 8, the amplification of single mode pulse in the DCRF is studied. The theory 

of pulsed Raman scattering in a multi-mode fibre is presented with a detailed description of the 

influence of the fibre parameters, such as the numerical aperture and the fibre length, and also 

the pump pulse temporal and peak power requirement to amplify a signal at the Stokes 

wavelength. From the theory, high gain is expected in the pulse regime. This is then 

experimentally demonstrated with gain in excess of 50 dB in a single-stage of DCRF. The 

pulses used were 100 ns long and the peak power up 90 W. The peak power conversion is 50% 

and is mostly limited by the background loss of the fibre while the energy conversion is lower at 

30 - 35%. These results highlight the influence of pump pulse shape and of the fibre length (for 

the background loss and for second Stoke generation). Therefore, using a 850 m long DCRF and 

pump pulses with the best achievable shape, a Raman amplifier delivering nearly 10 µJ, 620 ns 

long pulses, is demonstrated experimentally, for the first time. This approach could be used to 

generate high energy pulse. In pulsed SRS, there is no energy stored in the gain medium but the 

energy is contained in the pump pulse itself. Then the interaction of FWM and SRS are 

discussed. SRS is expected to dominate in an amplifier configuration where the Stokes wave is 

seeded. Nonetheless, experimentally it has not been possible to use peak powers above 200 W, 

because of the pulse stability. The novel approach of cladding-pumped Raman fibre laser 

sources seems very promising and definitely requires future investigations. 

 

9.1.2 Future work and directions 

In my experiments, the efficiency and the power scaling of the DCRF is mainly limited 

by the current fibre design which limits the output power and the efficiency because of the 

relatively high signal background loss and because the inner-cladding dimension restrains the 

maximum launched pump power. Furthermore, very often, the germanium doping of silica glass 

leads to an increased background loss which restricts the useable fibre length and, therefore, 

accentuates the requirement for high pump power. Nonetheless, with the recent advances in 
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fibre fabrication [7], a new way could be found to incorporate more germanium into the glass 

while maintaining a low background loss to improve the device performance and to reach higher 

efficiency and lower threshold in laser configuration. Then, new material with a higher Raman 

gain or with a different Raman gain shift like phosphate-doped silica could be interesting to use. 

For example, Dianov [7] has proposed, recently, to use multi-component glasses, including 

heavy-metal oxides-doped glasses which can exhibits large Raman gain bandwidth in novel 

Raman fibres.  

Secondly, the waveguide design could be altered to increase the numerical aperture of the 

inner cladding. This will enable more pump power to be launched and therefore, increase the 

pump intensity. This can be realised either with a fluorine doped all-glass fibre [8] or with an 

air-clad fibre [9]. If such fibres can be realised with low-background loss and an optimised 

inner-cladding design then it is possible to envisage using multi-mode semiconductor lasers 

source as pump sources. In Chapter 8, I show that it might be possible to reach a SRS gain of 

0.1 dB/m in a high NA fibre pumped by a high-brightness semiconductor source. Furthermore, 

in order to increase the pump power several sources could be combined spectrally, spatially and 

polarisation-wise. In addition, semiconductor laser can be operated in the quasi-cw regime 

which nearly doubles the peak power. Therefore the direct brightness conversion in a Raman 

double-clad fibre could be a unique and straightforward process to produce single-mode laser 

output either cw or pulsed. Obviously the alternative is use highly efficient multi-mode fibre 

laser sources as intermediate brightness converter before using the DCRF to obtain single-mode 

output. 

Finally, this work and approach could be extended and developed for the SBS process 

which is also known for its beam clean-up properties in a multi-mode fibre [10, 11]. For 

example, SBS which has a gain about 100 times larger than SRS, has been used in the past for 

the incoherent beam combination in a multi-mode fibre [12]. In that case, the output intensity 

distribution is identical to that of the fundamental mode. Still, by using a double-clad fibre, the 

fundamental mode can be seeded [13], very easily, while the 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 of double-clad erbium-ytterbium co-

doped fibre in the continuous-wave and in the pulsed regime is experimentally demonstrated 

and some of the limitations encountered are discussed. 
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Firstly, continuous-wave tuneable fibre lasers, based on large-core EYDF, are realised 

using a tapered fibre section connected to a tuneable fibre Bragg grating. The FBG tuning is 

achieved by the compression-tuning technique. Thus, the output of two different lasers could be 

tuned between 1533 – 1565 nm and 1550 – 1602 nm with a narrow linewidth of around 0.2 nm. 

The laser slope efficiency is 30% in both cases. The output power is about 40 W over the tuning 

range except at long wavelengths where a competition with Yb ions takes place and reduces the 

laser efficiency. At 1560 nm, more than 70 W is obtained, indicating that further power scaling 

is possible with higher pump power and better cooling of the EYDF. Indeed the large amount of 

heat generated in the erbium-ytterbium doped fibre makes the fibre more susceptible to optical 

damage like fuse effect [14]. 

Secondly, the details of high peak power, high energy, large-core EYDF MOPA are 

presented. Up to 1 mJ energy and 6.6 kW peak power pulses with a 88 ns FWHM, are obtained 

at 1 kHz repetition rate. This result is the highest energy reported for sub-hundred nanosecond 

pulses from a rare-earth doped fibre in the 1550 nm wavelength range. Here, the main limiting 

factor is thought to be ASE from the erbium and ytterbium ions which, reduces extractable 

energy and the average power. However, thanks to the large core neither SBS, nor any other 

non-linear effects, has been observed which indicates that even higher energies should be 

possible with improved fibre design. 

Finally, both examples shows the capability for further power-scaling of cw and pulsed 

EYDF based laser sources that can be used as standalone devices or, like in this work, as 

intermediate brightness converter for the generation of 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 studied in the past, a number of aspects 

still remain to be investigated. First, the ultimate power scaling of EYDF can be explored 

theoretically with a model which includes the effect of the ions concentrations and takes into 

account the thermally induced change of the spectroscopic properties in the fibre [15]. There is a 

limit to how much power can be obtained from a given EYDF before the ytterbium ions starts 

emitting ASE or start lasing because of reflections. This work could be completed by some 

experimental work using fibre fabricated in-house. Recently, some of the highest powers from 

an EYDF have been reported [16, 17] but the power level is still marginal compared to that of 

ytterbium doped fibre. 
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The second axis, of research is to gain insight in the energy exchange process in erbium-

ytterbium co-doped fibre with in particular, the determination of the energy transfer rates 

between ytterbium and erbium ions. Currently, a new set-up for that purpose is being fabricated 

at the ORC based on a Q-switched 920 nm fibre laser source. This work is important to 

understand the behaviour of erbium-ytterbium in the pulsed 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 Matlab® programme that I wrote to model the cladding-

pumped Raman fibre. Here, the programme only simulates the Raman scattering in an amplifier 

configuration. It can easily be modified for laser configuration using standard numerical 

methods for boundary value problem [A1]. The integration is performed using a modified 

Runge-Kutta type integrator given by Lui [A2, A3]. This method requires much less points to 

integrate the typical laser and amplifier differential equations, than the Runge-Kutta method of 

the same order and for the same precision. This is especially beneficial when, for example, large 

number of the equations must be integrated. 

In this example, a double-clad fibre with the same parameters as L71-LF11 is modelled 

considering 7 modes, a pump and several Stokes orders. The propagations equations (6.1) - (6.3) 

are integrated for a 1 km long fibre. No mode coupling effects 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' ,[], 'length' ,[], 'n_modes' ,[], 'n_wl_bi
ns' ,[], 'npump' ,[], 'nsignals' ,[], 'nASE' ,[], 's' ,[], 'wavelength' ,[], 'freq
uency' ,[]);  
 
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);  
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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=[0.1 0.2 0.1 0.1 0.1 0.3 0.1]; % 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;  



Appendix I: Modelling stimulated Raman scattering in optical fibre 

C. A. Codemard  197 

  
fiber.wavelength(fiber.npump+fiber.nsignal+1)=1791e -9;  
fiber.wavelength(fiber.npump+fiber.nsignal+2)=1944e -9;  
fiber.frequency=LtoV(fiber.wavelength);  
 
% here 2 photons (polarisation) per mode for the AS E 
for  i=1:1:modes_max  

fiber.s(i,fiber.npump+fiber.nsignal+1:1:fiber.n_wl_ bins)=2*h*fib
er.frequency(fiber.npump+fiber.nsignal+1:1:fiber.n_ wl_bins).^2*w
avelength_step./fiber.wavelength(fiber.npump+fiber. nsignal+1:1:f
iber.n_wl_bins);  

end  
 
%---- shaping and sorting of the variable prior to integrations  
 
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 requencies  

 
[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);  
 
%---------------------------------------  
% ODEs integrations  
%---------------------------------------  
disp( 'INTEGRATION STARTING ...' );  
cpustart=cputime;  
 

%---- Integration parameters  
odesetRHK=struct( 'RelTol' ,[], 'AbsTol' ,[], 'Order' ,[]);  
odesetRHK.RelTol=1e-3;  
odesetRHK.AbsTol=1e-4*1:1:fiber.n_modes.n*fiber.n_w l_bins;  
odesetRHK.Order=5;  
 
%---- Integration  
[Z,PP]=RHK(@derivs,[0 
fiber.length],P_sorted,odesetRHK,fiber.n_modes.n*fi ber.n_wl_bins
,F_sorted,Modes_sorted,fiber.core.loss);  
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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+1:1:n  

S2=S2+(frequency(j)~=frequency(i))*(GrV(frequency(i ),frequ
ency(j))./frequency(j).*y(j)'./AEFF(modes(j,:),mode s(i,:))
);  

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 .58];  
[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 .7];  
[208.25 245.04  390.4   260.11  218.43  312.33  269 .98];  
[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 r  
function  rt=VtoV(x)  
rt=x./(2.998)*1e-10;  
 
%--- function which returns the Raman gain for the frequence 
difference  
%--- abs(x-y)  
function  rt=GrV(x,y)  
rt=1.8180e-014.*raman(abs(VtoV(x) - VtoV(y 
 
%--- function which returns the Raman gain for the wavelength  
%--- difference (x-y)  
function  rt=GrL(x,y)  
rt=GrV(LtoV(x), LtoV(y));                                  % Raman 
gain for the wavelength  
 
 
%--- function which converts loss or gain from dB/k m to neper (inverse  
%--- meter)  
function  rt=dBkm_to_m(x)  
rt=-log10(10^(-x./10000));  

 
%--- function that returns the Raman gain for silic a glass  
function  rt=raman(x) 
 

persistent  a;  
persistent  b;  
  
if  isempty(b)  
    a=[0 0.165845 0.169813 0.173848 0.177948 0.1821 15 0.186346 
0.190643 0.195004 0.199428 0.203916 0.208466 0.2130 77 0.217748 
0.222479 0.227268 0.232113 0.237015 0.241971 0.2469 79 0.252039 
0.257148 0.262306 0.267509 0.272757 0.278048 0.2833 79 0.288748 
0.294155 0.299595 0.305068 0.31057 0.316101 0.32165 7 0.327236 
0.332836 0.338455 0.34409 0.349739 0.3554 0.36107 0 .366747 
0.37243 0.378114 0.383799 0.389483 0.395162 0.40083 5 0.406501 
0.412156 0.417799 0.423429 0.429043 0.43464 0.44021 7 0.445774 
0.45131 0.456821 0.462308 0.467769 0.473202 0.47860 7 0.483983 
0.489328 0.494642 0.499924 0.505174 0.51039 0.51557 2 0.52072 
0.525832 0.53091 0.535952 0.540958 0.545928 0.55086 2 0.55576 
0.560621 0.565446 0.570235 0.574988 0.579704 0.5843 84 0.589028 
0.593637 0.59821 0.602747 0.607249 0.611716 0.61614 8 0.620546 
0.624909 0.629238 0.633533 0.637794 0.642022 0.6462 16 0.650377 
0.654506 0.658601 0.662664 0.666694 0.670692 0.6746 59 0.678593 
0.682495 0.686366 0.690205 0.694013 0.69779 0.70153 6 0.705252 
0.708936 0.71259 0.716214 0.719808 0.723372 0.72690 7 0.730412 
0.733888 0.737336 0.740755 0.744145 0.747508 0.7508 44 0.754153 
0.757434 0.76069 0.76392 0.767125 0.770306 0.773462  0.776595 
0.779704 0.782792 0.785858 0.788904 0.791929 0.7949 35 0.797923 
0.800892 0.803846 0.806783 0.809705 0.812613 0.8155 07 0.81839 
0.821261 0.824122 0.826974 0.829818 0.832654 0.8354 85 0.838311 
0.841132 0.843951 0.846769 0.849585 0.852403 0.8552 22 0.858043 
0.860869 0.8637 0.866536 0.86938 0.872233 0.875094 0.877967 
0.880851 0.883747 0.886657 0.889582 0.892522 0.8954 8 0.898455 
0.901448 0.904461 0.907495 0.91055 0.913627 0.91672 8 0.919852 
0.923002 0.926176 0.929377 0.932605 0.935861 0.9391 45 0.942459 
0.945802 0.949175 0.952579 0.956014 0.959481 0.9629 8 0.966512 
0.970078 0.973677 0.977309 0.980977 0.984678 0.9884 15 0.992186 
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0.995993 0.999835 1.00371 1.00763 1.01158 1.01556 1 .01958 
1.02364 1.02774 1.03187 1.03603 1.04023 1.04447 1.0 4874 1.05305 
1.0574 1.06178 1.0662 1.07065 1.07513 1.07965 1.084 21 1.08879 
1.09342 1.09807 1.10276 1.10748 1.11224 1.11702 1.1 2184 1.12669 
1.13157 1.13648 1.14143 1.1464 1.1514 1.15643 1.161 49 1.16658 
1.17169 1.17683 1.182 1.1872 1.19242 1.19767 1.2029 4 1.20824 
1.21356 1.21891 1.22428 1.22967 1.23508 1.24052 1.2 4598 1.25146 
1.25696 1.26248 1.26802 1.27358 1.27916 1.28475 1.2 9037 1.296 
1.30165 1.30731 1.313 1.3187 1.32441 1.33014 1.3358 8 1.34164 
1.34741 1.3532 1.35899 1.36481 1.37063 1.37646 1.38 231 1.38817 
1.39404 1.39991 1.4058 1.4117 1.41761 1.42352 1.429 45 1.43538 
1.44132 1.44727 1.45322 1.45918 1.46515 1.47112 1.4 771 1.48308 
1.48906 1.49505 1.50105 1.50704 1.51304 1.51904 1.5 2505 1.53105 
1.53706 1.54306 1.54907 1.55507 1.56108 1.56708 1.5 7308 1.57908 
1.58507 1.59106 1.59705 1.60303 1.60901 1.61498 1.6 2094 1.62689 
1.63284 1.63878 1.64471 1.65063 1.65653 1.66243 1.6 6831 1.67418 
1.68004 1.68588 1.69171 1.69751 1.70331 1.70908 1.7 1483 1.72057 
1.72628 1.73197 1.73763 1.74328 1.74889 1.75449 1.7 6005 1.76558 
1.77109 1.77656 1.78201 1.78742 1.79279 1.79813 1.8 0343 1.80869 
1.81392 1.8191 1.82424 1.82934 1.83439 1.8394 1.844 35 1.84926 
1.85412 1.85892 1.86367 1.86837 1.87301 1.87759 1.8 8211 1.88657 
1.89096 1.89529 1.89956 1.90375 1.90788 1.91193 1.9 1591 1.91982 
1.92365 1.9274 1.93107 1.93466 1.93816 1.94158 1.94 492 1.94816 
1.95131 1.95438 1.95734 1.96021 1.96299 1.96566 1.9 6824 1.97071 
1.97308 1.97534 1.97749 1.97953 1.98146 1.98328 1.9 8499 1.98658 
1.98805 1.9894 1.99063 1.99173 1.99272 1.99357 1.99 43 1.9949 
1.99537 1.99571 1.99592 1.99599 1.99592 1.99572 1.9 9538 1.9949 
1.99428 1.99352 1.99262 1.99157 1.99037 1.98903 1.9 8754 1.98591 
1.98413 1.98219 1.98011 1.97788 1.9755 1.97297 1.97 029 1.96746 
1.96448 1.96136 1.95809 1.95468 1.95114 1.94746 1.9 4365 1.93972 
1.93567 1.93152 1.92727 1.92295 1.91856 1.91412 1.9 0966 1.90519 
1.90075 1.89637 1.89208 1.88792 1.88394 1.88018 1.8 7669 1.87352 
1.87074 1.86841 1.86658 1.86533 1.86472 1.8648 1.86 566 1.86733 
1.86988 1.87335 1.87777 1.88318 1.88958 1.89697 1.9 0534 1.91464 
1.92482 1.9358 1.94749 1.95976 1.97247 1.98548 1.99 859 2.01161 
2.02433 2.03654 2.048 2.05848 2.06776 2.07559 2.081 78 2.0861 
2.08838 2.08844 2.08615 2.0814 2.0741 2.0642 2.0517  2.03661 
2.01898 1.9989 1.97649 1.9519 1.9253 1.89687 1.8668 3 1.83541 
1.80284 1.76934 1.73517 1.70056 1.66573 1.63089 1.5 9625 1.56199 
1.52828 1.49526 1.46307 1.43179 1.40151 1.37231 1.3 4422 1.31726 
1.29145 1.26677 1.24322 1.22076 1.19936 1.17896 1.1 5951 1.14097 
1.12328 1.10637 1.0902 1.0747 1.05983 1.04553 1.031 76 1.01848 
1.00564 0.993224 0.981189 0.969514 0.958175 0.94715 7 0.936443 
0.926023 0.915889 0.906033 0.896454 0.887149 0.8781 19 0.869364 
0.860888 0.852695 0.844788 0.837172 0.829853 0.8228 35 0.816124 
0.809725 0.803642 0.79788 0.792442 0.78733 0.782547  0.778094 
0.773971 0.770176 0.766708 0.763563 0.760737 0.7582 23 0.756014 
0.754101 0.752474 0.751121 0.75003 0.749185 0.74857  0.748168 
0.747961 0.747929 0.748049 0.7483 0.748657 0.749098  0.749595 
0.750123 0.750655 0.751164 0.751622 0.752002 0.7522 74 0.752411 
0.752386 0.752172 0.751741 0.751069 0.750129 0.7488 99 0.747355 
0.745476 0.743242 0.740636 0.737641 0.734241 0.7304 26 0.726184 
0.721507 0.716388 0.710825 0.704814 0.698356 0.6914 55 0.684114 
0.676342 0.668148 0.659542 0.650538 0.641152 0.6313 99 0.621299 
0.610873 0.60014 0.589125 0.577851 0.566342 0.55462 5 0.542725 
0.530669 0.518484 0.506196 0.493834 0.481424 0.4689 91 0.456563 
0.444164 0.431819 0.419552 0.407386 0.395343 0.3834 43 0.371706 
0.36015 0.348792 0.337648 0.326731 0.316055 0.30563 1 0.295469 
0.285578 0.275965 0.266635 0.257594 0.248845 0.2403 89 0.232228 
0.224362 0.21679 0.209509 0.202517 0.19581 0.189383  0.183231 
0.177348 0.171728 0.166364 0.161248 0.156374 0.1517 33 0.147318 
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0.14312 0.13913 0.135342 0.131745 0.128333 0.125097  0.122028 
0.11912 0.116364 0.113752 0.111279 0.108935 0.10671 6 0.104615 
0.102624 0.100739 0.0989547 0.0972648 0.0956648 0.0 941502 
0.0927167 0.0913604 0.0900777 0.0888652 0.0877199 0 .086639 
0.0856202 0.0846611 0.08376 0.0829151 0.0821251 0.0 813887 
0.0807052 0.0800737 0.0794937 0.0789651 0.0784877 0 .0780615 
0.077687 0.0773646 0.0770948 0.0768785 0.0767166 0. 0766101 
0.0765602 0.0765682 0.0766356 0.0767638 0.0769545 0 .0772094 
0.0775302 0.0779188 0.0783771 0.0789069 0.0795104 0 .0801894 
0.080946 0.0817822 0.0827 0.0837014 0.0847884 0.085 9629 
0.0872267 0.0885817 0.0900295 0.0915717 0.09321 0.0 949456 
0.0967799 0.0987139 0.100749 0.102885 0.105123 0.10 7464 0.109908 
0.112455 0.115104 0.117855 0.120708 0.123661 0.1267 14 0.129864 
0.13311 0.136451 0.139882 0.143403 0.147011 0.15070 1 0.15447 
0.158316 0.162233 0.166218 0.170265 0.174371 0.1785 29 0.182735 
0.186983 0.191267 0.19558 0.199918 0.204273 0.20863 9 0.213009 
0.217376 0.221734 0.226074 0.23039 0.234675 0.23892 1 0.243122 
0.247269 0.251356 0.255376 0.25932 0.263183 0.26695 8 0.270637 
0.274214 0.277683 0.281037 0.28427 0.287377 0.29035 2 0.293189 
0.295884 0.298432 0.300828 0.303068 0.305149 0.3070 67 0.308818 
0.310401 0.311812 0.31305 0.314112 0.314998 0.31570 6 0.316235 
0.316586 0.316758 0.316752 0.316568 0.316207 0.3156 71 0.314962 
0.314081 0.31303 0.311813 0.310431 0.308889 0.30718 9 0.305336 
0.303332 0.301183 0.298891 0.296462 0.293901 0.2912 12 0.2884 
0.28547 0.282427 0.279277 0.276025 0.272676 0.26923 7 0.265712 
0.262108 0.258429 0.254682 0.250873 0.247007 0.2430 89 0.239126 
0.235122 0.231085 0.227018 0.222927 0.218818 0.2146 95 0.210565 
0.206432 0.2023 0.198174 0.19406 0.189961 0.185882 0.181827 
0.1778 0.173804 0.169843 0.165922 0.162042 0.158207  0.15442 
0.150683 0.147 0.143371 0.139801 0.136289 0.132839 0.129451 
0.126127 0.122868 0.119675 0.116549 0.113491 0.1105  0.107577 
0.104723 0.101937 0.0992185 0.0965681 0.0939849 0.0 914683 
0.0890176 0.086632 0.0843105 0.0820523 0.079856 0.0 777205 
0.0756446 0.073627 0.0716662 0.0697608 0.0679094 0. 0661104 
0.0643623 0.0626636 0.0610128 0.0594082 0.0578484 0 .0563319 
0.054857 0.0534223 0.0520263 0.0506677 0.049345 0.0 480568 
0.046802 0.0455792 0.0443871 0.0432248 0.0420911 0. 0409849 
0.0399053 0.0388515 0.0378225 0.0368176 0.035836 0. 0348772 
0.0339405 0.0330253 0.0321314 0.0312581 0.0304052 0 .0295724 
0.0287594 0.027966 0.0271922 0.0264377 0.0257026 0. 0249869 
0.0242905 0.0236135 0.0229561 0.0223184 0.0217005 0 .0211027 
0.020525 0.0199679 0.0194314 0.018916 0.0184218 0.0 179493 
0.0174985 0.01707 0.016664 0.0162808 0.0159208 0.01 55842 
0.0152715 0.0149828 0.0147186 0.0144792 0.0142648 0 .0140757 
0.0139123 0.0137749 0.0136636 0.0135787 0.0135206 0 .0134893 
0.0134852 0.0135085 0.0135592 0.0136377 0.013744 0. 0138783 
0.0140408 0.0142314 0.0144504 0.0146976 0.0149733 0 .0152774 
0.0156099 0.0159708 0.0163601 0.0167776 0.0172232 0 .0176969 
0.0181985 0.0187278 0.0192846 0.0198687 0.0204797 0 .0211175 
0.0217816 0.0224717 0.0231874 0.0239284 0.024694 0. 0254839 
0.0262974 0.0271341 0.0279932 0.0288742 0.0297764 0 .0306991 
0.0316414 0.0326026 0.0335819 0.0345784 0.0355912 0 .0366193 
0.0376617 0.0387175 0.0397855 0.0408647 0.041954 0. 0430521 
0.0441579 0.0452703 0.0463878 0.0475094 0.0486336 0 .0497592 
0.0508848 0.052009 0.0531306 0.054248 0.05536 0.056 4651 
0.0575619 0.058649 0.059725 0.0607884 0.061838 0.06 28723 
0.0638899 0.0648895 0.0658697 0.0668293 0.0677669 0 .0686813 
0.0695714 0.0704358 0.0712734 0.0720832 0.0728641 0 .0736151 
0.0743353 0.0750236 0.0756793 0.0763016 0.0768898 0 .0774432 
0.0779611 0.0784432 0.0788888 0.0792977 0.0796694 0 .0800037 
0.0803005 0.0805597 0.0807811 0.080965 0.0811112 0. 0812201 
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0.081292 0.0813271 0.0813258 0.0812886 0.0812161 0. 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 0. 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 the 5th order modify Runge-kutta described by X. Liu [REF] and 

used for the integration of the differential equations is listed below. The function returns an 

array PP which contains the results of the integration of the initial boundary vector y0 a long 

tspan . The vector Z 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 th  order is considered here 
 
    % coefficients  
    A=[0 1/4 3/8 12/13 1 1/2 ];  
    B=[0 0 0 0 0 0,  
    1/4 0 0 0 0 0,  
    3/32 9/32 0 0 0 0,  
    1932/2197 -7200/2197 7296/2197 0 0 0,  
    439/216 -8 3680/513 -845/4104 0 0,  
    -8/27 2 -3544/2565 1859/4104 -11/40 0];  
    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; 
 

 
    k1=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<1e-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)=ZZ;  
         ZZ=Z_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=ZZ(1:index,1); % we copy only what as been calculated...  
    PP=PPP(1:index,:);  
 
 
   otherwise  
 disp( 'Unrecongnized RHK order -- calling ODE45 instead.. .' );  

options = 
odeset( 'RelTol' ,optionsRHK.RelTol, 'AbsTol' ,optionsRHK.AbsTol);  
[Z,PP] = ode45(odeFcn,tspan,y0,options,varargin{:}) ; 

 
  end  
 

[A1] W. H. Press, S. A. Teukolsky, W. T. Vetterling, and B. P. Plannery, Numercical Recipes 

in C, (2nd Ed., Cambridge Univ. Press, 1992). 
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[A2] X. Liu, H. Zhang and Y. Guo, "A Novel Method for Raman Amplifier Propagation 

Equations", IEEE Photon. Technol. Lett., 15 (3), 392 (2003). 

[A3] X. Liu, "Effective numerical algorithm for fiber amplifiers", Opt. Eng. 44(3), 2220 

(2005). 
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