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Abstract

Pulsed lasers operating in the picosecond or femtosecond regimes find a wide range

of applications in optical sciences, such as spectroscopy, laser surgery, material

processing and optical communications. Among the existing sources of short-pulses,

mode-locked fibre lasers play an important role mainly due to their robust and

compact nature, and also due to their ability to generate outputs over a wide

range of repetition-rates, pulse durations, pulse shapes, peak powers and optical

wavelengths.

Considering the case of wavelength versatility, Raman amplification can be used

to fill the spectral gaps that are not covered by the emission band of traditional

rare-earth doped elements such as ytterbium and erbium, allowing the generation of

light at unconventional wavelengths. Additionally, another contribution has come

from the recent development of new nanomaterials such as graphene and carbon

nanotubes that can be used as saturable absorbers over a broadband wavelength

range.

The experimental work reported in this thesis is mainly focused in combining the

wavelength versatility allowed by Raman gain and carbon nanotubes and graphene

to generate short-pulsed fibre lasers at different wavelengths. High power ytterbium

and erbium lasers and also a high power Raman laser operating at 1450 nm are

used as pump sources to seed the Raman gain and carbon nanotubes and graphene

are the saturable absorbers used as mode-lockers. All the fibres utilized in the

oscillators are highly non-linear single mode silica fibres doped with GeO2.

The lasers operate in the dissipative soliton regime, generating chirped pulses

with durations on the order of hundred of picosecond that are suitable for external

compression. We demonstrate for example an erbium-pumped Raman oscillator

generating 500 ps pulses that are linearly compressed to 2 ps. The results pre-

sented in this document are a contribution towards making fibre based lasers more

universal devices in terms of wavelength operation.
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1 Introduction

All-fibre integrated laser configurations delivering high-power short-pulses across a

range of wavelengths is now an established reality over many years. The extensive

development of optical fibre-based technologies that occurred in the last decades

have allowed an unprecedented growth in both temporal and spectral versatility of

fibre lasers sources.

Highly non-linear single mode fibres with small cores and high levels of GeO2

doping are now ubiquitous tools in laser physics research permitting many non-

linear effects to be observed over reduced fibre lengths. Combining these fibres

with the high optical power levels that can readily be obtained from Erbium- or

Ytterbium-doped amplifiers creates an ideal platform to excite non-linear effects

that can be used for efficient wavelength conversion such as stimulated Raman

scattering (SRS) and parametric amplification. In more recent years, the growth of

bismuth and especially of thulium fibre laser technology has extended the spectral

range over which non-linear wavelength conversion in fibre can occur.

In the temporal domain, newly developed nanomaterials such as carbon nan-

otubes (CNT) and graphene became an interesting alternative to the traditionally

used saturable absorber mirrors (SESAM). Among other interesting features, such

as fast response time and low fabrication costs, both graphene and carbon nan-

otubes can be used as optical saturable absorbers over a broadband wavelength

range, that can be larger than 1 µm for CNTs and that virtually can cover any

wavelength in the broad absorption band of graphene (500 - 2000 nm), different

from SESAMs that traditionally work at specific wavelengths, on ranges that usu-

ally are not broader than a few tens of nanometers.

Still on the time domain of mode-locking, lots of research effort has been lately

dedicated towards lasers operating in the the so-called dissipative soliton regime.

The usage of optical cavities presenting net normal dispersion has allowed the di-

rect generation of long pulses, with duration up to tens of nanoseconds, that are
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1 Introduction

chirped in nature, therefore suitable for external compression. Such lasers present

an alternative route to higher power levels than possible from the standard soliton

mode-locked lasers due to its capacity to increase the pulse energy levels achievable

from an oscillator.

This thesis concentrates on the implementation of non-linearity and nanomaterial

based saturable absorbers into mode-locked laser cavities. Raman amplification is

used together with carbon nanotubes and graphene, generating short-pulses at a

number of different wavelengths, confirming the spectral versatility of this approach.

All the systems designed operate in the dissipative soliton regime. The present

chapter is intended to be an overview of the field, focusing mainly on the physical

phenomena that are directly or indirectly involved in the experiments realised in

the lab. Section 1.1 describes the basic physics of light propagation in optical fibres

divided into its linear and non-linear aspects. Section 1.2 summarizes some of the

techniques used to generate short pulses in fibre lasers and finally the section 1.3

is dedicated mainly to the physics of Raman lasers. The experimental results are

shown in detail in the following chapters.

1.1 Linear and non-linear optics overview

The invention of low-loss optical fibres that started in the mid-sixties was beyond

doubt one of the most important technology advancements in physical sciences that

happened in the 20th century. Its capacity to guide light over tens of kilometres

without adding significant loss was essentially responsible for the birth of a new

era in the telecommunication field [1]. Indeed, this fact was lately recognized in

2009 when the Nobel prize of physics was awarded to Charles Kuen Kao for his

“groundbreaking achievements concerning the transmission of light in fibers for

optical communication”.

The first experimental demonstration of the idea of guiding light through means

of total internal reflection dates back to the mid 1800s when both D. Colladon and

J. Thyndall showed light being guided by water jets [2]. However, it took nearly

another century until experimental investigations of light guidance in a glass fibre

waveguide was finally realised [3]. In the early sixties the telecommunication in-

dustry started to pay attention to this new evolving technology and the main effort

during that time was to try to reduce the fibre losses that were initially approxi-
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1.1 Linear and non-linear optics overview

mately 1000 dB/km. This value was gradually reduced over the next decades. By

the early seventies fiber losses were already down to 20 dB/km [4], but it was not

until 1976 that the first fibres presenting less then 1 dB/km loss were experimentally

demonstrated [5, 6]. In 1978 by applying the Modified Chemical Vapour Deposition

(MCVD) method and by using germanium instead of titanium as the core dopant

the current loss of 0.2 dB/km at 1.55 µm was finally achieved [7]. This loss value

close to the theoretical limit paved the way to a revolution in optical sciences.

1.1.1 Light in optical fibres

An optical fibre is in its basic form simply a cylindrical glass core of refractive index

n1 surrounded by a cylindrical cladding made of a glass material that has a refractive

index n2 lower then n1. This scenario is illustrated in Fig. 1.1. Typical fibres,

such as step-index standard telecom fibres (STF), have both core and cladding

constituted of silica glass (SiO2). The difference in the refractive index is usually

achieved by doping the core with elements such as germanium dioxide (GeO2) and

phosphorus pentoxide (P2O5) that increase n1, while the cladding is doped with

materials such as boron and fluorine that cause the inverse effect [8].

a
b

1n

2n

Figure 1.1: Transverse and longitudinal section of a step-index standard optical fibre of core
radius a and cladding radius b showing light propagation through total internal reflection. n1

and n2 represent the refractive index of both materials.

As a first approach, the physical phenomenon behind light guidance in standard

optical fibres can be understood by geometric optics by means of total internal

reflection [1], as exemplified in Fig. 1.1. If a ray of light is incident at a interface

between two transparent media at an angle Φ higher then a certain critical angle

Φcrit defined by Eq. 1.1, than no light is transmitted and everything is reflected.

This geometric approach generally serves as a good insight on light propagation in

optical fibres. However, if the core diameter and the wavelength in case have close
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1 Introduction

values a field analysis solving Maxwell’s equations is necessary for a more accurate

understanding [1].

Φcrit = arcsin(
n2

n1
) (1.1)

Another important concept regarding light propagation in optical fibres is the

number of modes that are allowed to propagate. If one solves Maxwell’s equations

applying the boundary conditions posed by the fibre [1], one will find that the

possible solutions define that only certain particular transverse electromagnetic

field patterns are permitted. A fibre that guides just the fundamental mode is

called single-mode fibre (SMF), while if it supports also other high-order modes

then the fibre is called multi-mode fibre (MMF).

The parameter that determines the number of guided modes propagating in a

fibre for each given wavelength is the so-called V parameter, defined by Eq. 1.2.

There, k0=2π/λ, a is the core radius, λ is the wavelength of light and n1 and n2

are the refractive index of core and cladding, respectively. For a fibre to be single

mode it is necessary to fabricate it with a V value lower then 2.405. However, it is

important to notice that the number of modes in a fibre is wavelength dependent,

and for a given fibre, the wavelength at which high-order modes cease to propagate

is called the cut-off wavelength.

V = k0a
√
n1

2 − n2
2 (1.2)

The core size is the main structural difference between multi-mode and single-

mode fibres. Usual core size values are on the range of 1-5 µm for SMFs and

25-100 µm for MMFs. In long distance telecommunication systems, single-mode

fibres are preferably used because on a multi-mode fibre each different mode travels

with a different group velocity causing dispersion and therefore signal distortion at

high-repetition rates. Their reduced core sizes also make SMFs ideal hosts for the

generation of nonlinear effects even when using moderate optical powers. MMFs

are mainly used for short-distance optical fibre communications where the effects

of dispersion are not very significant.
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1.1.2 Attenuation

As mention previously, one of the main traits of optical fibres that made them

so widely used is their capacity of guiding light with very low loss. In STFs, the

attenuation at its lowest point around the wavelength of 1550 nm, can be below

0.2 dB/km, which means that light would have to travel 50 km until it reaches 10

% of its initial value. The physical mechanisms behind losses in optical fibres are

chiefly ultraviolet (UV) absorption and Rayleigh scattering at short wavelengths

and molecular vibration at longer wavelengths [9].

In the wavelength region from 0.5 to 2 µm the loss in silicate fibres is limited

mainly due to Rayleigh scattering and to a lower degree also by material absorp-

tions. The Rayleigh scattering arises from local microscopic fluctuations in density,

which causes local random fluctuations in the refractive index, and it can be es-

timated in dB/km by the eq. 1.3, where Cr is a constant in the range of 0.7-0.9

dB.µm4/km.

αr =
Cr
λ4

(1.3)

Typical αr values at 1.55 µm are on the range of 0.12-0.15 dB/km [8]. Low

Rayleigh scattering losses can be obtained by taking special care about tempera-

ture and speed of pull during the drawing process of the fibre. In ref. [10] this

was demonstrated by experimentally fabricating a fibre with total losses of just

0.16 dB/km at 1.55 µm. Alternatively, other glasses, such as K2O-MgO-SiO2 and

Na2O-B2O3-SiO2, have been proposed as candidates for ultra-low loss optical fibres

demonstrating losses due to Rayleigh scattering as low as 0.05 dB/km at 1.55 µm

[11].

The loss due to material absorption in the range from 0.5 to 2 µm is mainly due

to impurities in the fibre. The most significant contribution comes from OH ions,

which has harmonics of its vibration resonance peak at approximately 1.4 µm. In

state-of-the-art fibres, however the peak at 1.4 µm is usually reduced to less than

0.5 dB/km, and it virtually disappears in the so-called dry fibres [12], that are

already commercially available. The intrinsic absorption loss of the silica glass is

not very significant in the 0.5 to 2 µm range. It is indeed less than 0.1 dB/km

in the wavelength range from 0.8 to 1.6 µm [1]. This value gets higher only for

wavelengths lower than 0.4 µm where electronic resonances cause high ultra-violet
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absorption [13], and for wavelengths beyond 2 µm where vibrational resonances

become significant. To extend the operation of optical fibres beyond the silica

transparency window limit in the region of 2 µm, alternative materials have to be

used, such as fluoride [14], germanium dioxide [15], or chalcogenide glasses [16].

Another loss mechanism in optical fibres are the so-called waveguide losses, that

arise from perturbations on the waveguide structure that appear during the fabri-

cation process. Particularly significant can be the presence of imperfections on the

core-cladding interface, which can cause light to leak into the cladding. Usually,

during the fabrication process of an optical fibre a lot of care is taken in order to

ensure that the core radius does not vary significantly along the fibre length, which

allows such losses to be kept typically below 0.03 dB/km.

1.1.3 Dispersion

In optical fibres, dispersion is always related to the dependence of the phase ve-

locity of light to other parameters. In multi-mode fibres it arises mainly from the

fact that light guided at different modes present different velocities (intermodal dis-

persion), which is completely suppressed in single mode-fibres, in which dispersion

appears chiefly due to the fact that light at different wavelengths travel at different

speeds. Its immediate effect is to cause broadening of short-pulses, which can be

very detrimental in telecommunication systems. In nonlinear and ultrafast optics,

dispersion has to be taken into account because it plays a very important role in a

number of different phenomena, such as soliton propagation [17], mode-locking [18]

and parametric processes [19].

The dispersion in single-mode fibres, known as group velocity dispersion (GVD)

arises from both material and waveguide contributions. Material dispersion comes

from the fact that in a glass, the refractive index is wavelength dependent, and the

waveguide dispersion is due to the fact that part of the light might be guided in

the cladding, which has a different refractive index. The waveguide contribution

to dispersion is also wavelength dependent because the mode field diameter of a

propagating beam, therefore the amount of light which propagates in the cladding,

is strongly dependent on wavelength.

Mathematically speaking, dispersion can be accounted from expanding the mode

propagation constant β into a Taylor series around frequency ω0, as shown in Eq.
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1.4 [8].

β(ω) = n(ω)
ω

c
= β0 + β1(ω − ω0) +

1

2
β2(ω − ω0)2 + ... (1.4)

where

βm = (
dmβ

dωm
)ω=ω0 (1.5)

The term β1 is the group velocity, which is related to the propagation speed of

the envelope of an optical pulse, whereas β2 accounts for the first order derivative

of β1. In other words, β2, known as the GVD parameter, is a measure of how much

β1 varies with frequency, being responsible for pulse broadening.

Finally, the dispersion parameter D can be defined as

D =
dβ1

dλ
= −2πc

λ2
β2 = −λ

c

d2n

dλ2
(1.6)

For fused silica, both β2 and D have zeros around 1.27 µm. In an optical fibre, this

point in which D is zero is know as the zero-dispersion wavelength and it is usually

denoted by λ0 or λD. In practical optical fibres the zero-dispersion wavelength is

slightly shifted towards longer wavelengths due both to contributions that come

from waveguide dispersion and from changes on the material dispersion induced by

dopants in the core. The dispersion parameter as a function of wavelength for a

single-mode silica fibre can be seen in Fig. 1.2, where λ0 is around 1.31 µm. For

wavelengths close to λ0, or for ultra-short pulses (few femtosoconds) high-order

dispersive effects become significant and have to be taken into account [24]. This

is usually done by including in equation 1.4 and 1.5, the coefficient β3, known as

third order dispersion (TOD) parameter.

The zero-dispersion wavelength is a very important parameter because it de-

fines whether the the light is going to propagate in the normal or the anomalous

dispersion regime. For wavelengths higher than λ0, or for positive values of D,

higher frequencies travel faster than lower frequencies, which is known as anoma-

lous dispersion. In this regime, dispersion and self-phase modulation (SPM) can

act together to generate optical solitons [17]. And this phenomenon can be used

in mode-locked lasers to shape the output pulses [21]. In the opposite case, for

wavelengths lower than λ0, or negative D, the lower frequencies travel faster than
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Figure 1.2: Measured dispersion parameter as a function of wavelength in a single-mode silica
fibre. Taken from Ref. [20]

the higher frequencies, in what is called normal dispersion. In mode-locked lasers,

the combination of normal dispersion and SPM can lead to the formation of high

energy linearly chirped optical pulses [22, 23].

Dispersion shifted fibres (DSF) with up-shifted zero dispersion wavelength can be

build by tailoring the waveguide dispersion. This is done by adjusting fibre design

parameters such as the core radius a and the core-cladding index difference (∆)

defined by

∆ =
n1 − n2

n1
. (1.7)

DSFs were developed to have the zero dispersion wavelength around 1.55 µm

where the fibre attenuation is minimum, providing a low attenuation and low dis-

persion host for pulse propagation in telecommunication systems. However, with

the later development of wavelength division multiplexing (WDM) telecommuni-

cation systems, DSFs became problematic due to the fact that four-wave-mixing

(FWM) was being enhanced due to phase-matching by the operation near the zero

dispersion wavelength and causing channels to interfere with each other distorting
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the propagating signals. To avoid this problem, nonzero dispersion-shifted fibre

(NZDSF) were produced presenting low but nonzero dispersion at 1.55 µm. Fibres

with normal dispersion at 1.55 µm, known as dispersion compensating fibres (DCF),

were developed to be used to compensate the dispersion induced by the propagation

of optical pulses in standard fibres. The development of DCFs together with the

development of optical amplifiers were responsible for allowing the propagation of

pulses in telecommunication links for distances of hundreds of kilometres without

the need for electronic regeneration [1].

Fibre with flat dispersion over a broad wavelength range can be made by using

a multiple cladding layers [8]. Such fibres find direct application in WDM systems

in which they can be used to avoid GVD mismatch between the different chan-

nels. Dispersion decreasing fibres can be designed by gradually changing the fibre

core along the fibre length affecting its waveguide dispersion [25]. Dispersion de-

creasing fibres are generally used for adiabatic soliton compression [26, 27], where

under certain conditions the pulse duration of a soliton decreases to balance for

the decreasing dispersion. The dispersion profile of a DSF, a STF and a dispersion

flattened fibre can be seen in Fig. 1.3.

Figure 1.3: Typical dispersion profile for different kinds of fibres. Taken from Ref. [1]
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1.1.4 Self- and cross-phase modulation

Any dielectric media under high intensity electro-magnetic fields starts presenting

non-linear response to light. In such cases, the polarization P induced by electric

dipoles is not linear with the electric field E, and can be written as [8, 28]

P = ε0(χ(1).E + χ(2) : EE + χ(3)...EEE + ...). (1.8)

where ε0 is the vacuum permittivity and χ(j) is the jth order susceptibility. The

term χ(1) is related to the refractive index and to attenuation, whereas the term

χ(2) is responsible for second harmonic generation and sum frequency generation.

However, in silica glasses, or in any material that presents inversion symmetry at

molecular levels, the term χ(2) vanishes and the the non-linear effects related to

it can not be observed under normal conditions. Therefore, in optical fibres, the

lowest order non-linear effects arise from the third order susceptibility term χ(3),

which is responsible for phenomena such as third-harmonic generation, four-wave

mixing, and non-linear refraction (also known as the Kerr effect).

Silica glasses are not known for being a strong non-linear material, and indeed

its third order susceptibility is at least 100 times smaller than what is found in

many crystals and liquids used for non-linear conversion [28, 29]. However, the

long interaction lengths allowed by low-loss silica fibre combined with the small

core diameters found in single mode fibres, usually lower then 10 µm, makes silica

glass optical fibres an ideal host to observe non-linear effects even in the presence

of only modest average powers [30].

Two of the most important non-linear effects present in optical fibres, self-phase

modulation (SPM), [31] and cross-phase modulation (XPM) [32], arise from the

fact that the refractive index in optical fibres is intensity dependent, and it can be

written as

ñ(w, |E|2) = n(w) + n2|E|2 (1.9)

where n(w) stands for the linear part of the refractive index and n2 is the non-linear

index coefficient. |E|2 is the optical intensity propagating inside the fibre.

Both SPM and XPM are related to intensity dependent phase shifts on the optical

field that are self-induced in the case of SPM and caused by the presence of another
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field propagating at a different wavelength, direction or polarization, in the case of

XPM. The phase change of an optical field E1 during its propagation on the presence

of another field E2 can be estimated by

φ = nk0L+ n2k0L|E1|2 + 2n2k0L|E2|2 (1.10)

where k0=2π/λ and L is the fibre length. The linear part contribution to the

phase change is accounted by the first term on the right side of the equation. The

following two terms account for SPM and XPM, respectively.

To better understand the effects cause by SPM and XPM on the propagation of

short pulses in optical fibres, its important to look at the concept of chirp, which

is a measure of the time dependence of the instantaneous frequency. An unchirped

pulse, where the frequency distribution is uniform along the whole pulse in the time

domain, undergoing SPM and XPM can acquire an up-chirp spectral broadening,

lowering the frequencies on the leading edge of the pulse and raising the frequencies

on the its trailing edge. This up-chirp together with normal dispersion leads to even

faster temporal pulse broadening. A very important phenomenon happens when

self-phase modulation acts in the presence of anomalous dispersion. The up-chirped

caused by SPM under certain conditions can be perfectly balanced by the down-

chirping caused by the positive dispersion, shaping the pulse as a soliton [17] that

can propagate over long distances without any significant spectral and temporal

broadening [33].

SPM also has an important role in the pulse shaping of mode-locked lasers.

As said before, in the presence of intra-cavity anomalous dispersion the soliton

mechanism can be responsible for the pulse shaping regardless of the saturable

absorber response time, allowing the generation of short-pulses in the so-called

soliton mode-locked lasers [21]. In the case of optical cavities with net-normal

dispersion, self-phase modulation has an equally important role in the mode-locking

pulse shaping, acting in a balance together with dispersion, gain and loss in the

so-called dissipative soliton regime [34]. Such cavities can usually generate high

energy linearly chirped optical pulses [22, 23].

As can be observed in Eq. 1.10, cross-phase modulation has twice the contribu-

tion to the phase shift of an electrical field than that of SPM, when considering

two waves of same intensity propagating at different wavelengths. XPM is partic-
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ularly important in Raman and parametric optical pulse amplification where the

presence of the pump can phase modulate the signal causing spectral broadening

[32]. In telecomunication WDM systems, XPM can lead to detrimental effects such

as channel cross-talk.

1.1.5 Four-wave mixing

Another important nonlinear effect related to χ(3) present in light propagation in

optical fibres is four-wave mixing. FWM is a parametric phenomenon where the

optical fibre plays an passive role mediating the interaction of several different op-

tical wavelengths. In its basic form, FWM is the generation of two new frequencies

ω3 and ω4 (Stokes and anti-Stokes frequencies) from the interaction of two pump

waves ω1 and ω2, such as in Eq. 1.11 [8].

ω3 + ω4 = ω1 + ω2 (1.11)

In quantum-mechanical terms, FWM can be understood as the annihilation of

one or more photons and the generation of new photons at different frequencies

conserving energy and momentum. Although, FWM is an optical process involving

four different frequencies, it can still occur if two of the propagating frequencies

coincide. In this case, called degenerate four-wave mixing, two photons are annihi-

lated from the pump and one is generated at each Stokes and anti-Stokes frequency.

A crucial condition that has to be satisfied in order to make the FWM process

efficient is phase-matching. Since FWM is a phase sensitive process, for its effect

to accumulate over long distances all wavelengths involved have to travel at speeds

close to each other in order to avoid phase-mismatch. In optical fibres this is usually

achieved by having the optical frequencies close to each other, or by pumping close

to the zero dispersion wavelength of the fibre.

If a previous wave is already propagating at the Stokes or at the anti-Stokes

frequency, then FWM can be used to amplify it, allowing the creation of fibre

optical parametric amplifiers (FOPA) and oscillators (FOPO) [19]. FOPAs can

present wide spectral tunability, and can be used as an alternative gain medium

for optical sources at non-conventional wavelengths [35]. Another possible way to

build optical parametric amplifiers (OPA) and oscillators (OPO) is based on using

sum and difference frequency generation provided by a crystal that exhibits χ2
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nonlinearity. In multi-channel telecommunication systems, FWM has to be avoided

because it can also lead to signal deterioration due to signal cross-talk. This can

be done in a number of ways, such as propagating the channels far away from the

zero dispersion wavelength of the fibre or using unequally spaced channels [36].

1.1.6 Modulation instability and temporal solitons

Modulation instability (MI) is a non-linear phenomenon present in optical fibres

that can lead to the breakup of CW or quasi-CW fields into a train of ultra-short

pulses [8, 37]. MI can be physically understood by a four-wave mixing, phase-

matched by the interplay of the optical Kerr effect and the chromatic dispersion,

that can happen when light propagates in the anomalous dispersion regime in a

region where the non-linear contribution to the phase matching condition is dom-

inant [38]. In the temporal domain, small noise fluctuations of the CW field are

amplified through the parametric process described above, also in this case called

MI gain, and depending on the amount of amplification it can lead to the genera-

tion of optical solitons. This amplification scheme can be used in oscillators as a

mode-locker in the generation of high-repetition rate ultra-short pulses [39].

The frequency separation under which the MI signal experiences maximum gain

can be found from the expression [8]

Ωmax =

√
2γP0

|β2|
(1.12)

with a peak value gmax = 2γP0, where γ is the non-linear parameter of the fibre

and P0 is the signal power. The frequency separation of the MI gain sidebands is

important because it determines the period of the generated pulse train, which is

usually of the order of hundreds of GHz [40] or even THz [41]. The importance of

modulation instability in optical fibres, however is not limited just to high repetition

rate pulse formation. MI also plays a crucial role in the generation of Raman-soliton

supercontinuum [42].

As mentioned before, modulation instability can lead to the generation of optical

solitons. For a set of pulse shapes, the chirp induced by self-phase modulation

can be perfectly counter-balanced by the chirp induced in the other direction by

anomalous dispersion, creating optical pulses that propagate without any spectral
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or temporal change. These are called fundamental solitons [17], and their natural

shape is a sech2. Its envelope field can be defined as

E(z, t) =
√
P0sech(

t

τ0
)exp[iz

β2

2τ0
2
] (1.13)

where t stands for time, z is the distance along the propagation axis, P0 is the

soliton power and τ0 the soliton duration. The soliton power and duration are

related by the Eq. 1.14, also know as soliton condition:

N2 =
γP0τ0

2

|β2|
(1.14)

where N is an integer number that represents the soliton order. For N = 1,

the pulse is a fundamental soliton and assuming that the parameters γ, β2 and

P0 in Eq. 1.14 remain unchanged it propagates without any temporal distortion.

Slow variations on the dispersion, nonlinearities, or power can be used to reduce

the solution duration, which is a technique known as adiabatic pulse compression

[26, 27]. For values of N higher than one, the pulse is called a high order soliton,

and it propagates showing periodic temporal and spectral changes with a periodicity

defined by the soliton period z0, described by [8]

z0 =
π

2

τ0
2

|β2|
(1.15)

This periodic feature of high-order solitons can also be used for pulse compression,

simply by removing the pulse from the fibre at the point in which it has the shortest

duration. This soliton effect compressor technique has been already demonstrated

many times [43, 44].

1.1.7 Photonic crystal fibres

Photonic crystal fibres (PCF), sometimes also referred to as holey fibres, belong to

a different class of optical fibres. They are usually made of pure fused silica glass

and have a solid or a hollow core surrounded by air holes [45, 46]. An example of

a standard solid core PCF can be seen in Fig. 1.4, where the holes are arranged

in a triangular latice. The two parameters that define the cladding structure are

the diameter of the holes d and the distance between the centre of two consecutive

holes or the pitch Λ. However, other lattices structures are possible and the holes
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can also be filled with different liquids or gases in order to change the properties of

the fibre.

Λd

Figure 1.4: Typical structure of a solid-core PCF of hole diameter d and picth Λ.

The light guiding mechanism in PCFs is based on a photonic bandgap effect. The

periodicity of the holes structure cause some frequencies to interfere destructively,

not being allowed to propagate in the cladding, therefore being guided in the core.

In the solid-core PCFs an analogy can me made with standard step-index fibres

and the guiding mechanism can be understood as due to total internal reflection

caused by a lower refractive index on the cladding region [47].

Photonic crystal fibres can present many interesting features that can not be

found in conventional single-mode fibres, such as anomalous dispersion below 1.27

µm [48], single mode properties at all wavelengths [49] and high nonlinearities [50].

The most attractive feature of PCFs are the fact that fibre parameters such as, the

dispersion profile, the effective area, and nonlinearities can be tailored by changing

the hole geometry of the fibre [51]. The variety of different dispersion profiles

found in different PCFs have found various applications in laser design, especially

where dispersion plays an important role such as in supercontinuum generation

[52, 53], modulation instability lasers [54] and FOPOs [55]. The main practical
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drawback usually associated with PCFs is that they can present very high losses,

which sometimes can be as high as hundreds of dB/km. The high levels of loss in

PCFs are usually related to the absorption caused by the presence of residual OH-

in the fibre and also to scattering [56]. At higher wavelengths confinement losses

[57] can also be significant.

1.2 Short-pulsed laser sources

The term short-pulsed lasers, or ultra-short-pulsed lasers, usually refers to lasers

that have pulse durations on the order of femtoseconds or picoseconds. However

these terms do not have a strict definition and can sometimes be used to refer even

to a few nanosecond laser source. Here in this thesis, short-pulsed lasers is used to

refer to lasers with pulse durations lower than a nanosecond. In the literature, it

can also be found the term ultrafast laser describing pulses of such time scales, and

it is sometimes also used in thesis as a synonym for short-pulsed lasers.

A number of features of short-pulsed lasers sources make them attractive tools in

a number of different applications [58]. The ultra-short duration of the pulses allow

ultra-fast temporal resolution that can be used for example to measure the motion

of molecules and electrons or chemical reaction dynamics [59]. Such applications

made possible by the development of femtosecond lasers have lead Ahmed H. Zewail

in 1999 to win the Nobel Prize in Chemistry “for his studies of the transition

states of chemical reactions using femtosecond spectroscopy”. Moreover, multi-

GHz laser sources that can be obtained from mode-locked oscillators find interesting

applications in high-capacity telecommunication systems [60].

More applications of short-pulsed lasers can be find due to the high peak powers,

sometimes even of the order of Mega-Watts, that can readily be achieved by con-

centrating the energy in such short time windows. These applications range from

high-harmonic generation to laser ablation and these sources are also attractive to

be used to excite non-linear effects and for wavelength conversion. Other uses of

short-pulsed lasers can be found in optical coherence tomography (OCT), optical

frequency metrology and X-ray imaging and microscopy.

The developement of short-pulsed laser sources started just a few years after

the demonstration of the first laser in 1960 [61] when in 1964 the technique of

mode-locking was first proposed [62, 63], and immediately after there were a few

34



1.2 Short-pulsed laser sources

experimental demonstrations of mode-locked lasers [64, 65, 66]. However, some

of them [65, 66] were in the so-called Q-switched mode-locking regime, where the

train of short pulses are not regular and exist just inside a much longer Q-switched

pulse envelope. Full mode-locking of a fibre laser was first demonstrated in 1986 [67]

where pulses shorter then a nanosecond were generated in a Neodymium-doped fibre

laser actively mode-locked by using intra-cavity acousto-optic loss modulation. The

first demonstration of fully passive mode-locking in a fibre laser came 4 years later

when in 1990 [68, 69] 2 ps pulses where produced utilising a nonlinear amplifying

loop mirror (NALM).

1.2.1 Fibre lasers

There are two main categories in which solid-state lasers are usually divided, they

can be either bulk or fibre-based lasers. Bulk lasers refer to solid-state lasers that

use as the gain medium a bulk doped crystal or glass, whereas fibre lasers use optical

glass fibres, which can be doped or not, to achieve optical gain. Since all the work

described in this thesis is focused just on fibre lasers, if the reader is interested in

further information about bulk lasers refer to Ref. [58] and references therein.

Fibre lasers have attracted a lot of attention especially in the last few decades

due to a number of advantages they present in comparison to bulk laser systems.

Amongst them we can highlight the fact that all-fibre systems can be made very

compact, reliable, efficient, robust against environmental and mechanical instabili-

ties, and often at much lower costs. Although many fibre-lasers have bulk elements

inside their cavity, the current availability of optical devices in a fibre-pigtailed

format, such as isolators, filters, gratings and couplers, have made all-fibre laser

sources a well-established reality in both industry and academia.

Even one of the main drawbacks that fibre lasers posed in the past that was

the low level of average powers that could be achieved in such configuration due

to the usual reduced fibre cores, have been changing drastically during the last

decade. The development of fibres with very large mode area [70, 71] have allowed

fibre lasers to operate at high average powers [216], up to the order of kW for CW

operation [73], making them an alternative source in high-power applications that

were beforehand dominated by solid-state bulk lasers. The high levels of average

power can also be found in short-pulsed systems [74], where femtosecond lasers with
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hundreds of watts average power been already demonstrated [75].

Currently, fibre lasers can already cover a broad range of wavelengths, especially

in the range from 1 to 2 µm, particularly due to the availability of fibre amplifiers

doped with rare-earth ions such as erbium (Er+3), ytterbium (Yb+3), neodymium

(Nd+3) and thulium (Tm+3). Moreover, the gaps between the emission band of

such doped amplifiers can be fulfilled by alternative gain configurations such as

Raman or parametric amplification, that can be also used to extend the coverage

of fibre lasers to the visible region of the spectrum or even beyond 2 µm.

1.2.2 Mode-locking

Mode-locking [76] is the technique which is by far the most widely used to generate

short pulses in fibre lasers. The basic concept behind its mechanism is that if the

longitudinal modes that propagate in a cavity have a fixed phase relationship be-

tween them, or in other words if the phase difference between any two neighbouring

modes is locked to a constant value, then a train of short pulses forms. This can be

seen in Fig. 1.5 where the intensity is plotted against time for the case of 1, 3 and

5 modes locked in phase with same amplitude. It can be observed that even for the

case of just 3 modes summed in phase a pulse-like output is already obtained. The

more one increases the number of modes (or bandwidth), the shorter the pulses

become. In the case of just one mode, also know as a single-frequency laser, the

output is a CW beam and obviously no mode-locking is possible.

If there is no fixed phase relationship between the longitudinal modes in a cavity,

or in other words, if the longitudinal modes have random phases in relate one

to the other, then the output of the laser is CW. This can be seen in Fig. 1.6

where intensity is plotted against time for both cases where longitudinal modes

are summed with and without a fixed phase relationship. The same situation is

analysed for a cavity with 20 (Fig. 1.6 (a)) and 200 (Fig. 1.6 (b)) modes. As can

be seen again, the higher the number of longitudinal modes the shorter the pulses

become, allowing higher peak powers.

Mode-locking can be achieved in fibre lasers by passive or active techniques. In

active mode-locking, either a phase or an amplitude modulation is applied to the

loss in the cavity at a frequency that is a multiple of the cavity repetition rate. This

is illustrated in Fig. 1.7, where the pulse formation happens in a region in time close
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Figure 1.5: Output of a laser with one mode and with 3 and 5 modes looked in phase.
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Figure 1.6: Normalized output of a laser with longitudinal modes with fixed (blue) and random
(red) phase relationships. Fig. a) is the output of a laser with 20 longitudinal modes and Fig.
b) a laser with 200 longitudinal modes.
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to the loss minima, when the net gain becomes positive and the device lases. In

practice this is usually done by using an acousto-optic or an electro-optic modulator

inside the cavity. Although, active mode-locking can be a good practical solution

to achieve mode-locking at high harmonics of a cavity repetition rate, usually it

present many drawbacks if one compare it with other passive techniques. Specially

on pulse duration, passive mode-locking easily allows the generation of femtosecond

pulses (at least tens or hundreds of femtoseconds), whereas active mode-locking

usually generates pulses longer than a picosecond. The necessity of an optical

modulator, an electronic driver and a synchronization scheme also enhances the

system’s complexity.
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Figure 1.7: Normalized schematic of the active mode-locking mechanism through loss modu-
lation.

The mechanism behind passive mode-locking is also a type of loss modulation.

The main difference is that in this case the modulation is optically driven on a

passive element (a saturable absorber), or driven by a non-linear mechanism that

emulates saturable absorption, where high intensity light experience lower levels of

loss than low intensity light, shaping the optical pulses over successive round-trips.

Some examples of passively mode-locking techniques that do not need a physical

saturable absorber are based on non-linear phase shifts experienced by the beam at

its high-intensity peaks, such as Kerr-lens mode locking [77] and non-linear polar-

ization rotation [78], and also based on intensity-dependent frequency conversion

as in the case of non-linear mirror mode locking [79]. All of them rely on the fact

that the non-linearity which is induced by high-intensity light makes the peak of

the pulses to experience either more gain or less loss during a round trip, making
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1.2 Short-pulsed laser sources

the whole mechanism work as if a “virtual saturable absorber”.

Although very short pulses can be obtained from these techniques [80], kerr-lens

mode-locking and non-linear mirror mode locking are usually associated just with

bulk lasers, and non-linear polarization rotation, or other techniques based on it

such as mode-locking through a non-linear loop mirror (NOLM) [69], suffer from

instabilities due to fluctuations in ambient temperature, and often exhibit poor

self-starting performance. These drawbacks can be avoided by the usage of real

saturable absorbers.

1.2.3 Saturable absorbers

A saturable absorber is basically a device which presents loss saturation under

the presence of a certain amount of optical power. The main parameters used to

characterise this type of device are the modulation depth, recovery time, saturation

intensity and non-saturable losses. A schematic of its functioning mechanism can

be seen in Fig. 1.8.
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Figure 1.8: Attenuation against intensity plot of a typical saturable absorber, where Isat is
the saturation intensity, Amin and Amax are the minimum and maximum values of attenuation
and ∆α is the modulation depth.

Under low input intensities the attenuation of a saturable absorber is at its max-
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imum (Amax), however the more the intensity increases the more the attenuation

decreases, until it gets to a certain level (Amin) which is know as the non-saturable

loss. The normalised difference between the maximum and the minimum atten-

uation is known as the modulation depth (∆α), and for efficient mode-locking it

usually has to be at least about 10%. The intensity that is necessary to decrease the

attenuation of the saturable absorber by half of its modulation depth is known as

the saturation intensity, which is considered to be the point at which that absorber

starts to saturate. In typical saturable absorbers this value can range from a few

MW/cm2 to hundreds of MW/cm2.

The recovery time of a absorber is the time needed for the attenuation to come

back to its maximum value after being saturated. In typical saturable absorbers this

recovery time can range from nanoseconds to a few femtoseconds, however the pulse

shaping mechanism usually relies also on other dispersive, non-linear and filtering

effects. In many cases the saturable absorber only triggers the locking mechanism

and the pulse shaping itself is realised through soliton effects [21], which allows

the generation of pulses with durations much shorter than the saturable absorber

recovery time.

The most common and widely used saturable absorber in mode-locked lasers

so far have been the semiconductor saturable absorber mirrors, or SESAMs [81].

The usage of SESAMs considerably improve self-starting and robustness against

environmental perturbations, however they are usually fabricated to operate just at

specific wavelength ranges that are generally not broader than tens of nanometers.

In addition, the fabrication cost of SESAMs at nonstandard wavelengths can be

considerably high. This might not be considered a drawback if one is building a

standard Ytterbium-doped or Erbium-doped mode-locked laser, however if one is

interested in more exotic gain mechanisms such as Raman gain, then the concept

of a more wavelength versatile mode-locker becomes more interesting. This can be

fulfilled by the usage of graphene or carbon nanotubes.

Carbon nanotubes and graphene are newly developed nanomaterials based on

carbon that present interesting optical properties. Carbon nanotubes for example

can present broadband saturable absorption in a single device by having a wide dis-

tribution of tubes with different diameters, that was experimentally demonstrated

in [82] where a single nanotube film was used to mode-lock lasers at 1.05 µm, 1.56

µm and 1.99 µm. Graphene, also known as the universal saturable absorber due
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1.2 Short-pulsed laser sources

to its zero-gap dispersion relation [83], can be used to mode-lock lasers virtually

at all wavelengths. Moreover, both have low fabrication costs and can be easily

incorporated in an all-fibre configuration laser. A more detailed description of the

physics and the applications that are related to these materials can be found in the

later chapters.

1.2.4 Dissipative solitons

Dissipative solitons are localized formations of an electromagnetic field that are

maintained through an energy exchange balance between gain and loss under the

presence of non-linearities, dispersion and spectral filtering [34, 84]. In fibre lasers,

this type of solitons are know to be highly chirped long pulses, with pulse durations

that usually range from a few picoseconds to a few tens of nanoseconds. It has

been experimentally demonstrated that mode-locked lasers can support such pulsed

solutions under the presence of net-normal dispersion [85], and since then a lot of

attention has been dedicated to these topics [23, 86, 87].

The pulse shaping mechanism in such mode-locked systems can be understood as

follows. Noise fluctuations are triggered by the saturable absorber, which over the

successive round trips inserting more loss to the edges of the pulse-like structure

gives rise to a proper pulse, as in any mode-locked laser. The difference here is how

the pulses maintain themselves when propagating inside the cavity, since there is no

interplay between the self-phase modulation and anomalous dispersion shaping the

pulse as a soliton. In dissipative solitons the self-phase modulation generates new

frequencies on the edge of the pulses, which act together with the normal dispersion

that makes the frequencies at the front edge to travel faster than the frequencies

at the trailing edge, making them temporally even more apart, broadening the

pulse in duration and giving it a chirp. However, the spectral filtering present in

the cavity, when it cuts the edges of the spectrum, is in reality also cutting the

temporal edges of the pulse because that is the part of the pulse in which the lower

and the higher frequencies remain. A similar situation happens in the saturable

absorber. When the edges of the pulse receive more loss, this also means that the

edges of the spectrum are “seeing” more loss, cutting the pulse spectrally.

For a number of reasons this operation regime has been studied and used as an

alternative pulsed source to the traditional solitons found in anomalous dispersion
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systems. One of the main factors that contribute to the recent interest in dissi-

pative solitons is the long pulse durations that allows this regime [88, 89] allow

significant scaling of the pulse energies achievable [90] overcoming the limits on

pulse energy imposed by the soliton regime. Moreover, their chirped nature makes

them compressible simply by propagating them through anomalous dispersion me-

dia, allowing high peak powers to be achieved. Pulses with µJ energies [91] and

mega-watt peak powers [92, 93] have already been experimentally demonstrated in

dissipative soliton lasers.

Another interesting trait of dissipative soliton lasers is that they allow the gener-

ation of short-pulses at wavelengths lower then 1.3 µm in more compact schemes,

without the need of dispersion management techniques to achieve soliton mode-

locking obtained by placing gratings or PCFs inside the cavity, reducing the sys-

tem’s complexity. Ytterbium-doped mode-locked lasers in particularly can take ad-

vantage of this, and indeed many experimental demonstrations of such dissipative

soliton lasers have been demonstrated in such configurations [23, 88, 93]. Equally,

chirped pulse amplification (CPA) schemes can be simplified by using pre-chirped

pulses available direct from the output of dissipative soliton lasers, eliminating the

need for a separate pulse-stretcher stage [94].

Mathematically, dissipative solitons can be described by the complex cubic-

quintic GinzburgLandau equation (CGLE), which is an extension of the nonlin-

ear Schrödinger equation to higher-order and dissipative terms [34, 84]. Although

typical dissipative solitons have a square-shaped spectrum [88] and temporally are

represented by linearly chirped long pulses, there is a huge variety of possible pulse

shapes and spectral profiles that can become a stable pulsed solution from the

CGLE [86]. Moreover, dissipative solitons are know to be more resistant and ro-

bust to perturbations and break-down as their energy is scaled than traditional

solitons. These traits are particularly interesting for the mode-locking of Raman

lasers, in which their typically very long lengths and high levels of noise makes

it difficult to achieve a steady state without power fluctuations to suit solitonic

mode-locking in anomalous dispersion fibres.
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1.2 Short-pulsed laser sources

1.2.5 Other short-pulsed laser sources

Although mode-locking is by far the most used technique applied to achieve short-

pulses in fibre lasers, it is definitely not the only one. Long nanosecond or microsec-

ond pulses with high energy can be produced by Q-switched lasers [95], where the

repetition rate is usually higher than the inverse of the cavity round-trip time. The

mechanism behind the pulse formation in Q-switched lasers is energy accumula-

tion during a period in which the cavity loss is kept to a high value, and sudden

release of the accumulated energy through temporally reducing the overall cavity

loss. Similar to mode-locking, this can be achieved actively through a loss modula-

tor or passively by using a saturable absorber. Although high energetic pulses can

be easily achieved by Q-switched lasers, their long durations usually do not allow

high peak powers to be obtained.

As already mentioned in section 1.1.6, modulation instability can also be used

to generate ultra-short pulses in all-fibre configurations [39]. Although the pulse

formation in MI lasers can be understood as a dissipative four-wave-mixing mode-

locking, their typical pulse parameters such as repetition-rate and peak powers

usually differ substantially from standard mode-locked lasers by orders of magni-

tude. In modulation instability lasers, hundreds of GHz or even THz repetition

rates are routinely obtained [40, 41]. Nevertheless, this has an immediate impact

in lowering the peak powers achievable from such oscillators, that are much lower

than what is usually produced in standard mode-locked lasers.

MI lasers can be obtained in very simple schemes simply by adding an anoma-

lous dispersive nonlinear fibre with the zero dispersion not too far away from the

wavelength that is oscillating in the cavity, and properly adjusting the polarization

state of the propagating light. This can be readily done at 1.55 µm [40] where

standard fibres are usually anomalous, however at wavelengths lower then 1.3 µm

a PCF properly designed with anomalous dispersion for that spectrum region has

to be used [54]. Additionally, the necessity of constant adjustment of the polar-

ization state of light inside the cavity can cause temporal instabilities, making this

approach to generate short pulses not very practical.

An interesting technique to generate wavelength versatile short-pulsed fibre lasers

is to use optical parametric amplification as the gain media. As discussed in section

1.1.5, four-wave-mixing can be used to create a widely tunable fibre optical para-
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metric oscillator (FOPO) [35]. This can be done either by synchronously pumping

an optical cavity [55] or by direct actively mode-locking an FOPO [96]. The main

issue regarding the synchronously pumping scheme is that a previous high-power

short-pulsed laser source is necessary as a pump, enhancing the system’s complex-

ity. Additionally, to mode-lock a FOPO can be difficult due to the intra-cavity

power levels that are necessary for the parametric conversion. So far, only active

modulation schemes have been experimentally demonstrated [96], and no passive

mode-locking was ever reported in such lasers.

In comparison with Raman lasers, FOPOs offer a much wider wavelength tunabil-

ity in a single device. By tuning the pump wavelength around the zero dispersion

wavelength of a fibre with properly designed dispersion curve, the Stokes and anti-

Stokes signal can be widely tuned to satisfy the phase-matching conditions. In ref.

[97] for example, a 20 nm tuning of the pump, allowed more than 200 nm tunability

on the new generated waves. However, the extra care with the dispersion profile of

the gain fibre needed to achieve phase matching [98] is what makes FOPO’s much

more complex systems than Raman lasers. One of the features of Raman lasers

that makes them attractive is their simplicity. The only requirement for building

an efficient oscillator based on Raman gain is having a pump with enough power

and a fibre with sufficient non-linearity.

1.3 Raman fibre lasers

In non-linear effects such as SPM, XPM and FWM there is no energy exchange

between the electromagnetic field and the dielectric medium where it is propagating.

Nonetheless, there is a class of non-linear phenomena known as inelastic effects in

which the dielectric medium plays an active role such as in stimulated Raman

scattering (SRS) [99] and in stimulated Brillouin scattering (SBS) [100]. Both

phenomena can be understood on a quantum-mechanical level as the annihilation

of a photon from a pump field and the generation of a Stokes photon at a lower

frequency (or higher wavelength) and a phonon. The main difference between them

is that SRS is associated with optical phonons, whereas acoustic phonons participate

in SBS.

Although in the quantum-mechanical picture the difference between them seems

to be subtle, it leads to very dissimilar behaviour. For example, in silica fibres the
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frequency shift between pump and Stokes beams associated with SRS is usually

around 13.2 THz, whereas in SBS this value is much lower, lying between 10 GHz

to 20 GHz. This difference in frequency shifts between both effects is due to the fact

that SBS originates from light interaction with propagating acoustic waves, whereas

SRS originates from light interaction with resonant modes of a molecular system,

having the frequency shift determined by these discrete molecular resonances.

The long frequency shift allowed by SRS allied with the high non-linearities

and long interaction lengths that can be found in optical fibres, makes Raman

scattering a very efficient and simple tool for wavelength conversion, being already

widely used in optical broadband amplification systems and tunable lasers [99].

Since all the experimental work presented in this thesis is about Raman lasers,

the present section is dedicated only to SRS, deepening the understand about the

physics involved in the Raman gain process and its usage in CW and pulsed fibre

lasers. Further information about Brillouin scattering and Brillouin lasers can be

found in ref. [100] and in references therein.

1.3.1 Stimulated Raman scattering

The Raman effect was discovered in 1928 by the Indian physicist C. V. Raman

when he observed that a new type of down-shifted scattering was present when

light was focused into sufficiently dense liquids and vapours [101, 102]. This led

him to win two years latter the Nobel prize “for his work on the scattering of light

and for the discovery of the effect named after him”. The physics behind Raman

scattering can be understood as an inelastic effect in which part of the incident

beam energy is absorbed and maintained in the medium in the form of molecular

vibrations, causing the light to be scattered back with less energy (or in a lower

frequency) than previously. This is schematically shown in Fig. 1.9, where different

molecular vibrational states and light scattering process related to these states are

drawn.

When light that is propagating in a dielectric medium is absorbed, it can excite

the molecules that are in a stable ground vibrational state E0 to a higher unstable

(sometimes called virtual) vibrational state Ev, where the difference Ev - E0 equals

the energy of the incident photon Ep. In a normal situation, since this new state

is unstable, after a few femtoseconds the medium re-emits a photon with same
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Figure 1.9: Schematic of Raman Scattering.

energy Ep and the molecule comes back to its original energy state E0, in an elastic

scattering process know as Rayleigh scattering. However, it can happen that after

re-emitting back the absorbed photon the molecule instead of coming back to the

ground state E0 it stays in a higher but still stable vibrational state level E1. In

this case the re-emitted photon is going to have an energy Es that equals to Ev -

E1, therefore being less energetic than the original absorbed photon Ep. From the

Planck relation E = h.ω that defines the relation between the photon energy (E)

and the frequency (ω) of its associated electromagnetic wave, where h is the Plank’s

constant, it can be seen that the new generated photon for this later case is going

to be scattered in a lower frequency, or in a higher wavelength. This mechanism is

called Stokes Raman scattering, or simply Raman scattering.

Although much less likely, a different situation, called anti-stokes Raman scat-

tering can also occur. If a molecule that is already at the energy level E1 absorbs

a photon and re-emits it coming back to the ground level E0, then the re-emitted

photon is going to have more energy then the original photon that was absorbed.

In this case the energy of the new photon equals Ev + E1, therefore shifting the

original frequency by the same amount as the Stokes case, however now to a higher

frequency, or to lower wavelength.

Additionally, the existence of a previous signal at the Stokes frequency ωs to-

gether with a beam at the pump frequency ωp can stimulate the Raman scattering
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process providing optical amplification to ωs, which can be better understood in a

wave picture. When the pump wave, and therefore also the scattered wave, have

sufficient intensity they can both interact causing a non-linear enhancement of the

medium excitation, which on its turn enhances the scattering. This positive feed-

back which is achieved above a critical incident intensity causes the scattered light

to be exponentially amplified, characterizing the stimulated scattering regime.

Although for a given material, the shift in frequency is always the same, by

changing the pump wavelength one can properly set the Stokes wavelength, allowing

the generation of tunable optical amplifiers. This capacity of Raman amplifiers of

extending the wavelength range in which one can obtain gain in optical fibres is

very attractive to fibre lasers, in which the extensive use of rare-earth-doped fibre

amplifiers restrain the usage of such lasers just to specific wavelength bands.

1.3.2 Raman gain in optical fibres

Despite an early report in 1970 of a Raman oscillator built using a liquid-core

optical fibre waveguide structure [103], the first report of a Raman laser using a

fibre waveguide made fully of glass came just two years later [104]. Since then

the field increased immensely and Raman fibre lasers became an established reality

used directly to efficiently achieve high-power at a number of wavelengths [105, 106,

107, 108] or used as a pump for other sources of wavelength conversion [109].

The Raman gain profile of optical fibres made of silica glass can be seen in Fig.

1.10. Its peak occurs at a frequency shift of around 13.2 THz (440 cm−1) and its

spectrum extends over about 40 THz, which allows the generation of broadband

amplifiers [110] and widely tunable lasers [111]. For a pump at 1 µm co-polarized

with the signal the peak of the Raman gain (gr) is approximately 10−13 m/W. For

un-polarized beams gr is divided by a factor of 2, and for orthogonally polarized

beams the Raman gain nearly vanishes. Its value also scales inversely with the

pump wavelength.

Although the Raman gain in silica glass is not as high as the gain found in others

optical amplifiers, doping the fibre with different materials or using different types

of glass can dramatically change the intensity and the profile of the Raman gain,

allowing the generation of strong amplification in just a few tens of meters of fibre.

This possibility is further explained and explored in chapter 4 where a heavily doped
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germanium fibre is used to build a Raman laser.
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Figure 1.10: Normalized Raman gain profile in silica fibres for a pump at 1 µm.

The most interesting aspect about using Raman amplification in optical fibres

is its capability of providing gain over the whole silica transparency window (300

nm - 2 µm), allowing the generation of coherent light in the gaps left in between

the emission band of rare-earth doped elements. Although a strong pump laser is

required for Raman amplification, usually at a Watt level for CW radiation, this

is not necessarily a wavelength limitation, as the Raman process can be efficiently

cascaded many times [112, 108].

To exemplify the wavelength versatility constraint found in typical fibre lasers,

Fig. 1.11 shows the emission bands of ytterbium (Yb+3), bismuth (Bi+3), praseodymium

(Pr+3), erbium (Er+3) and thulium (Tm+3) doped-fibre amplifiers, which are some

of the most used doped-elements in fibre lasers. Ytterbium- and erbium-doped fi-

bres are already part of a mature technology that has been widely used over many

years in fibre lasers [113]. More recently, a lot of interest has been placed in thulium-

doped fibre lasers [114] providing gain for wavelengths around 2 µm. Other elements

such as bismuth, praseodymium and neodymium can also be used in doped fibre

lasers to fill the wavelength gap between the ytterbium and the erbium band, how-
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Figure 1.11: Typical emission bands of Yb+3, Bi+3 and Er+3 doped-fibre amplifiers in silica
hosts, and Pr+3 and Tm+3 doped-fibre amplifiers in fluoride hosts.

ever given the current technology their performance is far away from that of Erbium

or Ytterbium fibre lasers and their use is not very practical in many applications.

For that reason, it becomes evident that the development of fibre lasers based on

Raman gain is interesting in order to fill these wavelength gaps and also to further

extend optical amplification to the visible region of the spectrum. Moreover, mainly

due to its distributed amplification nature, Raman amplifiers have become widely

used in telecommunication systems over the last decades [99]. The possibility of

combining pump lasers at different wavelengths allows the generation of broadband

Raman amplifiers with flat gain [110, 115]. Adiabatic compression schemes can also

take advantage of the distributed nature of Raman gain [116].

1.3.3 Mode-locked Raman fibre lasers

The wavelength versatility allowed by the use of Raman gain as an optical ampli-

fication source can be applied also to short-pulsed laser generation, where different

applications often demand different operational wavelengths. There have been al-

ready a number of reports utilizing Raman gain in ultrafast sources [117, 118,
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119, 120, 121]. However, to date, this field is still under development and none of

these systems has reached a level of performance comparable with state-of-the-art

rare-earth-based lasers. In Ref. [117], dissipative four-wave mixing was used for

mode-locking, generating a pulsed laser with a very high repetition rate. While this

is useful for some applications, the high repetition rate limits the delivered peak

power. Nonlinear loop mirrors [118, 119] and nonlinear polarization evolution [121]

have also been used to provide saturable absorption, but such systems suffer from

instabilities due to fluctuations in ambient temperature, and often exhibit poor

self-starting performance.

More recently, a Raman mode-locked laser using a semiconductor saturable ab-

sorber mirror (SESAM) was reported [120]. While the use of a SESAM improves

self-starting and robustness against environmental perturbations, there is limited

spectral operation from a single device. In addition, as already said before the

fabrication cost of SESAMs at non-standard wavelengths is high. Availability of a

broadband saturable absorber (SA) to achieve mode-locking at any desired wave-

length across the transmission window of silica is an essential prerequisite to fully

exploit the flexibility of Raman amplification in ultrafast sources across the visible

and near-IR. Recent interest in the application of nano materials, in particular car-

bon nanotubes (CNTs) [122] and graphene [123, 124], as SAs in mode-locked lasers

have moved the field a step closer to a fully universal device. The work shown in

this thesis focuses mainly in this particular possibility of combining Raman gain

and carbon-based saturable aborbers in an oscillator, contributing to move the field

of short-pulsed lasers to a more universal laser source.
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nanotubes

The rapid development of carbon nanotubes technology that has happened in the

last decades, together with some of its unique optical, mechanical and electronic

properties, have allowed its usage in a large number of applications in the most

diverse areas such as medicine, electronics, chemistry, optics and as structural ma-

terials. One of its main applications in the laser sciences is its use as a saturable

absorber. This is due to some interesting optical properties carbon nanotubes

present, such as fast response time, broadband operation, low fabrication cost and

easy incorporation in fibre devices.

The mode-locking of lasers using carbon nanotubes, and more recently also using

graphene, have been extensively studied for the last decade in many different laser

configurations generating short pulses at a number of different wavelengths and it

is now becoming an alternative to SESAMs that are routinely used in commercial

mode-locked lasers. Its broadband operation as a saturable absorber makes carbon

nanotubes-based devices an ideal mode-locker to exploit the wavelength flexibility

of Raman lasers, serving as a technique for the development of simple and compact

ultrashort sources across the complete transparency window of silica fibres.

In this chapter first there is a brief introduction about carbon nanotubes high-

lighting some of its main optical properties that make them interesting devices in

photonics sciences, then the experimental work done showing the use of carbon

nanotubes as a saturable absorber to mode-lock Raman lasers is presented. In or-

der to show the wavelength versatility allowed by the combination of CNT-based

devices and Raman gain, two systems are built, one generating short pulses at 1120

nm and the other at 1660 nm. Conclusions are drawn in the end.
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2.1 Introduction

Carbon is an element that can exist in nature under many different crystalline

forms, such as diamonds, graphite, buckyballs, carbon nanotubes and graphene.

Whereas graphite and diamond have been well known for more than a century, the

discovery of carbon nanotubes is usually referenced to a work published by Ijima

only in 1991 [125], and more recently was the discovery of graphene that, despite

many early theoretical studies, was experimentally demonstrated only in 2005 by

Novoselov et al. when a stable 2-D atom-thick layer of carbon was produced by

mechanical exfoliation of graphite [126].

MWCNTSWCNT

Figure 2.1: Single- and multi-wall carbon nanotubes. Adapted from [127]

Carbon nanotubes are essentially graphene wrapped in a 1-dimensional cylindri-

cal tube format with diameter ranging from 0.5 nm to 100 nm and length ranging

from micrometers to centimetres that can be either single-wall (SWCNT) or multi-

wall (MWCNT) presenting a number of outer concentric shells as can be observed

in Fig. 2.1. Its properties are defined mainly by the tube diameter and by the way

the carbon layer is wrapped, what is called chirality, and depending on both factors

they can be either metallic or semiconductors.
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In general, CNT-based devices can be produced as follows: First an arc discharge,

or a laser ablation procedure, is applied to a piece of graphite in order to generate

carbon nanotubes and other allotropes of carbon. The result is then sonicated and

centrifuged in a liquid in order to purify the samples and separate the nanotubes

from other impurities. Finally, a host polymer is dispersed in the sample, which is

then placed in a desiccator to evaporate the solvent leaving the CNTs embedded in

polymer host matrix. Further detailed information about the fabrication procedures

to produce CNT-samples can be found in Ref. [122].

The applications in science involving the use of carbon nanotubes are many and

their number and variety keep increasing every year [128]. This is due to many

of their unique properties that they can present such as very high electrical and

thermal conductivity, tunable bandgap energy, optical absorption and photolumi-

nescence, besides being amongst the hardest and stiffest materials in nature. Just

to mention a few possible uses of carbon nanotubes, nanometer-sized electronic

devices [129], optical gain devices [130], gas sensors [131] and saturable absorbers

[122] built based on CNT have already been reported. In this section we focus on

a brief description of carbon nanotubes structure, fabrication process, some of its

properties and explain its use as a saturable absorber. The basic CNT constituent

material, graphene, is studied in details in chapter 3.

2.1.1 CNT-structure and optical properties

To understand the structure of carbon nanotubes one has first to study the graphene

lattice and how it can be wrapped-up in a cylindrical form. This schematic is shown

in Fig. 2.2, illustrating each carbon atom connected by a covalent bond to other

three carbons forming a hexagonal lattice. The primitive lattice vectors a1 and a2

are defined on a plane with unit vectors x̂ and ŷ by

a1 = [

√
3a

2
,
a

2
], a2 = [

√
3a

2
,−a

2
] (2.1)

where a is the lattice constant which is related to the carbon-carbon bond length

ac−c (∼1.42 Å) by a =
√

3ac−c. These parameters are important to calculate the

nanotube chirality, which defines whether a CNT is metallic or semiconductor, and

in the latter case also defines its band structure. The chiral vector Ch is defined as

the vector connecting any two primitive lattice points of graphene such that when
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2 Raman laser mode-locked by carbon nanotubes

folded into a nanotube these two points are coincidental, and is expressed in terms

of a1 and a2 by

Ch = na1 +ma2 = (n,m) (2.2)

where n and m are positive integers satisfying the condition 0 ≤ m ≤ n. In the case

shown in Fig. 2.2 folding the nanotube by conecting point A to point B would give

Ch = AB = 3a1 + 3a2, or in other words, that would be a (3,3) nanotube.

The diameter dt of a carbon nanotube can then be calculated from is chirality

by the expression

dt = |Ch| =
√
Ch.Ch =

a
√
n2 + nm+m2

π
(2.3)

where it can be observed that different chiralities can result in carbon nanotubes

with same diameter, resulting that nanotubes with same diameter can present dif-

ferent properties.

a1

2
a

A B

a13
a3
2

Ch
(3,3)

D

x

y

^

^

Figure 2.2: Conceptual construction of a CNT from a graphene lattice, rolling up point A to
point B forming a nanotube with chiral vector (3,3).

As mention previously, the chirality is a unique signature of a nanotube that
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defines many of its electrical and optical properties, and apart from the tube length,

it is enough to completely describe its structure [132]. This is particularly important

regarding its use as a mode-locker since the wavelength at which the nanotubes

present saturable absorbance is defined by its bandgap energy which is defined by its

chirality. Fig. 2.3 shows the 3 possible types of chirality in which carbon nanotubes

can exist. If n = m then the nanotube is called armchair, when m = 0 then it is

a zigzag type, otherwise it is simply a chiral nanotube. Armchair nanotubes are

always metallic, while zigzag and chiral nanotubes can be either semiconductor or

metallic. More precisely, for any integer q, if | n-m | = 3q, then the nanotube is

metallic, for all others where | n-m | = 3q ± 1 we have a semiconductor.

Armchair Zigzag Chiral

Figure 2.3: Different kinds of carbon nanotubes according to its chiralities. Adapted from
[133]

The energy levels in a density of electronic states in a typical semiconductor car-

bon nanotube can be seen in Fig. 2.4. The only real bandgap is the E11 transition

formed between the v1 valence band and the conductance band c1. The saturable

absorbance in carbon nanotubes mainly appears when c1 gets occupied with elec-

trons that were excited from v1 preventing further absorption. Another important

trait about energy levels in carbon nanotubes, is the existence of interbands tran-
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sitions, sometimes called pseudo-gaps, that appears due to the so-called Van Hove

singularities, a typical signature of 1-dimensional materials. They are responsible

for example for the E22 absorption transition that can cause electrons to excite from

the valence band v2 to the conductance band c2 although the excitonic recombi-

nation always happens through the E11 gap. The E22 transition can also be used

in mode-locking [134] by filling the conduction band through absorption from v2.

Since this transition is related to absorption of photons with higher energies, there-

fore higher frequencies acording to Planck relation E = h.ω, this allows saturable

absorption to happen for a given nanotube at shorter wavelengths in comparison

with the traditional case when the excitation comes from absorption through the

E11 transition, although in this case parameters such as the modulation depth and

recovery time can vary significantly [134]. Since these transitions are dependent

on the nanotube chirality and diameter they can be used for characterisation of

the nanotubes through photoluminescence spectroscopy [132]. Moreover, the fact

that in 1-dimensional materials the mechanical, elastic and thermal properties are

strongly related to phonons makes Raman spectroscopy another useful technique

for carbon nanotube characterisation [135].

2.1.2 Carbon nanotubes in mode-locked lasers

Although the discovery of carbon nanotubes happened in 1991 [125], the first

demonstration of its use as an saturable absorber in a mode-locked laser came

just in 2003 [136, 137], and since them, a vast number of fibre laser in different

dispersion regimes and at different wavelengths were demonstrated to mode-lock

by using single- or multi-wall carbon nanotubes [82, 94, 138, 139, 140, 141]. The

interest of using CNT as a mode-locker for fibre lasers came not just due to its opti-

cal properties such as sub-picosecond transition time and high modulation-depths,

but also due to the fact that thin films of carbon nanotubes can easily be made by

dispersing them into a solvent and then embedding them into a polymer compos-

ite, creating in this manner a robust and environmentally stable device that can be

easily handled and incorporated into fibre systems.

Another important feature of carbon nanotubes that make them very interesting

devices for mode-locking and that differentiate them from SESAMs for example is

the fact that is possible to achieve very broadband saturable absorption in a single
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Figure 2.4: Typical density of electronic states diagram for a semiconductor carbon nanotubes.
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CNT-device. Although this might sound counter-intuitive due to the fact that a

given nanotubes with specific diameter and chirality presents specific optical bands

and absorbs light just at these particular transitions, in real CNT samples usually

there is a range of nanotubes with different diameters, permitting saturable ab-

sorbance over a broad range of wavelengths. An experimental demonstration of this

fact can be seen for example in Ref. [82] where Kivistö et al. showed mode-locking

from 1.06 µm to 1.9 µm using a single carbon nanotube sample. The drawback

of this approach is the fact that the nanotubes that do not participate in the sat-

urable absorption processes for a specific wavelength necessarily add non-saturable

loss to the CNT-sample. A more purified sample in terms of tube diameter range

distribution would present less non-saturable loss. However, that would drastically

reduce the broadband operation capability of the CNT-based device.

In Raman lasers, the first demonstration of mode-locking using carbon nanotubes

came in 2011 [94] and it is precisely the work described in this chapter. Later on,

a few other papers describing similar systems at different wavelengths or using

different fibres were published [142, 143, 144], confirming the versatility allowed

by the combination of Raman gain and carbon nanotubes in mode-locking. Other

results shown in these publications are also the subject of this or of later chapters

in this thesis.

2.2 Erbium-pumped Raman laser mode-locked by DWCNT

Here we describe a passively mode-locked laser combining both Raman gain and a

CNT-based saturable absorber in a normally dispersive cavity, showing the potential

of this flexible approach. The oscillator generates highly chirped 500 ps pulses, that

are then externally compressed to 2 ps, with 1.4 kW peak power, making it a simple

wavelength-versatile source for various applications.

2.2.1 Experimental setup

The experimental setup used in this system is shown if Fig. 2.5. The all-fibre

geometry consists of 100 m single-mode highly nonlinear fiber bought from Optical

Fiber Solutions (OFS), commercially available as “OFS Raman Fiber”, with an

enhanced germanium oxide (GeO2) concentration for an increased Raman gain

coefficient, counter-pumped through a wavelength division multiplexer (WDM),
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2.2 Erbium-pumped Raman laser mode-locked by DWCNT

that acts simply as an optical coupler, by a CW high power Er-doped fibre amplified

spontaneous emission (ASE) source at 1555 nm that can provide up to 15 W of CW

power. The expanded availability of high-power erbium-doped fibre lasers capable

of delivering several Watts of optical power, makes them a very useful pump source

for readily generate Raman gain from the 1.6 to 2 µm region of the electromagnetic

spectrum.

Two WDM couplers were used after the gain fibre to extract the residual pump

left that could otherwise damage other cavity elements. This is necessary because

100 m of fibre is not enough to efficiently deplete the pump and depending on the

amount of power used even a few Watts could still remain after the amplification.

An isolator was used to assure unidirectional lasing in the cavity, and a polarisation

controller was used to allow fine control of the birefringence. Light was extracted

from the cavity through a 5 % output coupler, and no synchronous pumping was

necessary in this system. Moreover, to generate the pulses, a double-wall CNT-

based saturable absorber was integrated into the cavity between a pair of fibre

connectors.

DWCNT

HNLF

Pump extractors

IsolatorPump coupler

5 % output
Erbium

ASE 

Output
Oscillator

Source 

PC

Figure 2.5: Experimental setup. HNLF, highly nonlinear fiber; PC, polarisation controller;
DWCNT, double-wall carbon nanotubes.

The laser used to pump the gain fibre was a 4-stage cascade Erbium-doped ASE

source containing two optical tunable filters that can be used to tune the output

wavelength between 1550 nm to 1562 nm. The linewidth of the pump source is

about 2.5 nm and it can give up to 15 W of CW power. According to the spec-
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ifications the 100 m length single-mode HNLF used in the cavity has a Raman

gain coefficient (Gr) of 2.51 W−1.km−1 at 1550 nm for an un-polirized pump and

a effective area (Aeff ) of 18.6 µm2 at the same wavelength, which is ∼4.5 times

lower than the effective area of a STF fibre, which is approximately 85 µm2 at

1550 nm. The dispersion is -20.5 ps.nm−1.km−1 at 1550 nm and from its slope

of 0.031 ps.nm−2.km−1 it can be estimated to be about -17 ps.nm−1.km−1 at the

Stokes wavelength at 1666 nm, which means that the laser operates in the normal

dispersion regime at both pump and signal wavelengths. Losses are 0.33 dB/km at

1550 nm. The main reason for this fibre to be called highly non-linear is its reduced

effective area, which at the same time is responsible for increasing the Raman gain

by allowing higher pump intensities in the fibre core.

In order to compare the level of Raman amplification that can be obtained by

the non-linear fibre used in this chapter and by a STF, one can simply analyse the

Raman gain coefficient Gr that can be obtained in W−1.km−1 by

Gr =
103.gr

2.Aeff .λ
(2.4)

where gr is the Raman gain at 1 µm in m/W, λ is the wavelength in microns,

the factor of 103 is to convert meters to kilometres and the factor of 2 accounts

for an un-polarized pump, which is the case of the experiment described in this

chapter. In a STF, Aeff=85 µm2 for λ=1.55 µm, and gr=10−13 m/W, which gives

Gr=0.38 W−1.km−1. This value is approximately 6.6 times lower than the Gr of

the OFS Raman fibre used in this experiment. The concentration of GeO2 in the

fibre core was not given in the fibre specifications, however, it can also be estimated

by applying Eq. 2.4. Considering Gr=2.51 W−1.km−1, Aeff=18.6 µm2 and again

λ=1.55 µm, that would give gr = 1.45 m/W. According to measurements made in

Ref. [145] this should correspond to a mol% of GeO2 on the region of 12%.

The CNT-polymer used in the experiment was manufactured and initially char-

acterised by collaborators from a research group based in the Electrical Engineering

department at the University of Cambridge. The samples were prepared by solu-

tion processing [122], and they used carbon nanotubes grown by catalytic chemical

vapor deposition [146]. After purification by air oxidation at 450 ◦C, followed by

HCl washing, the remaining carbon-encapsulated catalytic nanoparticles were re-

moved [147]. Analysis of the purified samples by transmission electron microscopy
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2.2 Erbium-pumped Raman laser mode-locked by DWCNT

(TEM) revealed the presence of ∼90% double-wall carbon nanotubes (DWNTs),

∼8% single-wall carbon nanotubes, and ∼2% triple-wall carbon nanotubes [147].

The diameter distribution for DWNTs is ∼0.8 - 1.2 nm for the inner and ∼1.6 - 1.9

nm for the outer diameters, as determined by Raman spectroscopy and TEM. This

wide diameter distribution can potentially enable broadband operation, essential

for the large wavelength coverage offered by Raman amplification. The purified

nanotubes were then dispersed using a tip sonicator (Branson 450 A, 20 kHz) in

water with sodium dodecylbenzene sulfonate surfactant, and mixed with aqueous

polyvinyl alcohol (PVA) solution to obtain a homogeneous and stable dispersion

free of aggregates. Slow evaporation of water from this mixture produced a CNT-

PVA composite ∼50 µm thick. Optical microscopy revealed no CNT aggregation

or defect in the composite, thus avoiding scattering losses.
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Figure 2.6: DWCNT transmission as a function of wavelength. The operational wavelength
of the laser is marked in red.

The linear transmission of the DWCNT used in the experiment can be seen in

Fig. 2.6. The two most significant troughs around 1.1 µm and 2 µm are due to

the E22 and E11 transitions of the outer shells respectively. The E22 and E11 tran-

sitions of the inner shells should give rise to absorption peaks around 0.8 µm and

1.4 µm, which are not very prominent in this case, giving rise to the thought that

the outer shells might play a dominant role in the saturable absorption mecha-
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nisms for MWCNT. It is important, however, to notice that the variations in the

transmission for the whole curve from 500 nm to 2500 nm are lower than 20%,

which is an indication of a certain degree of distribution of different nanotubes,

permitting saturable absorbance over a broad wavelength range. Nevertheless, it

is also important to state that the transmission spectrum of a CNT-sample only

serve as a first estimation of where saturable absorption might be present due to

the observation of a absorption peak. For an better measurement and localization

of saturable absorption the transmission should be measured against average power

for a number of different wavelengths such as done in Ref. [123].

2.2.2 Results

Self-starting mode-locked operation was initiated as soon as the the pump power

got to the threshold level of around 9.5 W. Stable operation was maintained over

a range of pump powers above threshold, however increases higher than about 5

% tended to lead to spectral broadening and breakup of the single-pulse operation.

The temporal pulse trace, the spectrum and the radio frequency (RF) trace at the

output of the oscillator can be seen in Figs. 2.7, 2.8 and 2.9 respectively.
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Figure 2.7: Normalized oscilloscope trace of pulse intensity profile at the output of the oscil-
lator under 9.5 W of pump power.

The pulses were 500 ps long, and the average output power for stable mode-
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Figure 2.8: Normalized spectrum profile at the output of the oscillator under 9.5 W of pump
power.
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Figure 2.9: Normalized radio frequency trace at the output of the oscillator under 9.5 W of
pump power.
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locking was ∼0.08 mW, with a single pulse per round trip. The Raman laser

operated at the first Stokes order at 1666 nm from a pump at 1555 nm. The low

average power obtained can be attributed to the fact that the Raman gain is lower at

higher wavelengths and also due to the fact that in order to maintain stable mode-

locking we used a short length of fibre that is not enough to effectively deplete the

pump resulting in several Watts of residual power after amplification. Moreover,

the total cavity loss estimated in the order of 14 dB and the pump coupling loss of

approximately 1 dB, which are mainly due to the splicing of fibres of different core

sizes and also due to insertion loss of the cavity elements such as the isolator and

the CNT-sample, also significantly contributed to scaling down the output power.

By using output couplers with 10, 15 and 20%, slightly higher output powers could

be obtained. However, the most stable pulse operation regime was found using the

5% output coupler.

The spectrum had a square shape, with a 6 dB bandwidth of ∼1.6 nm. The

square-shaped spectrum and the long pulse duration are recognisable features of

lasers operating in the dissipative soliton regime [88]. Such systems generate pulses

carrying a large and predominantly linear chirp, and are suitable for compression.

The RF trace showed a significant pedestal, containing 0.57% of the total energy,

indicating that the cavity was prone to long-term temporal instabilities and fluc-

tuations of the pulse-to-pulse energy. This relatively high noise contribution, com-

pared to state-of-the-art rare-earth-based systems, is expected due to the high level

of pump power and also due to the nearly instantaneous nature of the Raman gain.

On the other hand, the narrow linewidth of the peak at 1.72 MHz, corresponding

to the round-trip time of the cavity, is an indication of low pulse timing jitter.
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Figure 2.10: Schematic of the compressor/amplification stage after the oscillator.
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2.2 Erbium-pumped Raman laser mode-locked by DWCNT

In order to confirm the chirped nature of the pulse and to have a shorter pulse

with higher peak power, after the oscillator, a second, 10 km Ge-doped fibre with

a zero dispersion wavelength at 1320 nm was used as a combined amplifier and

compressor in a chirped-pulse amplification scheme, as can be seen in Fig. 2.10. In

particular, dissipative solitons have been proposed as a means of pre-chirping the

pulse frequencies directly in the oscillator to simplify the chirped-pulse amplification

design [88, 148]. The residual pump out of the seed oscillator was used to counter-

pump the Ge-doped fibre.
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Figure 2.11: Normalized oscilloscope trace of pulse intensity profile at the output of the
oscillator under 9.5 W of pump power.

The autocorrelation trace of the compressed and amplified pulse, its spectrum,

and the RF trace of the fundamental cavity harmonic after compression are shown

in Fig. 2.11, 2.12 and 2.13 respectively. The pulses were successfully compressed

nearly 250 times from 500 to 2 ps, and no significant pedestal was observed on

the autocorrelation traces. The average output power after amplification and com-

pression was ∼5 mW, corresponding to the 18 dB gain provided by the amplifier,

which required about 6 W supplied by the undepleted power from the oscillator

stage. To use the residual pump from the master oscillator as a pump for external

amplification is a practical way of recycling energy in a compact and simple way,

enhancing the laser’s overall conversion efficiency, however for a more precise con-
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Figure 2.12: Normalized spectrum profile at the output of the oscillator under 9.5 W of pump
power.
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Figure 2.13: Normalized radio frequency trace at the output of the oscillator under 9.5 W of
pump power.
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trol of the amount of amplification, therefore of the output power, a separate pump

with tunable power is necessary.

Importantly, as can be seen in Fig. 2.12, in spite of a small trough in the top of

the spectrum caused by SPM, the spectral shape was mainly preserved, indicating

linear compression. It can be noticed, however from Fig. 2.13 that noticeable

degradation of the optical signal-to-noise ratio due to the amplified spontaneous

signal in the amplifier fibre was apparent. The RF trace of the amplified and

compressed signal was naturally centred at 1.72 MHz and shows a 6% increase of

the noise pedestal when compared to the input signal. The pulse peak power after

compression was ∼1.4 kW. Scalability of the peak power to higher levels should be

possible by decoupling the amplifier from the compressor and by using a dedicated

pump source for the external amplification.

2.3 Ytterbium-pumped Raman laser mode-locked by

SWCNT

Since the main attractive feature of using Raman gain is its wavelength versatility, it

is imperative to extend our previous results to other regions of the spectrum, where

the difference in parameters, such as Raman gain and dispersion, could potentially

lead to dissimilar behaviour. Here, we demonstrate a Raman oscillator pumped by

a CW Yb-doped fibre laser, mode-locked by SWCNTs. An all-fibre configuration

with all-normal dispersion is used, generating short-pulses at 1120 nm. The CW-

pumping combined with the all fibre configuration reduces considerably the system

complexity making it a simple and compact design. Moreover, the lasers operates in

the normal dispersion regime, which has the potential of expanding the achievable

pulse energy from mode-locked fibre lasers.

2.3.1 Experimental setup

The laser setup shown if Fig. 2.14, consisted of a high-power CW Yb-laser operating

at 1070 nm that can provide up to 50 W average power coupled by a pump combiner

into the cavity in a counter-propagating geometry. The active medium was a 60

m GeO2-doped highly-nonlinear single-mode-fibre from OFS, the same used in the

experiment shown in section 2.2. The fibre has normal dispersion at both pump
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(1070 nm) and Stokes wavelength (1120 nm) and is still single mode since its cut-off

wavelength is 988 nm. An isolator ensured unidirectional propagation. After the

60 m fibre, two wavelength division multiplexers (WDMs) extracted the undepleted

pump light from the cavity to prevent damage to other passive optical components.

A polarization controller allowed fine tuning of the birefringence. The SWCNT-

saturable absorber was integrated into the cavity between a pair of fibre connectors.

Light was extracted from the cavity by a 5% output coupler. The cavity output

was then amplified in another Raman amplifier using 400 m of the same fibre used

as the gain media inside the cavity. The residual pump power extracted from the

cavity was used as a counter-pump for the external amplification, enhancing the

overall conversion efficiency of the laser. A fused coupler beam splitter was used

after the cavity output in order to have direct access to the pulse parameters before

the amplification stage.
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Figure 2.14: Experimental setup. HNLF, highly nonlinear fiber; SWCNT, Single-wall carbon
nanotube saturable absorber; PC, polarization controler; Iso, Isolator; BS, Beam splitter.

To match the operation wavelength (∼1.1 µm) of the Raman laser pumped with

a Yb-doped fibre laser, requires CNTs whose lowest exciton transition energy (E11)

is ∼1.1 eV [122]. Thus, an absorption peak centered ∼ 1.1 µm, would maxi-
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2.3 Ytterbium-pumped Raman laser mode-locked by SWCNT

mize the change in absorption due to saturation [122]. Commercially available

CoMoCAT CNTs (Southwest Nanotechnologies, Batch CAU-A002) with ∼0.75 -

0.8 nm diameter are ideal for this [149]. The CoMoCAT sample we used, which

were produced by a catalytic method developed by Southwest Nanotechnologies,

predominantly consisted of (6,5), (7,5) and (7,6) tubes, as determined by Raman

spectroscopy [150], transmission electron microscopy [151] and photoluminescence

excitation spectroscopy [152]. The diameter range for these chiralities is ∼0.75-0.9

nm, corresponding to a ∼1-1.3 eV gap [151]. The CNT saturable absorber was

fabricated using solution processing [122]. 2 mg of CNTs were sonicated in 20 ml

deionized water for 2 hr at 10-12 ◦C. The CNT dispersion was then centrifuged at

20,000 g using a MLA-80 fixed-angle rotor (Beckman) for 2 hr, and the top 70%

decanted to obtain an aggregation-free CNT dispersion. This was then mixed with

polyvinyl alcohol (PVA) in de-ionized water with a homogenizer and drop cast in

a Petri dish. Slow evaporation at room temperature in a desiccator yielded a ∼
50 µm CNT-PVA composite. Its absorbance is plotted in Fig. 2.15. This shows a

peak ∼ 1170 nm, close to the desired operation wavelength of 1120 nm, correspond-

ing to E11 of (7,6) tubes (∼0.895 nm diameter) [151]. Another peak ∼1028 nm is

also seen, due to (6,5),(7,5) CNTs with 0.757 and 0.829 nm diameter [151]. The

CNT based saturable absorber used in this section was again supplied and initially

characterised by our collaborators from the University of Cambridge.

2.3.2 Results

Self-starting stable single pulse per round trip operation was achieved for pump

power above the threshold value of 6.87 W. The presence of CNTs in the system

was a necessary condition to obtain pulsed outputs. Their absence caused the laser

to operate in the CW regime. It is important to notice that in comparison with

the previous experiment presented in section 2.2 the threshold was achieved under

∼28% less pump power even using a fibre with 40% less length, stressing the fact

that the Raman gain scales inversely with wavelength. Nevertheless, this is also

attributed to the fact that the cavity losses were reduced in this experiment by a

few dB’s, mainly due to better splicing that could be achieved after a few months

of practice in optimizing the splicing parameter to achieve lower losses.

Fig. 2.16, 2.17 and 2.18 plots the oscilloscope trace at the amplified output,

69



2 Raman laser mode-locked by carbon nanotubes

500 1000 1500 2000

20

30

40

50

60

70

Wavelength [nm]

Tr
an

sm
is

si
on

 [%
]

Figure 2.15: Transmission as a function of wavelength for the SWCNT used in the experiment.
The operational wavelength of the laser is marked in red.
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Figure 2.16: Normalized oscilloscope trace of pulse intensity profile after amplification for a
under 6.87 W of pump power.
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Figure 2.17: Normalized spectrum profile after amplification under 6.87 W of pump power.
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Figure 2.18: Normalized radio frequency trace after amplification under 6.87 W of pump
power. The first 10 harmonics are shown as an inset.
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its optical spectrum and its RF trace respectively. The pulse width was 236 ps,

with an average power of 2.6 mW and a repetition rate of 2.87 MHz. The 6 dB

bandwidth of the spectrum was 0.8 nm, as can be seen in Fig. 2.17, and again its

square shape is a typical signature of dissipative solitons. The pulse and spectrum

shape remained unchanged after amplification, the only main difference accounts

for the optical power which was -13 dBm (0.05 mW) at the cavity output and 2.6

mW after amplification. In Fig. 2.18 the RF spectrum of the central peak and

as an inset the first ten harmonics are shown. The trace centered at 2.87 MHz

corresponds to one cavity round trip, and it presents no significant pedestal on a

span of 1 MHz, with a noise floor ∼ 31 dB (a 103 contrast) down from the peak.

In order to show temporal coherence on the laser output, the autocorrelation trace

of the pulses is shown on Fig. 2.19. If the envelope of a pulse shown on a oscilloscope

trace is actually formed by a bunch of short-time amplitude fluctuations, then the

autocorrelation trace would show a spike on the top of a pedestal, in which the

height of the pedestal would be the same height as the spike and the duration of

the spike would be the average duration of the small noise fluctuations. The 60 ps

window of the autocorrelator did not permit to resolve the entire pulse, however

the absence of a spike on the top of a pedestal was a clear indication that the laser

was indeed mode-locked, and it was not a noise burst [18]. The natural technique

to show coherence in dissipative soliton systems would be to temporally compress

the pulse by means of anomalous dispersion, showing that the pulses are positively

chirped [18], as it was done in the experiment in the previous section. However,

there is no standard fibre with anomalous dispersion at 1120 nm. The pulse had a

time-bandwidth product of 26.2, highlighting the larger chirp of the output pulses,

therefore 8.4 km of a PCF with dispersion of 40 ps.nm−1.km−1 at 1120 nm would

be needed to fully compensate the chirp, assuming it was linear across the pulse,

making this approach impractical given the current technology limitations.

Mode-locking was still achieved under a pump power of 7.52 W, which was the

point when there was a break up of single pulses operation. After external amplifi-

cation, both pulse duration and output power increased by increasing pump power,

which is shown in Fig. 2.20. Under 7.52 W pumping, average powers of 59 mW

could be achieved, giving pulse energies of approximately 20 nJ and peak powers of

13.8 W. The squared shape of the spectrum was maintained for the whole range of

pump powers until 7.52, and no noise spike on the autocorrelation trace was found
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Figure 2.19: Autocorrelation trace of the pulse after amplification for a under 6.87 W of pump
power.
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Figure 2.20: Pulse duration (black) and output power (red) on the amplified output against
pump power.
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within the same region.

2.4 Conclusion

In conclusion we have experimentally demonstrated that the combination of CNT-

based saturable absorbers and Raman amplification can lead to the generation

of short mode-locked pulses in all-fibre lasers. This combination is particularly

interesting as a low-cost simple and compact technique for building pulsed lasers

with high-peak power at wavelengths that are not covered by other more standard

laser sources such as erbium- and ytterbium-doped fibre lasers, and it is a solution

that could potentially be extended to the visible region of the spectrum. We have

shown that both single wall and double wall CNTs can be used in the mode-locking

of Raman lasers, by using them to generate short-pulses at 1120 and 1660 nm

respectively. Both lasers use high-power rare-earth doped fibre lasers that are

commercially available as a pump.

Firstly, an all-fibre passively mode-locked Raman laser utilising a broadband

DWCNT-based saturable absorber was shown. The 500 ps pulses provided by the

oscillator were amplified and simultaneously compressed to 2 ps with 1.4 kW peak

power. The oscillator was implemented in a cavity with dominant normal disper-

sion, allowing generation of high energy pulses, up to ∼ 3 nJ, after amplification.

Then, we demonstrated a passively mode-locked Raman laser using SWCNTs at

1120 nm. This again operates in the normal dispersion regime generating 236 ps

pulses at the fundamental repetition frequency of the cavity. Our ultrafast laser

at 1.1 µm, pumped with a CW-Yb fibre laser, confirms the flexibility in terms

of wavelength of the combination of CNT based saturable absorbers and Raman

amplification.

Nevertheless, it is important to stress that these results are preliminary, and that

the performance of such lasers in terms of average power, noise levels and stability

is still not comparable with standard mode-locked lasers based on rare-earth doped

fibre. The high levels of pump power needed in those lasers is also a restriction in

terms of simplicity and compactability of the system. This problem, however, can

be minimized with the use of more exotic non-linear fibres, which is exactly the

subject of the later experimental chapter of this thesis.
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graphene

Graphene is a newly developed nano-material that due to many of its unique phys-

ical properties is causing a revolution in nano-sciences. The vast number of appli-

cations in which graphene can be involved makes it to be sometimes refereed as a

“miracle material”. Essentially, graphene is an one atom thick 2-dimensional layer

of carbon atoms arranged in a honeycomb lattice, that serves as the basic building

block of other carbon allotropes, such as carbon nanotubes, graphite and bucky-

balls. Different to carbon nanotubes, that can be either metallic or semiconducting,

graphene is considered to be a zero band-gap semiconductor, or a semi-metal. These

properties however, can be changed by doping graphene with other materials such

as oxygen and hydrogen.

Amongst its unique properties, graphene is the strongest known material, it is a

very good heat and electrical conductor, it is very stiff, yet very light and ductile.

Graphene also presents remarkable optical and electronic properties such as inherent

broadband saturable absorption due to the linear dispersion of the Dirac electrons,

high non-linearities, near-ballistic electronic transport at room temperatures, and

terahertz tunability of electrical properties.

The applications that involve the use of graphene or doped graphene-based de-

vices are many, and can range from metamaterials, nano-electronic transistors, solar

cells, flexible and nearly-transparent touch-screen displays to frequency multipliers,

and light-emitting devices. Another important use of graphene is in laser sciences

as a broadband saturable absorber. Although being a nearly transparent mate-

rial, a graphene layer can absorb ∼2.3% of the incident light at any wavelength,

which can be saturated under high optical intensities, allowing a compact, simple

and cost-efficient mode-locker for ultrafast lasers. Conversely to carbon nanotubes

where broadband saturable absorption can be achieve by a mix of tubes with dif-
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ferent diameters, the broadband nature of saturable absorption in graphene is an

intrinsic property of the material, making graphene an ideal “universal” mode-

locker avoiding unnecessary non-saturated losses that could be detrimental to pulse

generation.

In this chapter first there is a brief introduction about graphene highlighting

some of its main optical and electronic properties as well as how they differ from

carbon nanotubes. Then the experimental work done showing the use of graphene

as a mode-locker for a Raman laser is presented. Due to the broadband nature of

both phenomena, the combination of Raman gain and a graphene-based saturable

absorber is an ideal technique towards a simple and compact universal short-pulsed

laser source.

3.1 Introduction

Despite theoretical works from the early days of the last century arguing that

2-dimensional (2D) crystals could not physically exist because they would be ther-

modynamically unstable [153, 154], theoretical studies on graphene, or on one layer

graphite, nevertheless has attracted considerable attention for more than sixty years

[155, 156]. After many decades of theoretical works, in 2004 Novoselov et al. finally

managed to experimentally produce stable single layer and few layer graphene by

mechanical exfoliation of graphite [126]. One year later, in a work published by the

same author, other stable 2D atomic layer crystals were experimentally produced

again by mechanical exfoliation, such as boron nitride, several dichalcogenides, and

complex oxides [157]. The reason why they claim such 2D crystals are stable under

ambient conditions is that they are quenched in a metastable state because they are

extracted from a 3D material, and moreover due to the strong inter-atomic bonds

that ensure that thermal fluctuations do not cause defects on the crystal. The dis-

covery of graphene by Novoselov et al. in 2004 would 6 years later in 2010 grant to

him and his co-worker A. K. Geim the nobel prize in physics “for groundbreaking

experiments regarding the two-dimensional material graphene”.

Graphene can be produced by a number of different methods [124]. The most

common technique is mechanical exfolitaion of graphite, such as shown by Noveselov

et al. in the first experimental demonstration of graphene [126]. This is usually done

by peeling off a piece of graphite by adhesive tape, and is still one of the easiest
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and most used techniques for fundamental research capable of producing single

layer graphene up to millimetres in size. Nevertheless, its main limitation is the

fact that this method is not very practical for large-scale production. Alternative

approaches to this issue can be to produce graphene by chemical vapor deposition

(CVD) [158, 159], or liquid phase exfoliation [160]. Both techniques allow large-

scale production of graphene.

Although graphene is essentially a one layer material, bi-layer graphene and few-

layer graphene (3 to 10 layers) are sometimes also referred as graphene because

they present very similar characteristics for certain applications such as its use as

a saturable absorber. Nevertheless, other properties can change significantly with

number of layers. More than 10 layers of stacked graphene is considered graphite.

Characterization of graphene is easier than carbon nanotubes due to its more simple

structure, and can be mainly done by Raman spectroscopy [161, 162], where the

number and the orientation of layers, the quality and types of edge, and some

effects of perturbations can be detected. It is also worth mentioning that in spite

of being just a single atom thick, graphene can be visualized by optical microscopy

if prepared on top of Si wafers [163].

3.1.1 Structure and electronic properties of graphene

The chemical structure of graphene is very similar to a carbon nanotube as was

shown in Fig. 2.2. Essentially graphene is an unrolled carbon nanotube, which

structurally is a layer of carbon atoms connected by a covalent bond to each other in

a honeycomb lattice with atomic space equals to ∼1.42 Å. As mentioned previously,

although graphene is ideally a single layer material, a few layers can be stacked on

the top of each other being maintained by weak van der Waals forces forming what

is called few layer graphene (FLG), which is illustrated in Fig. 3.1. The material

is considered to be graphite if the numbers of layers is higher than 10 [164].

To properly understand graphene and its properties is important to take a look

first at the carbon atom. Carbon is the chemical element with atomic number 6,

therefore it has 6 electrons orbiting its nucleus of which 4 are on its valence band

and consequently can form covalent bonds to other atoms. The arrangement of such

electrons in a carbon atom and in graphene can be seen in Fig. 3.2. In elemental

carbon the 1s and the 2s orbitals have both two electrons, and the 2px and 2py
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Graphene
Few layers 
Graphene

Single layer

Figure 3.1: Honeycomb structure of single layer graphene (SLG) and few layers graphene
(FLG).

have both one. In graphene the 2s orbital interacts with the 2px and 2py forming

three hybrid sp2 orbitals. The covalent bonds created by the interaction of the sp2

orbitals are called σ-bonds, which are the strongest type of covalent bonds [165].

What makes graphene the strongest know material [166] is exactly the fact that

each carbon has three σ-bonds localised along the same plane. The electron from

the valence band that does not form a σ-bond occupies the orbital 2pz that is per-

pendicular to the graphene plane. This electron is called a π-electron and is weakly

bonded to the nuclei, therefore being relatively delocalised and presenting high mo-

bility. These π-electrons are the ones responsible for the electronic properties of

graphene [167].

One of the most important features of graphene electronic properties is the fact

that its charge carriers behave as massless Dirac fermions [168]. In condensed

matter physics, usually the Schrödinger equation is enough to fully calculate the

electronic properties of materials. Nonetheless, although electrons around a carbon

atom do not behave relativistically, the honeycomb lattice of graphene gives rise

to a periodic potential that makes electrons behave as if massless quasi-particles,
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Figure 3.2: The arrangement of electrons and their relative spin in orbitals for elemental
carbon atom and graphene.

which therefore needs to be treated by a relativistic wave equation, also known as

the Dirac equation [83, 165]. For this reason, these quasi-particles are also known

as massless Dirac fermions. This characteristic of graphene makes it a very useful

tool for the study of quantum electrodynamics [169].

The band structure of graphene can be seen in Fig. 3.3. The most interesting

feature about it, that gives rise to many of graphenes properties, such as broad-

band saturable absorption, is the fact that around the carbon atoms, or in the

so-called the Dirac points [165], the energy dispersion is linear. In 3 dimensions

this is represented by a cone, known as the Dirac cone, in which the upper part

is the conduction band and the lower part is the valence band. Under equilibrium

conditions both bands touch each other at the Fermi level (Ef = 0 eV) but do not

overlap, making graphene into a zero band-gap semiconductor with zero density of

states at the Fermi level [83].

The electronic properties of graphene and its carrier densities, therefore its con-

ductivity can, nonetheless, be changed by an applied voltage, which is the so-called

field effect [170, 126] that is typical of semi-conductors. This can potentially lead
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to the use of graphene as nano-scale transistors, which is one of its most promising

applications. Similar use of graphene can be obtained also by chemical doping with

elements such as bismuth and gold [171].

Kx
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Valence

Conduction

band

band

E
f

Figure 3.3: Band structure of graphene and its linear dispersion, also know as Dirac cone,
around each carbon atom (Dirac points). Ef is the Fermi level, E is energy and Kx and Kx

are the momentum in both x and y axis.

It is worth mentioning that the band structure of graphene shown in Fig. 3.3 is

valid only for single layer graphene. In bi-layer graphene the dispersion relation is

similar, however it becomes parabolic around the Fermi energy, with a band overlap

of 0.16 meV, which is very small. In three or more layers, this gap overlap between

the valence and the conduction band becomes bigger and the FLG starts behaving

as a semi-metal. For eleven or more layers the difference between the electronic band

structure of graphene and graphite becomes smaller than 10% [164]. Graphene can

also be turned into a semiconductor or an insulator [172] by chemical modifications

such as by partial oxidation or fluorination [173], or by building it as a nanoribbon

[174], which broadens even more the possibilities in which graphene can be used as

nano-scale electronic devices.
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3.1.2 Optical properties of graphene

Although the recent interest in graphene both in academia and industry is mainly

due to its many possible applications in electronics, graphene also has some inter-

esting optical properties that makes it a candidate for many photonic devices, such

as in ultrafast lasers or in far-infrared light generation, amplification and detection

[124]. Despite being of only atom-layer thickness, single layer graphene absorbs

∼2.3% of incident light [175]. Optically speaking, in FLG the individual adjacent

layers very weakly interact with each other, and can be considered for practical

purposes as independent layers [176]. Therefore, the optical absorption increases

nearly linearly with the number of layers, rising for example to ∼20% for ten layers.

This linear absorption profile can be used as a quick estimation of the number of

layers involved in the absorption process. Moreover, another important trait of

optical absorption in graphene is the fact that it is basically flat from 400 to 2500

nm [123, 124].
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E

Valence

Conduction

band

band

Absorption

e-e relaxation

electron-hole
recombination

Figure 3.4: Saturable absorption process in graphene, where e − e is electron-electron, E is
energy and Kx and Kx are the momentum in both x and y axis.

The saturable absorption mechanism in graphene is illustrated in Fig. 3.4. Al-

though the energy band structure of graphene and carbon nanotubes are very dif-

81



3 The universal laser - Raman and graphene

ferent, there are some similarities with the process described in section 2.1.2. The

main difference is the fact that the linear dispersion relation in graphene and the

lack of a bandgap allows photons with any energy, therefore at any wavelength, to

excite electrons from the valence band to the conduction band. This is the key point

which precisely gives rise to the broadband operation in graphene. The electron-

hole recombination occurs on a picosecond scale due to interband relaxation [123].

As in any other saturable absorber, under strong incident pump the conduction

band can be filled with electrons decreasing the quantity of electrons that can be

absorbed, therefore saturating the loss.
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Figure 3.5: Saturable absorption in graphene from 1548 to 1568 nm. Courtesy of the University
of Cambridge, adapted from [123].

A measure of the saturable absorption in graphene can be seen in Fig. 3.5,

where the transmission is shown against input average power coming from a pulsed

fibre laser with pulse durations of 580 fs. The experiment was carried out by

our collaborators from Cambridge University and it was published and described

in detail in [123]. As it can be seen, at low average powers, the transmission

remains practically constant, however when the average power is increased to 5.35

mW, corresponding to an intensity of 266 MW/cm2, the corresponding transmitted
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power increases by ∼1.3% at 1558 nm. Proper characterization of the modulation

depth and saturation intensity could not be performed in [123] due to limitations

of the pump. A more complete measurement of the saturation properties was later

reported by D. Popa et al. [177] where a modulation depth of ∼2% was measured.

Nevertheless, it is worth mentioning that since the modulation depth of SLG can

not exceed 2.3% which is the maximum absorption per layer in graphene, often in

mode-locked lasers usually FLG or at least few independent samples of single-layer

graphene has to be used.

A final remark about graphene’s optical properties is that SLG ideally does not

present luminesence due to the lack of a band-gap. Nonetheless, as mentioned in the

previous section, a band-gap can be induced by chemical modifications [172, 173], or

by building it as a nanoribbon [174], which could potentially make graphene-based

devices useful tools for infra-red light generation, amplification and detection.

3.1.3 Graphene as a saturable absorber

In photonics, one of the most important uses of graphene is as a saturable absorber

in mode-locked lasers. Such as carbon nanotubes, the most attractive feature of

graphene as a saturable absorber is the capability of operating in a broad opera-

tion range in terms of wavelength. This broadband operation, however, arises in

graphene and in carbon nanotubes from very different mechanisms. As mentioned

previously, a range of tubes with different diameters in a single CNT-based de-

vice is what is responsible for saturable absorption to be available at a number of

different wavelengths, however when operating at a specific wavelength, the other

nanotubes that are not in resonance end up adding loss to the process, which can

be detrimental to the mode-locking. Graphene appears exactly as a perfect solu-

tion for this problem. As described in the previous section saturable absorption

in graphene is an intrinsic feature caused by its unique electronic band properties.

Therefore, any graphene sample can be used as a mode-locker for fibre lasers at

any wavelength, without the need of any special engineering fabrication process to

change its properties. That is the reason why graphene is sometimes referred as a

“universal mode-locker”.

The first demonstration of the use of graphene as a saturable absorber in a mode-

locked laser was reported by Hasan et al. [122] where 800 fs pulses where produced
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at 1557 nm from an erbium-doped fibre laser operating in the solitonic regime. This

was five years after the first experimental demonstration of graphene by Novoselov

et al. in 2004 [126]. Since Ref. [122], there were many reports of the use of graphene

as a mode-locker at a number of wavelengths [178, 179, 180], in a number of different

laser configurations [181, 182, 183]. Amongst the most highly cited results, it is

important to highlight the report of: a dispersion-managed erbium-doped fibre laser

mode-locked by graphene generating 174 fs pulses [177], a dissipative soliton fibre

laser generating 50 ps pulses [181], and a thulium-doped fibre laser mode-locked by

graphene generating 3.6 ps pulses at 1.94 µm [179].

The first experimental demonstration of a mode-locked Raman laser using as a

saturable absorber graphene was shown in [184], which is precisely the subject of

this present chapter described in detail in the next section. One year later, there was

another report of a Raman laser mode-locked by graphene at a different wavelength

[180], being so far the only two demonstrations of such lasers.

3.2 Harmonic and single pulse operation of a mode-locked

Raman laser using graphene

Here an all-fibre passively mode-locked Raman laser using graphene as a saturable

absorber is presented. Different lengths of a highly non-linear fibre presenting

normal dispersion at both pump and signal wavelengths are used in the cavity to

provide Raman amplification. The cavity is pumped by a continuous wave Raman

laser at 1450 nm, and generates short pulses around 1550 nm, which depending

on polarization and filtering parameters can be either at the repetition rate of the

cavity or at higher harmonics of it. The combination of the broadband nature of

Raman gain and graphene in a single laser is a contribution to move the field of

ultrafast laser towards a universal source.

3.2.1 Experimental setup

The laser setup was very similar to the one used in the experiments shown earlier

in this thesis in chapter 2, and it can be seen in Fig. 3.6. It consisted of an all-

fibre optical cavity pumped by a high power continuous wave (CW) Raman laser

at 1450 nm in a counter-propagating configuration. The optical fibre used as the
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Raman gain medium was different lengths of the same fibre described in the previous

experiments detailed in chapter 2, which is a single-mode speciality optical fibre

(OFS Raman Fibre), with an enhanced germanium oxide (GeO2) concentration for

an increased Raman gain coefficient (2.5 W−1km−1). The fibre dispersion at 1550

nm is -20.5 ps.nm−1.km−1 with a slope of 0.031 ps.nm−2.km−1 and effective core

area of 18.6 µm2. The overall loss at 1550 nm is ∼0.33 dB/km. Two wavelength

division multiplexing (WDM) couplers were used after the fibre in order to dump

the residual pump power out of the cavity, which otherwise could have damaged

the optical components of the oscillator. A polarization insensitive optical isolator

was employed to ensure unidirectional propagation and a 15% output coupler was

used. Furthermore, an optical filter with variable bandwidth was used to assist the

intra-cavity pulse shaping dynamics and an intra-cavity polarization controller was

used to allow fine adjustment of the cavity birefringence.

Graphene

HNLF

Pump extractors

IsolatorPump coupler

15 % OutputRaman
Laser

Output

Filtercoupler

Polarization
controler

Figure 3.6: Raman oscillator configuration. HNLF Highly nonlinear fibre.

The graphene sample used in this experiment was a 5-6 layer graphene that was

fabricated by collaborators from the School of Electrical and Electronic Engineering

at Nanyang Technological University, Singapore. Differently from the previous

experiments using carbon nanotubes described in chapter 2 where the samples were

embedded in a polymer structure and placed between a pair of fibre connectors,

the graphene saturable absorber used in this case was introduced into the cavity

through transferring a piece of free standing few layers graphene film onto the end
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facet of a fiber pigtail via the Van der Waals force [185, 186]. The transmission

loss of the graphene sample against wavelength can be seen in Fig. 3.7. This was

measured by using a CW tunable laser from 1520 to 1580 nm with 1 mW of average

power, not showing any significant peak in the absorption. The insertion loss to

the system of the graphene sample was ∼1.5 dB (or 29% absorption) in the whole

range from 1520 nm to 1580 nm, which is lower than what was obtained with the

CNT-samples used previously, indeed confirming the argument that graphene can

avoid unwanted insertion losses caused due to the large distribution of CNTs that

do not participate in the mode-locking for a given wavelength.
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Figure 3.7: Transmission loss of the 5 to 6 layers graphene used in the experiment.

3.2.2 Results

Harmonic mode-locking

The initial results were obtained using a length of 100 m non-linear fibre. In this

configuration no optical filter was employed in the cavity since the fibre gain length

was insufficient to overcome the filter insertion loss of ∼3 dB. The mode-locking

threshold was achieved under 4.4 W pump power, and pulsed operation was main-

tained up to the maximum power of the pump source of 4.8 W. For pumping with

4.8 W, the oscilloscope trace, the optical spectrum and the RF spectrum at the

cavity output are shown in Fig. 3.8, 3.9 and 3.10 respectively.

The generated pulses were 750 ps long with an average power of 8.3 mW. The
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Figure 3.8: (a) Oscilloscope temporal trace of the high harmonic mode-locked 750 ps pulses
from the cavity without filter and with 100 m of non-linear fibre at 2 different time scales.
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Figure 3.9: Normalized spectrum of the high harmonic mode-locked 750 ps pulses from the
cavity without filter and with 100 m of non-linear fibre in a dB (a) and in a linear (b) scale.
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Figure 3.10: Normalized radio frequency trace of the high harmonic mode-locked 750 ps pulses
from the cavity without filter and with 100 m of non-linear fibre.

spectrum has a linewidth of 1.6 nm at 6 dB and a square shape typical of lasers

operating in the dissipative soliton regime. The pulses were generated at a rep-

etition rate of 315.96 MHz, which is approximately 160 times the repetition rate

of a single pulse operation in a 100 m long optical cavity. This is attributed to

the fact that harmonic mode-locking is likely to happen when a saturable absorber

with weak absorption is used, which normally should be the case for a few layer

graphene interface [123]. Moreover, since Raman amplification is effectively instan-

taneous, no energy can be stored, therefore gain is available all the time making

pulses likely to build up more than once per round trip. The RF trace, however, has

a 50 dB extinction ratio, and no significant pedestal is present, indicating that the

pulse-to-pulse energy fluctuation instabilities are not very high. The high repetition

rate obtained, although can be useful for applications such as high speed optical

sampling and frequency metrology, causes considerably reduction of the peak power

levels, which in this case remains approximately 0.035 W.

By changing the polarization and the pump power, strong long-term modulations

could be observed in the pulse train as well as changes in the spectral and temporal

pulse shape. However, the associated change in the repetition rate was no more than

10%. We believe the absence of a wavelength restrictive filter together with the low

modulation depth of graphene meant the pulse train could not remain stable over
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a period of time greater than 15-20 minutes. Using a 100 m length fibre, operation

with a single pulse per round trip was not achieved.

Increasing the fibre length to 200 m decreased the threshold level to 2.6 W, and

again pulsed output was obtained over the available pump power range. Using the

maximum pump power of 4.8 W and a 4.8 nm bandwidth filter centred at 1550 nm

resulted in a train of 600 ps pulses with 332.5 MHz repetition rate and 8.5 mW

average power as can be seen in Fig. 3.11.
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Figure 3.11: (a) Oscilloscope temporal trace of the high harmonic mode-locked 600 ps pulses
from the cavity with a 4.8 bandwidth filter and with 200 m of non-linear fibre at 2 different
time scales.
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Figure 3.12: Normalized spectrum of the high harmonic mode-locked 600 ps pulses from the
cavity with a 4.8 bandwidth filter and with 200 m of non-linear fibre in a dB (a) and in a linear
(b) scale.

The spectrum, shown in Fig. 3.12, has a 6 dB level bandwidth of 1.2 nm, however

a substantial pedestal component was present. In this configuration the laser was
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Figure 3.13: Normalized radio frequency trace of the high harmonic mode-locked 600 ps pulses
from the cavity with a 4.8 bandwidth filter and with 200 m of non-linear fibre.

not strongly affected by changes of polarization and pump power, and the pulses

and spectral shapes remained unchanged over a period of hours of operation. We

attribute this higher stability to the use of the optical filter in the cavity, which

is necessary for mode-locking in the dissipative soliton regime when the other ele-

ments of the cavity do not provide sufficient spectral filtering. The repetition rate

exhibited some variation, however remaining within a few discrete values between

310 and 340 MHz. Moreover, as can be seen from the pulse trace (Fig. 3.11) and

from the RF trace (Fig. 3.13) in this case the pulse-to-pulse fluctuations are much

higher, which can be attributed to the longer length of fibre used. Furthermore,

the broader peak found in Fig. 3.13 compared to the one shown in Fig. 3.10 is an

indication of higher timing-jitter.

Other filters with 12.8, 2.3, and 1 nm bandwidths were also tested with the center

wavelength varying in the range from 1540 nm to 1560 nm, which was the maximum

tunability permitted by the used optical filter. Apart from changes in the spectral

shape, single pulse per round trip mode-locking was not observed and pulsed output

was always in high harmonics of the cavity with insignificant variations of the pulse

parameters and repetition rate. Again, due to the high repetition-rate, the peak

power of the pulse train was very low, remaining approximately 0.042 W.
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3.2 Harmonic and single pulse operation of a mode-locked Raman laser using graphene

Single-pulse operation and pulse compression

Although the most common and by far the most stable operation regime obtained

in this laser was pulses in high harmonics of the cavities, under specific conditions

single pulse per round-trip could be observed. Still using 200 m of gain fibre, but

removing the filter, single pulse per round trip operation could be achieved, which

is shown in Fig. 3.14, 3.15 and 3.16. This operational regime was obtained for

pump powers just above the threshold. Further increase of the pump power caused

pulse break down and higher harmonic mode-locking.
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Figure 3.14: (a) Oscilloscope temporal trace of the high harmonic mode-locked 600 ps pulses
from the cavity with a 4.8 bandwidth filter and with 200 m of non-linear fibre at 2 different
time scales.

The mode-locked pulses were 1.25 ns long, with an output average power of 4.9

mW at 0.9 MHz repetition rate, corresponding precisely to the round trip time of

the cavity. The longer pulse duration was mainly due to the absence of an optical

filter and the longer length of fibre, which were also sources of instability, making

the single pulse operation difficult to maintain for more than a few minutes. The

spectrum had a Gaussian-like shape on the top of a small pedestal with a 6 dB

bandwidth of 0.8 nm and the RF trace had a contrast of approximately 50 dB

against the noise floor. The low repetition-rate allowed a substantially higher peak

power to be obtained, which was about 4.3 W, giving pulse energies of ∼ 5.4 nJ.

Increasing the fiber length to 400 m again led to harmonic mode-locking with
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Figure 3.15: Normalized spectrum of the high harmonic mode-locked 600 ps pulses from the
cavity with a 4.8 bandwidth filter and with 200 m of non-linear fibre in a dB (a) and in a linear
(b) scale.
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Figure 3.16: Normalized radio frequency trace of the high harmonic mode-locked 600 ps pulses
from the cavity with a 4.8 bandwidth filter and with 200 m of non-linear fibre.
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pulse durations from 600 to 700 ps and repetition rates from 310 to 340 MHz,

depending on pump power, filter bandwidth, central wavelength and polarization

adjustment. However, single pulse operation could once again be achieved when

a filter with a bandwidth of 12.8 nm was used. This time the pulse duration was

600 ps and the average power 3.3 mW, achieved when the cavity was pumped

with 2.8 W power. The repetition rate of 500 kHz, matched exactly the cavity

round trip, and the spectral 6 dB level bandwidth was 0.6 nm. Within the pump

powers from threshold to approximately 25% higher, the single pulse regime could

be maintained and exhibited significantly higher stability than that obtained with

the previous setup, without an optical filter. Nonetheless, stability in the pulse

parameters for more then tens of minutes could only be achieved when the laser

was in the harmonic mode-locking regime.
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Figure 3.17: Normalised oscilloscope trace of the 600 ps pulses from the cavity output (blue
line) using 400 m of non-linear fibre and a 12.8 nm filter, and pulse compressed to 350 ps in 21
km of STF (red line)

In order to confirm the chirped nature of the pulse, a signature of dissipative

solitons, a 21 km length of standard Telecom fiber (STF) was spliced to the cavity

output providing anomalous dispersion to compensate the expected positive chirp

on the pulses. Given the narrow spectral bandwidth (0.6 nm) and the large dura-

tion (600 ps), the pulse was expected to possess a large chirp, indicated by the large

time-bandwidth product of 29.8, requiring about 60 km of STF to reach full com-
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Figure 3.18: Normalized spectrum of the compressed (red line) and uncompressed (blue line)
mode-locked pulses from the cavity using 400 m of non-linear fibre and a 12.8 nm filter in a dB
(a) and in a linear (b)

pression in the ideal situation, assuming a fully linear chirp. Using 21 km of STF

with an estimated dispersion of 17 ps.nm−1.km−1 the pulse should be compressible

to 385 ps, which is close to the obtained value of 350 ps, with the discrepancy

allowed for the uncertainty on the value of dispersion. Temporal envelopes of both

uncompressed and compressed pulses and their optical spectra are shown in Fig.

3.17 and Fig. 3.18 respectively. Due to no significant changes in the optical spectra

it is typical to assume that compression because of the negative chirp of the STF

took place in the absence of significant nonlinear contributions.

Moreover, it is important to mention that a higher degree of compression could

not be achieved not only due to the long lengths required but also mainly due to

the lack of stability of the pulse parameters. This was problematic because changes

in the spectral width, or in the pulse duration, also lead to changes in the amount

of dispersion needed to apply to the pulse in order to achieve compression close

to transform-limit values. Therefore, also leading to different length requirements

to achieve a transform-limited pulse. The 21 km STF was chosen mainly because

it was the longest fibre readily available in the laboratory. Still, the 1.7 times

compression was a good indication that the pulse was indeed chirped.
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3.3 Conclusion

To summarize, harmonic mode-locking of a Raman laser was demonstrated in sev-

eral configurations with the use of a few layers graphene as a saturable absorber.

Different pulse durations and pulse shapes, as well as variable repetition rates were

obtained depending on polarization, pump power adjustments, filter bandwidth

and length of the gain fibre. Not all of these changes were quantitatively controlled

and further studies are still necessary to understand more completely the dynamics

of this Raman laser. Single pulse per round-trip operation could also be achieved

when the longer lengths of fibre were used and a 600 ps pulse was compressed to

350 ps by 21 km of a STF. The use of an optical filter was shown to be essential to

make mode-locking stable.

Although the demonstrated approach of combining Raman gain and graphene

saturable absorption for mode-locking is a potential technique towards the devel-

opment of wavelength versatile ultra-short pulsed sources, it is important to stress

that these are still preliminary results. A lot of laser and material engineering are

still needed in order to make the current performance level, specially in terms of sta-

bility, useful for applications. The low modulation depth of graphene of about 2%,

or even of a few layers graphene, is still an obstacle towards stable mode-locking of

Raman lasers. Carbon nanotubes, for example, usually present modulation depths

in the range of 12 to 20%. This issue should possibly be addressed by stacking

together a few graphene samples, which was not possible in our configuration due

to the fact that we were not using a polymer film with graphene embedded on it,

but graphene directly deposited on the outer face of an optical patch-cord.

Is also important to mention that current performance of CNT-based saturable

absorber in mode-locking, specially of Raman lasers, are much closer to practical ap-

plications, as demonstrated in chapter 2, than graphene-based saturable absorbers.

Nonetheless, this is still ongoing research, and further development of graphene

technology together with the use of fibres with higher Raman gain, therefore al-

lowing shorter cavities, can potentially be a way towards better performance in

order to realize the huge potential of the combination of Raman amplification and

graphene in mode-locking.
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germanium fibre

As discussed in previous chapters, Raman amplification is a very useful technique

to generate laser sources at non-conventional wavelengths that are not covered by

the emission band of rare-earth-doped elements. Nonetheless, the fact that Raman

lasers usually need very long fibre lengths (hundreds of meters) and/or very high

pump powers, is still a hindrance to a more widespread use of Raman laser in

practical systems.

This is true because long fibre lengths can reduce the compactness of the source,

which is exactly one of the advantages of fibre lasers. However, more importantly,

in pulsed systems long lengths do not allow single-pulse per round trip at high-

repetition rates, and moreover it can also be problematic to the mode-locking dy-

namics. To use short lengths in Raman laser is possible if one uses very high pump

powers (Watts or tens of Watts), however that creates an even more dramatic

situation.

High-power pump sources tend to be very expensive, and to insert them in all-

fibre systems, other elements in the cavity, such as couplers and isolators, also have

to be able to handle such powers which again increases the overall costs. Not to

mention that such high power devices are sometimes difficult to be commercially

obtained for unconventional wavelengths. The complexibility of the system also

increases since new elements, for example couplers to remove the residual pump

from the cavity, are needed. Furthermore, the dynamics of mode-locking can also

suffer from the use of high optical power levels, specially in what concerns ASE

noise contributions.

The only practical way to overcome such a situation in all-fibre systems is to use

as the Raman gain medium, optical fibres with very high non-linearity, and hence

high-Raman gain. High non-linearity can be achieved through two methods, either
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by using PCFs with reduced effective area, that can be also filled with gases or

liquids, or to simply use solid core single-mode fibres that are made or that are

heavily doped with different materials, such as germanium oxide or phosphorus

oxide. Both approaches can lead to high Raman gain, and therefore reduced fibre

lengths and pump power requirements. Nevertheless, heavily doped fibres presents

the advantage of being easier to incorporate in all-fibre configuration due to the

low splicing losses that can be achieved.

In this chapter we present a Raman laser mode-locked by nanotubes using a silica

fibre heavily doped with germanium oxide. Again, the dissipative soliton regime

was used to generate long pulses that were compressed by an external fibre with

anomalous dispersion. More importantly, reduced lengths of gain fibre were needed

without the necessity of enhancing the levels of pump power used in the experiments

shown in previous chapters.

The results presented in this chapter, which include the shortest (in terms of

length) mode-locked Raman fibre laser ever reported using only 25 m of gain fibre,

highlight the fact that this approach of using highly non-linear fibres can be used

not only in CW Raman systems but also in short-pulsed Raman lasers, contributing

to make them more simple and compact wavelength versatile laser sources.

4.1 Introduction

Silica single mode optical fibres have been extensively used as a medium to generate

Raman amplification for both CW and pulsed signals at a number of wavelengths

[110, 187, 188, 189], for various applications [190]. Nevertheless, the low Raman

gain coefficient found in silica fibres (gr = 1.10−13 m/W at 1 µm) means that long

lengths of fibre or pump lasers with very high powers have to be used, which is the

main hindrance to a more extensive use of Raman amplification in practical and

compact systems.

Initially other glasses, specially other oxide-based glasses, were proposed as an

alternative to silica, such as GeO2, B2O3, and P2O5 [191, 192]. It was shown in

1978 by F. L. Galeener et al. [191] that the Raman cross section in vitreous GeO2

is nearly an order of magnitude greater than that of SiO2. This concept was further

explored in a later publication in 1981 by Shibata et al. [192], where enhancement

of Raman gain was also confirmed for silica glasses doped with moderate concen-

98



4.1 Introduction

trations (< 30 mol.%) of GeO2, B2O3, and P2O5.

From these 3 elements that were initially proposed, GeO2 was by far the most

extensively used for Raman amplification in optical fibres [105, 193, 194] for the

simple reason that it has a higher Raman gain [191]. Furthermore, the fact that

GeO2 was already routinely used in the fabrication process of STFs in order to

enhance the fibre core refractive index [8], and also the fact that the peak of the main

Raman shift in GeO2 glass (420 cm−1) is very close to the Raman shift in silica (440

cm−1) also contributed to its preferred use as the doping element. Nevertheless,

although much less used, there were also a considerable number of publications

reporting Raman amplification in P2O5 doped fibres [194, 195, 196, 197].

In the last two decades, the rapid development of PCF technology has allowed

fibres with very reduced effective areas [50] to be fabricated, leading to silica-based

fibres with effective nonlinearity 40 times higher than STFs [106]. In this case, the

increase in the Raman gain is due to the increase in non-linearity that arise be-

cause of the higher power density concentrated in a small effective area. In solid-core

PCFs, this value can be further enhanced by doping the reduced core with elements

such as germanium oxide [198]. Another candidate for low-threshold Raman gener-

ation in optical fibre is gas-filled hollow-core PCFs [199, 200, 201], specially using

hydrogen, which has allowed single-pass Raman generation in less than 3 meters of

fibre [201]. The main drawback of the use of such highly non-linear PCFs is the fact

their integration into all-fibre configuration is not as straight-forward as it is with

solid-core silica fibres doped with germanium oxide and fibre splices might suffer

from excessive losses of several dBs. This is particularly problematic for Raman

lasers since the high pump power levels required to achieve lasing could potentially

lead to fibre fuses [202]. Therefore the light in such systems is usually bulk-coupled

to the gain fibre, losing the benefits associated with an all-fibre configuration.

More recently, over the last ten years, the increase in the number of applications

for lasers in the wavelength region over 2 µm [203], specially for medical applications

due to fundamental vibrational peaks of the O-H bond in water at 1.94 and 2.95 µm

[204], has lead to an increase interest in the development of laser sources in the mid-

infrared. For wavelengths around 2 µm the easiest solution is to use thulium-doped,

or even holmium-doped (Ho3+) silica fibres. Nevertheless, silica fibres become very

lossy for wavelengths above 2 µm, and therefore other glasses have to be used.

Fluoride fibres [14], or more precisely ZBLAN glasses (ZrF4-BaF2-LaF3-AlF3-NaF),
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are amongst the most used hosts for laser generation between 2 to 4 µm, not

only because they present moderate losses for such wavelengths (< 10 dB/km for

wavelengths lower than 3.2 µm) but also due to the fact that they can be doped

with elements such as thulium, erbium and holmium that are able through different

electronic transitions to generate and amplify light at a number of wavelengths in

that region [203].

Despite the fact that the Raman gain scales inversely with wavelength, the broad-

band nature of Raman amplification can still be used for wavelengths above 2 µm.

The use of silica fibres heavily doped with germanium as the gain medium in Ra-

man fibre lasers was already reported for wavelengths slightly higher than 2 µm

[105, 205]. Other non-silica glasses that have been used to fabricate Raman fibre

lasers towards the mid-infrared are chalcogenide [206, 207], and fluoride glasses

[208]. Tellurite glasses can also potentially be used for this purpose [209], however

up to date the only reports of Raman fibre lasers based on tellurite fibres were car-

ried out at wavelengths around 1.55 µm [210]. The possibilities of making Raman

lasers to operate beyond the 2 µm region is further explored in subsection 4.1.3.

In this section we describe the physics involved in enhancing the Raman gain in

optical glasses, first in silica doped fibres and later in other non-silica-based fibres,

and explain how this can potentially pave the way towards the fabrication of very

compact and efficient Raman fibre lasers. Issues concerning the fabrication process

of such fibres are also covered in this section.

4.1.1 Raman gain in heavily doped silica fibres

As mentioned previously, the first relative measurement of the Raman spectra of

different oxide glasses usually used to generate Raman gain was done in 1978 by F.

L. Galeener et al. [191], from where Fig. 4.1 was taken. The plot was normalized

as a function of the peak Raman intensity for SiO2, and it was found that GeO2,

P2O5 and B2O3 have respectively a Raman cross section 9.2, 5.7 and 4.7 times that

of silica. Moreover, P2O5 has a second peak at a higher shift that is still 3.1 times

higher than silica. These materials were strong candidates for the gain medium for

Raman amplification both because they were already widely used in optical fibre

technology [211] and also because they are glasses that have low optical losses [192].

Fig. 4.1 is also good to illustrate the fact that different materials present different
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Raman shifts. It can be observed that the peak shift for maximum Raman gain in

GeO2 (420 cm−1) is very close to the shift in SiO2 (440 cm−1), which brings the

immediate advantage of allowing the usage of germanium-based Raman amplifiers

using the same devices, such as couplers and filters, that are currently used in

Raman amplifiers based on silica fibre. On the other hand, materials such as P2O5

and B2O3, which have a main peak at the shift of 640 and 808 cm−1 respectively, can

be used to achieve different gain bands from a same pump wavelength, highlighting

the broadband wavelength versatility of Raman gain. Moreover, such materials with

larger frequency shifts can also be used to achieve the same gain bands obtained

when using SiO2 fibres, however using less cascaded shifts [196], reducing the system

complexity.

Figure 4.1: The relative Raman spectra of vitreous GeO2, B2O3, SiO2 and P2O5, taken from
Ref. [191].

This possibility of using different materials to obtain optical amplification at

different wavelengths can be clearly seen in Fig. 4.2, where it is shown the Stokes

wavelength obtained from a pump at 532 nm and 1060 nm, for a shift of 440 cm−1

from SiO2, 420 cm−1 from GeO2, 808 cm−1 from B2O3, and 650 and 1390 cm−1 from

P2O5 glasses. Fig. 4.2 was generated by a MATLAB code that was simply starting
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from an initial wavelength in nm, converting it to frequency, subtracting from it

the correspondent frequency shift in THz of the given material, and then again

converting it back to wavelength. The same operation was realized successively for

the higher stokes orders.
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Figure 4.2: Frequency shift of n-th order from a pump at 532 nm (figure (a)) and from a
pump at 1060 nm (figure (b)) for GeO2, B2O3, SiO2 and P2O5 glasses. For the case of P2O5

it is shown the Stokes shift for both peaks at 650 and 1390 cm−1.

It can be observed that for both cases the wavelengths obtained from Raman

shifts from SiO2 and GeO2 are very close to each other, especially for the first 4

or 5 Stokes order. Raman lasers that are cascaded to Stokes orders higher than

4 or 5 are more rare because after each shift they become less efficient, therefore

needing higher pump powers. Nonetheless, if a very highly non-linear fibre is used,

such lasers can be built even presenting moderate efficiencies. In Ref. [212], for

example, a 7-th order cascaded Raman fibre laser is built from an ytterbium fibre

laser at 1.07 µm using only 3 meters of a silica fibre heavily doped with germanium
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showing 70 % conversion efficiency.

The most important feature of Fig. 4.2, however, is the fact that other glasses

can be used to fill the gaps left from the discrete nature of the Raman shifts,

which stress the wavelength versatility of the Raman gain, even when the pump

wavelength cannot be changed. This wavelength versatility is further enhanced by

the fact that the Raman gain not only in silica but also in P2O5 and in GeO2

glasses is also relatively broad (> 25 THz), which can be used in systems to tune

the amplification band from its peak position.

The possibility of achieving higher wavelengths using less cascaded Raman orders

is also an important benefit that can arise from the use of other glasses, because it

allows to reduce, for example, the amount of fibre gratings needed in the system,

helping to reduce costs and enhancing simplicity. This is particularly true if the

second peak of a P2O5 at 1390 cm−1 is used to provide the optical amplification.

This is the case, for example, in Ref. [196] where a silica fibre doped with P2O5

was used to built a Raman fibre laser at 1.48 µm from a Nd:YAG laser at 1.06

µm using only 2 Raman shifts. Such lasers can serve as a pump for Erbium-doped

amplifiers.

A study similar to the work published by F. L. Galeener et al. [191] was reported

3 years later in 1981 by N. Shibata et al. [192] where they measured the Raman

spectra for silica fibre doped with the same glasses studied previously, namely

GeO2, P2O5 and B2O3. The doping concentration of the fibres studied in [192]

were maintained between 10 and 30 mol.%, mainly due to the fact that that were

many technological limitations at that time about the fabrication of doped optical

fibres and higher concentrations were very difficult to achieve [205]. Nonetheless,

the results showed by N. Shibata et al. can shed light about some of the reasons

why later some glasses were more used in doped fibres than others.

It was shown in [192] that the shape of the Raman spectrum of GeO2 doped fibre

is virtually the same as the vitrous GeO2 spectrum, with the main peak at a shift of

425 cm−1 instead of at 420 cm−1. The main differences, however, were observed for

P2O5 and B2O3 doped fibres. It was shown that the peak at 808 cm−1 is drastically

reduced when B2O3 is incorporated in SiO2 glass, and no other stronger peak due

to B2O3 molecular vibration is observed, which basically discards the possibility of

efficiently using boron-doped fibres as the Raman gain medium at least for moderate

concentrations of B2O3. A similar situation is found in P2O5 silica doped fibres,
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4 Ultrafast Raman lasers in highly doped germanium fibre

where the main peak at 650 cm−1 is also greatly reduced, however, the second peak

at 1390 cm−1, although slightly shifted to 1320 cm−1, is maintained and it increases

linearly with the doping concentration. Indeed, this is also confirmed by the fact

that later publications of Raman fibre lasers using P2O5 doped silica fibres were

basically all using a Raman shift around 1320 cm−1 [194, 196, 197].

Although the Raman cross section of the 1320 cm−1 Raman shift in phosphorus-

doped silica fibre is not much higher than the Raman cross section of pure silica (it

would be needed for example 60 mol.% for a twice fold increase), P2O5 doped fibres

are still very useful due to their capability of achieving higher wavelengths with less

cascaded orders, which as mentioned previously reduces costs and enhances the laser

efficiency. In addition, Bragg gratings can be directly written in phosphosilicate

fibres by using 193 nm radiation [196], which can make the system even more

compact.
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Figure 4.3: Calculated Raman cross section relative to silica for different GeO2 doping con-
centrations, adapted from [145].

From the studies published previously on oxide-doped optical glasses [191, 192]

it becomes evident that GeO2 is the element that can provide higher levels of
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Raman gain enhancement in comparison to the other elements studied. This was

indeed confirmed by the large amount of reports on Raman fiber lasers based on

germanium doped-fibres [105, 144, 193, 194, 205, 212]. The Raman cross section

of germanium doped fibre increases proportionally to the doping concentration.

This was experimentally measured in Ref. [145] for germanium concentrations

up to 65 mol.%, and it is illustrated at Fig. 4.3 (also taken from [145]), where

numerical calculations of the Raman spectra is shown for different GeO2 doping

levels. It is important to highlight from Fig. 4.3 the fact that the peak of the

Raman cross section for the case of 100 mol.% doping shows good agreement to the

value obtained in Ref. [191] for vitreous GeO2. Moreover, it can also be observed

that the concentration of GeO2 does not have significant effect on the Raman shift

for maximum gain.

Very high Raman gains were initially prevented due to the fact that fibres with

levels of doping of more than 30 to 40 mol.% were difficult to manufacture [205]

mainly because of the mismatch of the thermal expansion coefficients of GeO2

and SiO2 [105]. Nevertheless, in 2004 it was reported for the first time [205, 212]

the fabrication of single mode fibres with core concentrations of 51 to 97 mol.%

of GeO2. These new levels of doping concentrations opened up the possibility of

unprecedented high levels of Raman gain to be obtained from GeO2 doped fibre.

In Ref. [205], for example, a silica fibre with 75 mol.% concentration of GeO2,

which is exactly the same fibre used in the experiments shown in this chapter, was

demonstrated to possess a Raman gain coefficient at least an order of magnitude

higher than previous GeO2 doped fibres used as highly non-linear Raman gain

medium. In order to stress the capability of such fibre to provide a large amount

of Raman gain over short lengths of fibre, still in Ref. [205] a 10 W Raman laser at

1.12 µm was built using only 3 meters of this fibre from a 13 W pump at 1.06 µm.

In addition, it is also important to mention that such high Raman gains found

in GeO2 doped fibres are not only due to the gain provided by the material in

itself, as demonstrated in Fig. 4.1 and 4.3, but is also due to the fact that high

concentrations of germanium in the core result in a higher refractive index difference

(∆n) between the core and the cladding, which allows reduced effective areas, as

a result increasing even more the gain. This fact can be observed, for example,

about the fibre used in the experiments that are shown later in this chapter, that

presents an effective area of only 5 µm2 at 1.55 µm, which is about 15 times lower
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then STFs and still approximately 3.5 times lower than the highly non-linear fibre

used in the previous experiments shown in this thesis. This helps to confirm the

well-established fact that silica fibres heavily doped with GeO2 are ideal hosts for

compact Raman gain generation in all-fibre configurations.

4.1.2 Raman lasers beyond 2 µm

Although this is not explored in the experiments reported in this chapter, it is

also important to briefly discuss another possibility that the usage of different

glasses can bring to Raman fibre lasers, which is the capability of providing optical

amplification in fibres for wavelengths over 2 µm towards the mid-infrared. As

mentioned previously in the introduction of this chapter, the prime driver in such

wavelength ranges is mainly due to the interest for optical sources to be used in

medical and military applications [203].

Figure 4.4: Characteristic of infrared rare-earth doped fibre lasers with emission wavelengths
above 1.55 µm, adapted from [203].

A summary of the main fibre laser sources used from 1.5 to 4 µm can be seen

in Fig.4.4, which was adapted from [203]. For wavelengths around 1.9 to 2 µm
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4.1 Introduction

the easy solution is to use thulium doped fibre lasers based on silica. Nevertheless,

silica glass poses a limit for light generation above 2 µm due to the fact that at

longer wavelengths (λ > 2 µm), infrared absorption related to vibrational reso-

nances increase exponentially, being for example approximately 110 dB/km at 2.1

µm [105]. Different glasses that present lower losses towards the mid-infrared then

have to be used for such purposes, and a few possibilities are chalcogenide [16, 213],

fluoride [14] or telluride glasses [209]. It also important to mention, that tellurium

is actually also a chalcogenide element [213], however in the recent literature about

optical fibres academics are tending to treat them as a separate category on its

own [209, 210]. Thulium doped ZBLAN, which is a type of fluoride fibre [214], can

extend the wavelength reach slightly further until ∼2.3 µm, and above that there

are still other wavelength ranges that can be reached by ZBLAN doped with other

rare earth ions such as erbium or holmium.

Here we come to a similar problem faced by rare-earth doped fibre lasers from 1

to 2 µm, which are the wavelength gaps that are not covered by the emission bands

of such elements. And again, one of the possible solutions to this problem is to use

Raman amplification instead. Nevertheless, it is important to mention that from

2 to 4 µm the technical challenges involved in Raman generation are many, such

as high loss and the inverse wavelength dependence of the Raman gain, and this is

still a current research field with few experimental demonstrations.

For wavelengths slightly higher than 2 µm, heavily doped GeO2 fibres suits well

for Raman generation, both due to its high Raman gain and also because the

infrared absorption in germanium oxide is slighty up-shifted in comparison with

silica. This was already demonstrated for example in Ref.[105] where a 1.15 W

average power Raman laser at 2.1 µm was built from a 16 W thulium doped fibre

laser pump at 1.94 µm. In the same experiment, in a single pass configuration, for

a pump power of 20 W, a second Stokes shift were obtained at 2.32 µm, however

with very reduced optical power. In Ref. [205] a fourth-order cascaded Raman laser

was build lasing at 2.2 µm with 250 mW average power from a pump power of 1.1

W at 1.6 µm provided by a Erbium doped fibre laser. In both cases [105, 205], the

fibre used was heavily doped GeO2 fibre with 75 mol.% concentration.

For longer wavelengths the main candidates for the Raman gain media are chal-

chogenide, telluride and fluoride glasses. With the current technology fluoride fibres

can present losses of approximately 0.65 dB/km at 2.6 µm and <20 dB/km at 2.9
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µm [203]. In terms of loss, fluoride fibres suit well for Raman generation using as

pump a high power thulium doped laser at around 2 µm. The Raman shift in such

fibres is ∼ 579 cm−1 (or 17.37 THz) [215], which allows first order Stokes genera-

tion around 2.2 µm direct from a pump at 2 µm. Indeed, a Raman fibre laser was

reported generating 3.7 W at 2231 nm using 29 m of a fluoride fibre as the Raman

gain and as a pump a thulium doped fibre laser pumped by a 36 W diode at 791 nm

[208]. The Raman gain (g0) in such fibres was measured to be around 3.52*10−14

m/W for an unpolarized pump at the wavelength of 2 µm, which is slightly higher

than the Raman gain for silica at such wavelengths (∼2.5*10−14 m/W). Longer

lengths of fibre and higher pump powers should allow Raman cascaded lasers in

such fibres at longer wavelengths around 2.5 or even at 3 µm.

Telluride fibres present a wide transmission window (0.35 to 5 µm) and fibres with

losses of 20 dB/km at 2 µm have already been fabricated [216]. The Raman shift

in this type of fibres is ∼ 743 cm−1 (or 22.3 THz) and the Raman gain is estimated

to be ∼16 times higher than in silica [210]. Nevertheless, the losses beyond the

2 µm region for usual telluride fibres are often still very high [217] for efficient

Raman generation, which together with the fact that they are difficult fibres to

be commercially obtained [206] have still not allowed any experimental report of a

Raman fibre laser beyond 2 µm in such glasses.

The most promising glass for Raman generation over 2 µm are chalcogenide

glasses based on As2S3 and As2Se3, which have Raman gain coefficients approx-

imately 50 and 350 times larger then typical fluoride glasses, respectively [207].

Indeed, this possibility was already experimentally confirmed twice [206, 207]. In

Ref. [206] a 0.5 m As2Se3 fibre was used to generate 0.64 W at 2.06 µm from

a thulium doped pump at 2.05 µm, which represents a shift of only 28 cm−1 (or

0.84 THz). A second order Stokes shift could also be observed at 2.07 µm when

the length was extended. To avoid such short Raman shifts, an As2S3 can be

used instead, which shows a 340 cm−1 or (10.2 THz) as shown in Ref.[207] where

a 0.6 W peak power Raman laser at 3.34 µm in 3 m of fibre was experimentally

demonstrated using as a pump an erbium-doped fluoride glass lasing at 3 µm.

Lastly, it is important to mention that this possibility of using other glasses to

build Raman lasers beyond the 2µm is a very recent research topic, being more a

future perspective than a established reality. The experimental work show in this

chapter is fully focused at shorter wavelengths, with the intent to demonstrate that

108



4.2 Short cavity length Raman pulsed laser using DWCNT

the concept of using heavily doped GeO2 fibres can be used in pulsed systems in

order to reduce pump power or fibre length requirements.

4.2 Short cavity length Raman pulsed laser using DWCNT

In this section a mode-locked Raman laser using 25 m of a GeO2 doped fibre as

the gain medium is introduced employing double wall carbon nanotubes as the

saturable absorber. The oscillator generates long chirped pulses in the dissipative

soliton regime, which are externally compressed in a STF. This result confirms the

capability of applying to short-pulsed lasers the same benefits offered by highly

doped fibres that were so far mainly applied to CW systems. The laser here pre-

sented is so far the mode-locked Raman laser using the shortest length of gain fibre

ever reported. This result was published in Ref.[144].

4.2.1 Experimental setup

The all-fibre geometry used in this experiment, illustrated in Fig. 4.5, was similar

to the one used for the results shown in chapter 3 (Fig. 3.6), with only a few

changes. Here the Raman gain fibre was replaced by a 25 m length heavily doped

GeO2 with 75 mol.% core-doping concentration, which is the same fibre utilized in

Ref. [105, 205, 218]. The gain fibre was core pumped through a wavelength-division

multiplexer (WDM) by the same CW Raman laser at 1455 nm used in chapter 3,

again with no need for synchronous pumping. The saturable absorber used was the

same DWCNT polymer composite described in section 2.2 integrated into the cavity

between a pair of fibre connectors. The only difference is the fact that this time the

laser was operating at 1550 nm and not at 1660 nm, which is not a problem to the

absorber due to its broadband operation range. Again, the absence of an absorber

caused the laser to operate in a CW regime. A polarization insensitive in-line optical

isolator and a fibre-based polarization controller were used to stabilize the mode-

locking. Light is extracted from the unidirectional cavity through a 15% output

coupler. In order to prevent high-levels of un-depleted pump power damaging the

passive cavity components, two WDM couplers were again needed to extract the

residual pump light after the gain fibre. Another difference from the previous setup

used in chapter 3 is the fact that an optical filter was not necessary to achieve

mode-locking.
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DWCNT

25 m GeO2 fibre

Pump extractors

Isolator
Pump coupler

15 % output
Raman
Laser

Polarisation
controller

Figure 4.5: Experimental setup of the mode-locked Raman laser using 25 m of GeO2 doped
fibre. DWCNT: Double wall carbon nanotube-based saturable absorber.

The GeO2 doped fibre was obtained from a collaboration with the Fiber Optics

Research Center in Moscow, where it was originally fabricated [194]. The zero dis-

persion wavelength of this fibre is expected to be in the 1.8 to 1.9 µm range [218],

which means that for this experiment both pump (1455 nm) and signal (1555 nm)

were propagating under normal dispersion. The losses are around 40 dB/km at

1550 nm, which is much higher than the losses of STFs for the same wavelength,

however since we are using only 25 m of fibre, the overall loss is kept to approxi-

mately 1dB. The cut-off wavelength is around 1.4 µm and the core diameter is ∼2

µm. The refractive index difference between the core and the cladding (∆n) is 0.11,

which allows very reduced effective areas, and therefore very high non-linearities

and Raman gain. The effective area of the fibre was not given. However, calcu-

lations of the Raman gain coefficient of this fibre based on the net gain obtained

experimentally are made in the end of this section in order to compare the perfor-

mance of this fibre with the OFS Raman fibre used in the experiments shown in

the previous chapters. Nevertheless, the 75 mol.% concentration of GeO2 doping in

the core in comparison with the estimation of 12 mol.% calculated for the previous

fibre is already a good indication of a much higher Raman gain. Other parameters

of the fibre are described in more detail in [205].
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4.2 Short cavity length Raman pulsed laser using DWCNT

4.2.2 Results

Mode-locking

Self-starting mode-locking is achieved for pump powers from 4.2 W up to 4.8 W,

which is the maximum power available from our CW pump source. It is important

to notice here, that in comparison, for example, with the oscillator used in the

previous chapter (100 m case), there was a slight reduction of the threshold from 4.4

W to 4.2 W even using a gain fibre 4 times shorter, which highlights the extremely

high non-linear properties of this GeO2 doped fibre. The same is valid if we compare

this threshold condition with the result showed in section 2.3 where 6.87 W of pump

power were needed in a 60 m oscillator at 1.06 µm. Here, even operating at a higher

wavelength where the Raman gain is smaller and using less than half of the length

previously used, the threshold power was still reduced by ∼40%.
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Figure 4.6: Normalised oscilloscope trace of the pulse at the output of the mode-locked cavity.

Fig. 4.6 and Fig. 4.7 show the oscilloscope pulse trace and the spectrum obtained

at the output cavity for laser operation just above threshold. The pulses are 850 ps

long with 0.4 mW average power. The long pulse duration again is due to the fact

that the laser is operating in the dissipative soliton regime. The spectrum centred

at 1552.5 nm has a 3 nm 6-dB bandwidth and a squared shaped, a typical signature

of lasers operating in the dissipative soliton regime.

111



4 Ultrafast Raman lasers in highly doped germanium fibre

1540 1545 1550 1555 1560 1565 1570

−40

−30

−20

−10

0

Wavelength [nm]

A
m

pl
itu

de
 [d

B
]

Figure 4.7: Normalized optical spectrum of the pulse at the output of the mode-locked cavity.
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Figure 4.8: Normalized RF trace of the fundamental frequency of the pulse at the output of
the mode-locked cavity.
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4.2 Short cavity length Raman pulsed laser using DWCNT

The RF trace of the fundamental harmonic of the cavity, shown in Fig. 4.8

confirms the single pulse per round trip operation at a repetition rate of 4.85 MHz

in the approximately 42 m cavity. In terms of Raman lasers operating at the

fundamental frequency of the cavity, this is much higher than many previous reports

of, for example, 64 KHz in Ref.[119], 205 KHz in Ref.[120] and 300 KHz in Ref.

[121], and still higher than the previous reports shown in this thesis of 1.72 MHz

in section 2.2, 2.87 MHz in section 2.3 and 0.9 MHz in section 3.2.

Still in Fig. 4.8, it can be observed that the extinction ratio between the peak and

the noise floor is around 70 dB. Nevertheless, there is a fairly large pedestal 50 dB

below the peak, which indicates that the laser operates with a fairly high noise jitter

and pulse-to-pulse amplitude fluctuations, as it is usual observed in mode-locked

Raman fibre lasers. The extended RF trace showing the first 7 harmonics can be

observed in Fig. 4.9, which shows a small noise contribution at half the fundamental

frequency of the cavity, which is a sign of a regular amplitude modulation at such

frequency. The modest average power, together with long pulse duration and the

MHz repetition rate, results in a pulse peak power of 0.1 W, and a pulse energy of

0.08 nJ.
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Figure 4.9: Normalized extended RF trace showing the fundamental frequency and its first 7
harmonics.
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Pulse compression

In order to verify the chirped nature of the pulses, as expected for a mode-locked

laser operating in the normal dispersion regime, 12.7 km of STF was spliced to the

output of the laser providing anomalous group-velocity dispersion. The oscilloscope

pulse trace and the spectrum after the STF are shown in Fig. 4.10 and 4.11 re-

spectively. Given the initial 850 ps pulse duration and the 3 nm bandwidth centred

at around 1552.5 nm, the pulse is approximately 317 times transform limited, and

considering a dispersion value of -17 ps/nm/km in the STF, it should be compressed

to about 202 ps after 12.7 km of fibre. The obtained pulse, shown in Fig. 4.10 is

185 ps long, which is within 10% of its expected value, showing a compression of

∼4.6 times.
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Figure 4.10: Normalised oscilloscope trace of the compressed pulse after 12.7 km of STF.

The spectrum, which can be seen in Fig. 4.11, still has a 6-dB bandwidth of 3 nm

and it was again centred at 1552.5 nm. It shape remained without any significant

change, which is a clear indication that no non-linear effect took part during the

compression. The average power after compression was reduced to 0.2 mW, however

the shorter pulse duration enhanced the peak power to 0.22 W.
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Figure 4.11: Normalised optical spectrum of the compressed pulse after 12.7 km of STF.

Gain and threshold analysis

The overall loss of the cavity was measured to be around 8.7 dB, which means that

from the threshold condition, where loss equals gain, that the Raman gain provided

by the fibre under 4.2 W of pump power was also 8.75 dB. The Raman gain can be

expressed in dB by Eq. 4.1 [8], where Gr is the Raman gain in W−1.km−1, Pt is

the threshold pump power and Leff is the effective length which can be calculated

by Eq. 4.2 where L is the fibre length and αp is the pump loss, which in our case

was 50 dB/km [212]. Calculating the Raman gain from Eq. 4.1 we obtain Gr

= 18.1 W−1.km−1 at 1550 nm for an un-polarised pump, which is approximately

7.2 times higher than the Gr of the OFS Raman fibre used in the experiments

shown in chapters 2 and 3. This is in accordance with the predictions made in

Ref. [212] where it was stated that this fibre possesses a Raman gain coefficient an

order of magnitude higher than usual high-gain non-linear fibres used for Raman

amplification. Moreover, the Gr of this fibre at 1.5 µm is approximately 47.5 higher

than the Gr of an STF at the same wavelength.

GdB = exp(2GrPtLeff ) (4.1)
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Leff =
1− exp(−αpL)

αp
(4.2)

In order to estimate how much the fibre length could be reduced by increasing the

pump power, and also how much the pump power could be reduced by increasing

the fibre length, we can use the Gr calculated above and reshape Eq. 4.1 and 4.2

into Eq. 4.3 and 4.4 so that we obtain the fibre length as a function of pump power

for threshold condition (loss = gain). The result is plot in Fig. 4.12 where the gain

fibre length needed to achieve 8.7 dB of gain (threshold) is estimated for pump

powers from 3.2 to 30 W.

L =
− ln(1− αpLeff )

αp
(4.3)

Leff =
ln(GdB)

2GrPt
(4.4)
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Figure 4.12: Estimation of fibre length needed to achieve threshold condition as a function of
pump power.

From Fig. 4.12 it can be seen that short lengths of fibre can be used if we increase

the pump power a few times. Using 5 W for example, should already allow to reduce

the fibre length to ∼18 m, whereas only 7 m of this GeO2 fibre would be needed
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4.2 Short cavity length Raman pulsed laser using DWCNT

for a 10 W pump. Using a 20 W pump, which is a reasonable value to be obtained

with fibre lasers, one could potentially build the same oscillator using only 3.2 m

of gain fibre. In a more extreme case, increasing the pump to 30 W only 2.1 m of

fibre would be necessary in order to achieve threshold.

Looking at the lower pump power side of Fig. 4.12, it can be seen that even

by increasing significantly the fibre length, the pump power necessary to achieve

threshold for this fibre can not be reduced considerably. This happens due to the

fact that this fibre has a very large loss at 1450 nm (50 dB/km) which becomes a

real hindrance to the Raman gain if we use long lengths of fibre. From Eq. 4.1 and

4.2, for example, it can be calculated that for pump powers lower than ∼3 W, no

length of fibre can satisfy threshold condition. Nevertheless, a modest reduction of

pump power could still be achieved for slightly longer fibre lengths. For example,

40 m of this gain fibre should allow only 3.5 W of pump power to be used, whereas

if 55 m is used, threshold could be obtained under only 3.1 W.

There are however a few possible routes that could lead to a further reduction

of pump power requirements even using this same fibre. The first one would be to

reduce the overall losses of the oscillator (current 8.7 dB), which could be done for

example by optimizing the splice losses and also by using a more purified (in terms

of diameter range) CNT-sample that could present less losses, which in our case,

according to Fig. 2.6 is ∼3dB. Again according to Eq. 4.3 and 4.4, by reducing

the threshold requirement by only 2.5 dB, an oscillator with 70 m of gain fibre and

2.6 W of pump should be achievable. Another possible route could be to build a

Raman laser for a pump at this fibre loss-minima, which is around 1.9 µm [212]

where the loss is ∼20 dB/km. For this case, although the Raman gain would be

reduced to approximately 13.1 W.km−1 due to its inverse wavelength dependence,

we can estimate that the pump power could be reduced to 2 W for a 85 m length

of gain fibre.

It is also important to mention that although these gain calculations can give

good insights into how to use this fibre to reduce length or power requirements,

every change on either fibre length or pump power would certainly affect the mode-

locking dynamics of the laser due to differences of dispersion, self-phase modulation

and gain levels, which could lead to temporal and spectral parameters of the pulse

to diverge from the results presented in Figs. 4.6, 4.7 and 4.8.
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Noise calculations

As could be observed in many of the Raman lasers reported in this thesis, the RF

spectrum of such lasers in terms of both extinction ratio and pedestal components

are much noisier than state-of-the-art rare-earth doped mode-locked fibre lasers. As

mentioned previously, this is expected to be due to the high levels of pump power,

which generate ASE, that are needed and also due to the nearly instantaneous

nature of the Raman gain which immediately transfers any noise from the pump

direct to the amplified signal. Here we present a quantitative study of the energy

fluctuation and the timing jitter of the GeO2-based Raman oscillator, following a

methodology described in Ref. [219]. A comparison with other previously reported

mode-locked Raman fibre lasers is difficult to undertake since the RF traces tend

to be omitted from such publications [117, 118, 119, 120, 121, 142].

The pulse-to-pulse energy fluctuations and the timing jitter can be calculated

from parameters obtained from the RF trace of the fundamental frequency and a

higher order harmonic on a long and a short span [219]. This is plotted in Fig. 4.13

where the RF trace of the fundamental (b) and of the 30th harmonic (d) are shown

on a long range span (3 MHz), with 300 Hz resolution, and also on a short range

span (100 kHz), with 100 Hz resolution (a) and (c). The pulse-to-pulse energy

fluctuations can be expressed by Eq. 4.5 where ∆P is the power ratio between the

central spike at the fundamental frequency and the peak of the noise floor (Fig.

4.13(b)), ∆f (Hz) is the frequency width of the noise component (Fig. 4.13(a)),

and ∆fRes (Hz) is the resolution bandwidth of the spectrum analyser. In our case,

∆P = 1.58*10−7 (-68 dB), ∆f = 300 kHz, and ∆fRes = 100 Hz, which gives a

∆E = 0.0218 or 2.18%, which is not much higher than other published results

found in literature. In Ref.[218] for example the ∆E obtained for a mode-locked

thulium-doped fibre laser using the same calculation was 0.5%.

∆E =

√
∆P∆f

∆fRes
(4.5)

The timing jitter can be calculated by Eq. 4.6 [219] using parameters from the

RF trace of a higher harmonic, where T is the cavity period and n is the harmonic

order. From Fig. 4.13(c) and (d), we obtain ∆P = 1.26*10−4 (-39 dB), ∆f = 15

kHz, and ∆fRes = 100 Hz, which for n = 30 and T = 206.1 nm gives ∆T = 150 ps.
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Figure 4.13: RF spectra. (b) Fundamental, and (d) 30th harmonic on a long range span
(3MHz), with 300Hz resolution; (a) Fundamental, and (c) 30th harmonic on a short range span
(100kHz), with 100Hz resolution. The noise floor is shown in red.
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In comparison to the pulse duration obtained of 850 ps, the timing jitter is 17.6%,

which can be considered to be a high value, indicating that this specific laser would

not suit for applications that require low levels of jitter-noise, which nonetheless do

not invalidate that fact that the concept of using heavily doped GeO2 fibres can

lead towards better performance in Raman lasers.

∆T =
T

2πn

√
∆P∆f

∆fres
(4.6)

4.3 Conclusion

In this chapter it was reiterated and discussed how different types of glasses can be

used in order to reduce length and power requirements in Raman lasers, allowing

such laser sources to be more simple, efficient, and produced with lower costs, which

is usually difficult to achieve in Raman lasers due to the relatively low Raman gain

provided by standard silica fibres. The main focus was on optical fibres highly doped

with GeO2, since this is by far the most often used material which is currently used

to enhance the Raman gain of silica and that can even be used for Raman generation

beyond the 2 µm region.

In this chapter we reported a passively mode-locked Raman laser using as the

gain medium only 25 meters of a highly doped GeO2 fiber (75 mol.%) in an all-

fiber configuration, which is so far the mode-locked Raman oscillator using the

shortest gain fibre ever reported. The mode-locking was achieved by employing

double-wall carbon nanotubes as the saturable absorber, which are ideal to be

used together with Raman gain in order to exploit the broadband nature of both,

providing a solid technique to produce wavelength versatile short pulsed sources.

The fundamental frequency of 4.85 MHz shows that ultrafast Raman lasers can

move towards repetition rates that are comparable with rare-earth doped fibre

systems. The net-normal dispersion cavity generated 850 ps long pulses at 1552.5

nm that were externally compressed by 12.7 km of STF to 185 ps, showing the

chirped nature of the output pulses.

Gain calculations based on the GeO2 fibre used in the experiment suggests that

by using a moderately high pump power, in the range of a few tens of Watts,

the fibre length of the gain fibre in the oscillator could be reduced to only a few
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meters. By increasing the fibre length or by slightly reducing the cavity losses it is

suggested that the pump power could be reduced to ∼3 W. Further reduction of

pump power could happens if the laser operates at a wavelength in which the fibre

present less losses (around 1.9 µm for example). Noise properties of this laser were

also calculated, showing that the pulse-to-pulse energy fluctuations, in the region

of a few percent, are not much higher than other previous reported mode-locked

fibre lasers. The same can not be said about the pulse jitter, which was calculated

to be of around 17% of the pulse duration, stressing that this is an issue that has

to be treated if one is interested in applications where high levels of jitter can not

be tolerated. A possible route towards a less noisier laser could be to considerably

reduce the pump power.
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5 Conclusion

The intent of this thesis was to make a contribution towards increasing the versa-

tility in terms of wavelength for short-pulsed fibre lasers, so that the wavelength

gaps between the emission band of usual rare-earth doped fibre amplifiers can be

fulfilled by low-cost, simple, and compact laser sources. The approach chosen here

was to use Raman amplification as the optical gain source and newly developed

nanomaterials, such as carbon nanotubes and graphene, as the saturable absorber

to generate the short-pulses through mode-locking.

Raman gain together with carbon nanotubes or graphene is an ideal combination

as a simple technique to allow short pulse generation at theoretically any wavelength

from the visible to at least the 2 µm region of the spectrum. Different to rare-earth

doped fibres, the amplification due to stimulated Raman scattering does not rely

on any electronic transition of an active ion, and provided that a suitable pump

source is available it can be obtained virtually at any wavelength over the silica

transparency window (0.4 - 2 µm). This broadband capability to provide gain

in Raman amplifiers can be further extended towards the mid-infrared by using

other glasses different from silica. This possibility is discussed briefly in chapter

4. Moreover, Raman amplification is intrinsically a very simple technique, which

needs only an optical fibre with enough non-linearity and a pump with enough

power, avoiding issues such as phase-matching which have to be taken into account

in other wavelength tunable amplification schemes, such as in optical parametric

amplification.

Carbon nanotubes and graphene, nano-materials developed approximately over

the last two decades, both present saturable absorption over a broad wavelength

range. Whereas in graphene this is an intrinsic property of the material due to its

linear dispersion relation near the Dirac point, in carbon nanotubes this can easily

be achieved by embedding in a single sample tubes with different diameters. This

broadband capability of both materials is exactly what makes their combination
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5 Conclusion

with Raman gain to be an innovative concept and a simple technique towards a

more universal wavelength versatile short-pulsed source.

In chapter 2 we reported what was the first experimental demonstration of a Ra-

man laser mode-locked by a carbon nanotube-based saturable absorber. A double-

wall carbon nanotube sample was used in a erbium-pumped oscillator operating

in the dissipative soliton regime generating 500 ps chirped pulses at 1660 nm that

were externally compressed to 2 ps in 10 km of a fibre with anomalous dispersion.

Additionally, in order to experimentally show the same technique at a different

wavelength, we reported a ytterbium-pumped Raman laser operating at 1120 nm

mode-locked by single-wall carbon nanotubes. The laser operating again in the

dissipative soliton regime, generated 236 ps pulses with no short-time fluctuations

shown on the autocorrelation trace.

The performance of both lasers in terms of noise and peak powers reported in

chapter 2 can not be compared with state-of-the-art mode-locked lasers based on

rare-earth doped amplifiers. The high noise levels are attributed mainly to the

nearly instantaneous nature of the Raman gain, that specially under such very high

levels of pump power can generate a lot of ASE and transfer any noise fluctuation

from the pump direct to the signal. Nevertheless, these sources could still be

used as a simple technique to generate short pulses at unconventional wavelengths

for applications where low coherence levels are not problematic. Moreover, using

optical fibres with even higher levels of non-linearity would allow lower pump powers

and shorter lengths to be used, which should potentially allow these noise levels to

be reduced. Additionally, the output power levels could easily be scaled up by using

external Raman amplification, which would however enhance the noise levels of the

laser. Lastly, it is important to mention that both, single-wall and double-wall

carbon nanotubes did work effectively as the saturable absorber, always allowing a

self-starting laser with single-pulse per round trip operation. Fine tuning of pulse

parameters was possible by tuning the polarisation controllers.

In chapter 3, we demonstrated for the first time a Raman laser mode-locked by

graphene. This time a cascaded Raman laser at 1450 nm was used as a pump

source, generating the pulses at 1550 nm, extending the results again to a differ-

ent wavelength range. Hundreds of picosecond pulses were obtained for different

configurations using different lengths of a highly non-linear fibre and also for dif-

ferent intra-cavity filter bandwidth. Harmonic mode-locking and single pulse per
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round trip operation were observed in this laser. Nevertheless, the performance of

the laser was poorer in relation to both lasers reported in chapter 2, specially in

terms of stability. This was attributed mainly due to the weak absorption found in

graphene saturable absorbers.

Although graphene has this unique intrinsic property of presenting saturable ab-

sorption over a very broad wavelength range, which makes it in theory an ideal

“universal” mode-locker, carbon nanotube-based saturable absorbers as it was con-

firmed by the lasers reported in this thesis still offers a more reliable solution for

self-starting and stable single-pulse operation. Moreover, saturable absorbers based

on carbon nanotubes can also offer broad wavelength range coverage (∼1 µm) by

using in the same device a broad range of tubes with different diameters. Neverthe-

less, it is important to mention that this broadband operation in carbon nanotubes

are not as broad as in graphene and it comes of the expense of enhancing non-

saturated losses. Therefore, it is plausible to imagine that there is still going to

be research interest into engineering more robust and efficient Raman lasers mode-

locked by graphene. The current ongoing research in graphene technology and also

the development of optical fibres with enhanced non-linearities can pave the way

towards such laser sources.

In chapter 3 we discuss the possibility of using silica fibres heavily-doped with

GeO2 (75 mo.%) that present extremely highly non-linearities in order to reduce

pump power and fibre length requirements which are the main hindrances to a more

extensive practical use of Raman lasers. Here we bring this concept also to pulsed

lasers systems, reporting the experimental demonstration of a very short (25 m of

gain fibre) Raman laser mode-locked by nanotubes and using ∼ 4.2 W of pump

power. The oscillator generates 850 ps pulses that are externally compressed to

185 ps by a 12.7 km of a STF. This result highlights the fact that Raman lasers

can with current technology move a step closer to the performance and size of

lasers based on rare-earth doped materials, at least in terms of repetition rate and

fibre length requirements. Further development of fibre technology should allow a

further reduction of pump power and fibre length requirements.

Summarising, we have investigated the possibility of using Raman gain to create

wavelength versatile simple and compact pulsed sources. It is clear from the results

that the current development of mode-locked Raman lasers are still steps behind the

performance of state-of-the-art rare-earth-doped fibre lasers, however they can be
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5 Conclusion

used for applications that require laser radiation at non-conventional wavelengths.

Moreover, although the results are only preliminary and still a lot of engineering has

to be done in order to achieve better laser performances, the wavelength versatile

concept of using carbon nanotubes and graphene together with Raman gain in a

fibre oscillator was demonstrated to work. It is also clear that given the current

technology carbon nanotubes perform much better than graphene as a mode-locker

for Raman lasers, being a reliable source for self-starting single pulse operation.

As a future perspective, it is expected that the ongoing research on nano-materials

could produce CNT-based or graphene samples with more absorption and less loss,

which can still bring benefits towards better performance for Raman lasers. An-

other important issue is the technological development of low-loss optical fibres

with different glasses that can allow higher Raman gains to be obtained in shorter

lengths, which from the 1 to 2 µm region has GeO2 doped fibre as the main can-

didate. A new trend that has recently arisen in the laser field, is the possibility

of building Raman lasers for the spectral region beyond 2 µm. The development

of high power thulium doped fibre laser to be used as a pump together with the

development of low-loss and highly non-linear chalchogenide fibres are amongst the

main candidates towards such sources. Graphene and some carbon nanotubes can

also potentially be used for mode-locking at such wavelengths.
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