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Abstract

This thesis is a study of environmentally stable, mode-locked fibre laser systems operating in

the near-infrared. Such lasers can be characterised as all-fibre systems, producing pulses of

picosecond or femtosecond duration. The thesis covers a range of regimes of operation, across

three wavelength bands that span the entire near-infrared. These are the 1 µm, 1.55 µm,

and 2 µm bands, using ytterbium-, erbium-, and thulium-doped fibre, respectively. From 1 –

2 µm, the optical characteristics of silica optical fibre change considerably, giving us an ample

landscape to investigate the behaviour high pulse energy (∼ nJ) laser sources in depth. In

this thesis we present a novel implementation of an all-normal dispersion laser and amplifier

at 1064 nm, an ultralow repetition rate laser at 1030 nm, a large net-normal dispersion laser

at 1550 nm, and a soliton laser and a large net-normal dispersion laser at 1980 nm, amplified

in a 2-stage amplifier system.
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1. Introduction

Since the invention of lasers in 1960, pulsed operation has been a broad area of research

with wide ranging practical applications [1]. Equally important to this thesis, light amplifi-

cation with rare-earth-doped optical fibre has long been known, since Koester and Snitzer

demonstrated the first neodymium fibre laser in 1964 [2]. However, due to the high loss in

the early optical fibres, stable pulsing within a fibre oscillator would not see experimental

realisation until 1986 (by Alcock et al. [3]), and would not find popular commercial use

until even later. This rise to prominence of fibre lasers can be highlighted by three main

experimental accomplishments. The first was in 1973, when an end-pumped fibre laser,

demonstrated by Stone and Burrus [4], significantly increased the pumping efficiency of doped

fibre, to make it a realistic option for further development. Next in 1985, Mears et al. [5]

demonstrated amplification of a single transverse mode. This was a landmark achievement

in the ability to control the behaviour of light in fibre, making fibre more attractive as a

solution to commercial applications, including telecommunications. Thirdly in 1988, the

realisation of a double-clad fibre by Snitzer et al., allowed for both high efficiency and high

energy pumping [6]. Coupled with the emergence of solid state laser diodes as pumps [7],

fibre lasers were starting to become the user-friendly, robust, and well confined technology

that they are today. These developments have allowed fibre lasers to reach average powers in

the order of kilowatts, with pulsed lasers achieving peak powers of several megawatts and

pulse energies of several millijoules [8].

The first major advance in pulsed fibre laser source technology, was the experimental

realisation of an Er-doped, passively mode-locked laser producing optical solitons [9, 10]. By

definition, a soliton is a solitary wave that can persist indefinitely given a static environment;

in such an environment as a laser cavity we observe temporal solitons. Solitons were first

observed by John Scott Russell in 1834 when he described what he felt was a singular and

beautiful phenomenon [11]:

“I was observing the motion of a boat which was rapidly drawn along a narrow

channel by a pair of horses, when the boat suddenly stopped – not so the mass of

1



1. Introduction

water which it had put in motion; it rolled forward with great velocity, assuming

the form of a large solitary elevation which continued its course along the channel

apparently without change of form or diminution of speed...”

In fibre optics, solitons occur due to the net cancellation of phase modulation induced in

one direction by the focussing Kerr nonlinearity and in the opposite direction by anomalous

(negative) group velocity dispersion. When these phase terms are properly balanced, a soliton

can travel great distances without distortion. In fact, in the late 20th century, it was theorised

that this pulse regime would replace the mechanisms for sending data over the global optical

communications networks and allow much higher data rates [12]. Although this was never

widely put to practice, it was, at the time, a viable solution. However, while solitons never

were widely employed in telecommunication systems, Er-doped soliton fibre lasers have found

many applications like optical gyroscopes that can employ large amounts of fibre as the

minimum loss point of silica is found at λ = 1.55 µm.

In order for a laser to produce a continuous train of pulses, a mechanism is required that

gives the frequency modes of the cavity a fixed phase relationship. This is referred to as

“mode-locking”. Over the past half century, the mechanisms for creating this effect have been

envisioned to give shorter pulse durations and higher energies while having simple and robust

implementation. Active mode-locking uses an electronic amplitude [13] or frequency [14]

modulating component, and was the first method to be developed into stable mode-locked

laser systems [3, 15]. After this, passive mode-locking mechanisms instead utilised nonlinear

responsiveness of materials and passive component arrangements. While active mode-locking

has less difficulty in initially achieving mode-lock, passive mode-locking is in general capable

of achieving narrower pulses as passive systems can provide faster loss modulation. Passive

mode-locking mechanisms all use saturable absorber like characteristics to achieve a pulse

narrowing effect.1

There are two types of passive saturable absorbers: real and artificial. Real saturable

absorbers are those where the response is induced by a material. These include semi-conductor

saturable absorber mirrors [17–19], quantum dots [20], other nonlinear mirrors [21, 22], and

1The term saturable absorber is usually associated with two-level laser systems [16]. While these lasing

systems are not conducive with gain, they can be observed to go from opaque to transparent with increasing

input optical intensity. Hence, the absorbing system is deemed saturable.

2



in more recent years carbon nanotubes [23] and single/few layer graphene [24–27]2. They

are now a popular method of mode-locking, as they are compact and generally simple to

implement and use, once they have been fabricated. However, real saturable absorbers also

suffer from the realities of material constraints: generally they will degrade over time and have

low damage thresholds (∼ 1 nJ over the area of standard single-mode fibre [SMF-28] [30]),

usually limiting the output power of the laser. In contrast to real saturable absorbers, artificial

saturable absorbers utilise nonlinear optical effects like self-phase modulation, or polarisation

rotation, to mimic the behaviour of saturable absorber materials and provide similar effects.

Examples include nonlinear loop mirrors [31–36], nonlinear polarisation evolution [37–39],

additive-pulse mode-locking [40–42], and Kerr lens mode-locking [17, 43]. The advantage of

these methods is that they are generally capable of dealing with large amounts of power, as

the thermal load can usually be directed away from sensitive components, or dissipated over

larger areas. As they are based on nonlinear optical interactions rather than direct material

behaviours, they are also less prone to degradation. Whether real or artificial, each of these

mode-locking mechanisms has some application, where its pros outweigh its cons. Some

mechanisms are chosen due to their simplicity of implementation [37], some allow greater

degrees of freedom in intra-cavity pulse shaping [44], while others are implemented as hybrid

designs, with multiple mode-locking mechanisms being used to achieve high modulation

depth and a more effective mode-locking [17, 45].

With the mode-locking of soliton lasers a well developed technology, research pushed for

greater powers, and soon the limits of classical soliton energy capacity were reached. These

limits are effected mostly by nonlinear phase within the pulse as it travels around the cavity,

since stable soliton propagation is defined by the balance of nonlinearity and dispersion3,

with nonlinearity being a function of power. This is best encapsulated in the soliton area

theorem, which can be simplified to show E ∝ |β2| /γ, where E, β2, and γ are pulse energy,

group velocity dispersion, and nonlinear coefficient, respectively [46].

To extend the energy limit in soliton mode-locked fibre lasers, much research has been

directed towards designs that do not operate in the soliton regime. The first new cavity

2The discovery of graphene as a saturable absorber has prompted deeper exploration into the feasibility of

single/few layer materials such as molybdenum disulfide (MoS2) [28] and antimony telluride (Sb2Te3) [29] as

ultrafast mode-locking alternatives.

3In this thesis the phrase group velocity dispersion is completely synonymous with the word dispersion.
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1. Introduction

design used fibre lengths of both normal and anomalous dispersion resulting in near-zero

dispersion over one round-trip. In this way, the pulse can temporally breathe, and the

average peak power is reduced. This development brought an increase in pulse energy by

an order of magnitude and came to be known as stretched-pulse, dispersion-managed, or

dispersion-mapped lasers [47]. In time, stretched pulse lasers were refined by the over-arching

design process of dispersion mapping. In this process, the normal and anomalous dispersion

amounts and positions are precisely calculated such that the output pulse can exit the cavity

with any arbitrary chirp [48] and be robust at high energies [49–53]. This was advantageous,

allowing for greater versatility, as the external compression equipment could be removed and

the pulse could be emitted at near-transform-limit or with a broad temporal width depending

on the application. This work was particularly critical at 1550 nm, where the anomalous

dispersion of standard SMF and the availability of dispersion-shifted fibre allowed for easier

investigation into dispersion mapping.

The next great advance came with the advent of ytterbium-doped fibre in 1995, that

bought the possibility for pulse amplification in normally dispersive fibre4. This unleashed a

new regime of propagation dynamics known as self-similar propagation. Discovered in 2002,

Kruglov et al. [55] showed that with an appropriate input signal, pulses could be made to grow

into parabolic pulse shapes [56] (among others [57, 58] that will be discussed in Section 2.3),

whose amplitude and pulse duration scaled self-similarly while maintaining a compressible

linear chirp as long as gain was present [59–62]. Although the analysis of Kruglov et al.

was limited to amplifier propagation, it was demonstrated shortly after that self-similar

propagation could also be leveraged to achieve a new pulse dynamic in fibre lasers [56].

Mode-locking of these lasers is, however, more complicated than for anomalous dispersion

cavities due to the absence of a counter-acting Kerr effect that arrests the pulse dispersion.

Nonetheless, self-similar lasers exhibit a great advantage that, in producing a temporally and

spectrally broad, high energy pulse with linear chirp, a simple linear compression stage could

be added to the output to produce a femtosecond duration, high peak power pulse [63–65].

Commercially, these are exactly the specifications needed for many micro-machining and

medical applications [8, 66].

4Ytterbium is widely used for a number of reasons, and is generally a more versatile and efficient dopant.

This comes from the simplicity of the atomic structure that reduces unwanted non-lasing effects and the

broadness of its emission spectrum that allows for shorter pulse generation [54].
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From this discovery, a multitude of laser architectures generating an order of magnitude

more pulse energy than most stretched pulse lasers came about, and brought pulsed laser

operation up to peak powers of hundreds of kilowatts [67–69]. These lasers now used the higher

gain ytterbium-doped fibre in place of erbium, operating at 1 µm with normal dispersion. This

change to using only normal dispersion fibre led to the popular name: all-normal dispersion,

or ANDi lasers [70]. Initially these designs used only active fibre, limiting the denigrative

nonlinear effects as much as possible, and performing the other cavity functions like isolation,

mode-locking, and output coupling in free space [71–78]. These new laser cavities not only

used different implementation, but were also operationally different in their pulse dynamics.

While anomalous dispersion soliton lasers relied simply on a balancing effect between the

Kerr effect and pulse dispersion, the normal dispersion induced pulse spreading of ANDi laser

cavities required that the pulse duration was somehow reset with each roundtrip. This was

achieved by (i) having a considerable amount of gain and loss on each roundtrip that caused

the peak power to be high and spectral width to grow significantly and (ii) using a band-pass

filter to reset the spectral width of the pulse to its initial state on each roundtrip; as the

pulse was chirped, the pulse width was also reset [79]. The dynamic combination of gain,

loss, dispersion, and nonlinearity are prevalent throughout all fibre laser cavities, and are

particularly obvious here. For this reason, works in the field have sometimes been described

as dissipative soliton lasers [27, 80, 81], as well as being compared to similar systems in

biology and medicine [82].

At a central wavelength of 1 µm, ANDi lasers are the state-of-the-art for laser cavity

design. They produce pulse energies above 20 nJ [83], and can generate ultrashort pulses,

compressible to around 100 fs [84], at a repetition rate as low as 500 kHz [85], and as

high as 1 GHz [86]. With this wide range of repetition rates ANDi laser have a number of

possible applications, making laser characteristics such as stability and durability important

factors. As we have mentioned, the mode-locking mechanism of a laser plays a significant

role in this area, with real saturable absorbers often degrading with use and needing routine

maintenance. A popular method of mode-locking: nonlinear polarisation evolution, also

struggles with stability, as movement of the fibre induces stress that changes the birefringence

and breaks the mode-lock. For this reason, it can be advantageous to opt for a laser that

uses an all-polarisation-maintaining-fibre (all-PM-fibre) design, with an artificial saturable

absorber. In this way, the laser cavity is both environmentally stable, meaning it is robust to

5



1. Introduction

environmental perturbations, as well as having long-term stability. This design principle is

true for any laser wavelength, and will be used heavily in this thesis.

At a central wavelength ∼ 1.55 or 2 µm, where erbium and thulium emit, respectively, the

dispersion of cheaper components made with standard SMF is anomalous. To build ANDi-like

laser designs at these wavelengths, one solution is to use anomalous dispersion fibre along

with bandwidth limited Bragg gratings that impart a significant normal dispersion [87]. A

possibly superior alternative is to find fibres that are normally dispersive at these wavelengths,

and use them in combination with standard components as has been demonstrated with

dispersion-managed lasers. In this case, using significant amounts of normally dispersive fibre

can be advantageous, allowing the laser to operate in a self-similar regime. This has been

investigated in a number of works with thulium-doped fibre lasers using both the near-zero

dispersion configurations that operate in a dispersion-managed regime [21, 73, 77, 88–94],

and large net-normal dispersion configurations, attempting to operate in an ANDi-like

regime [94–96]. With the consideration of applications in mind, further work has been done

to generate stable and robust implementations, with all-fibre lasers in the near-zero dispersion

regime demonstrated [39, 92, 93]. However, these demonstrations are yet to achieve large

net-normal dispersion in environmentally stable designs, and it is at this point that we reach

the topic of this thesis. While ANDi lasers in environmentally stable configurations have seen

considerable development in their standard configuration, with MHz repetition rates and a

central wavelength around 1030 nm, less effort has been made to translate these designs to

other areas of possible application. Specifically, in this thesis we will demonstrate ANDi (or

ANDi-like), all-PM-fibre lasers at new central wavelengths to better understand the governing

dynamics of ANDi lasers; both generally, and in our specific cavity architecture. These lasers

will aim to produce high energy, ultrashort pulses, in an environmentally stable cavity that

can service new wavelength and repetition rate dependent applications.

Considering this statement, we find that fibre solutions are increasingly able to meet

application needs usually served by bulk laser alternatives. Current products in free space

such as Coherent’s Ti:Sapphire lasers produce pulse energies of 4µJ – 100 mJ at repetition

rates of several kHz. In comparison, hybrid fibre-bulk systems and all-fibre master oscillator

power amplifiers (MOPAs) can produce up to ∼ 10µJ at a range of repetition rates from many

MHz down to several kHz when pulse pickers are used [97–99]. These numbers continue to

climb with innovations such as photonic crystal fibre (PCF) [100] and doped large mode-area

6



fibre [101] that increase the mode area of the fibre. However, for the applications of laser

machining, only micro- to milli-Joules are required [102, 103], and in bio-medical applications

the requirements can be much lower with some applications needing only hundreds of

nanojoules [104]. Furthermore, fibre laser are able to serve applications at repetition rates

above that available from Ti:Sapp lasers [105]. In addition to these promising characteristics,

fibre lasers are more compact, reliable, and low-cost, have higher beam quality, and more

easily dissipate heat. It is for these reasons that fibre lasers continue to draw market share

from both academic and commercial/industrial spheres in precision machining (cutting and

etching) [106–109] and bio-medical research equipment such as optical coherence tomography

[110, 111], 2nd harmonic microscopy [112], CARS microscopy [105, 113, 114], fluorescence

imagining [115], and LASIK surgery [66].

An additional point of interest in the study of fibre lasers is understanding the mechanisms

that cause instability. At high optical intensities, instances called “noise-like” pulses, were

first discovered by Horowitz et al. in 1997 [116]. Since then, noise-like pulses have been

investigated to some extent, in order to find a reason such abnormally large waves would

occur [117–119]. Among the possibilities in optical fibre are polarisation effects caused by

fibre birefringence, and Raman scattering; both of which occur in excess in longer lengths of

fibre. Though it is beyond the scope of this review to examine these systems in depth, it is

important to recognise this disruptive phenomenon and find ways to mitigate its effect or

take advantage of its power.

To summarise, an important point to note is that mode-locked fibre laser technology

has existed for some time and is well developed. However, novel configurations continue to

enhance source laser capabilities, specifically to produce pulses that are useful for applications

in micro-machining and bio-medical technologies. The possibilities to expand on this research

is two-fold. Firstly, incremental development is necessary to continue to increase the peak

power a fibre laser source can deliver. This will be achieved by increasing average power,

and compressibility of the pulses generated. Secondly, both the range of applications and the

efficacy with which these applications can be performed depends significantly on the lasing

wavelength and pulse repetition rate. These are important topics, as some wavelengths in

the near-infrared have seen considerably less development than others, and may be open to

significant improvement. Thus, this thesis will focus on adapting successful laser architectures,

demonstrated in ytterbium-doped fibre, to other wavelengths in the near-infrared and to lower

7



1. Introduction

repetition rates, using novel methods to reach previously unachieved regimes of operation.

The new wavelengths lie both within the ytterbium bandwidth, and at longer wavelengths

using erbium- and thulium-doped fibre.
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2. Introduction to Ultrafast Fibre Lasers

2.1 Optical Fibre

Understanding fibre-based photonics requires an understanding of the propagation medium.

Silica optical fibre is an electromagnetic waveguide that can be fabricated to guide light from

the ultraviolet to the near-infrared. It is cylindrical in shape, with an inner core, encased

by an outer cladding. The material difference between these two parts of the fibre comes

from doping the pure silica in the core with materials like GeO2 to induce a slight difference

in refractive index. It is this which produces the conditions for total internal reflection, and

gives the fibre its waveguiding property. Typically, an optical fibre will have an approximately

step-shaped refractive index profile, where the core has a slightly higher refractive index than

the cladding by about 1 – 2 %. This is called a step-index fibre.

The transverse distribution of light in these fibres is well described using Bessel functions.

In general, a single optical fibre can support several eigen-modes that preserve their transverse

distribution with propagation. These are known as the (spatial) modes of the fibre. In this

Thesis, we are interested in single-mode fibres that only support the fundamental fibre mode

which has a near-Gaussian profile. In this case, the cross-sectional field can be described with

a dimensionally simplified field in cylindrical coordinates. We can pre-determine that the

field is isotropic around the centre (r = 0), so that the cross-sectional field can be described

in 1-D to give a travelling field equation [120, 121]:

Ez(r, z, t) = E(r)A0 exp[−i(ωt− βz)] (2.1)

where E(r) describes the near-Gaussian profile of our single mode, A0 is the amplitude, ω is

the frequency, t is time, β is the propagation constant, and z is the propagation distance.

Through Maxwell’s equations, it is possible to arrive at a solution for E(r) that has the form

of a Bessel function of the first kind, J0, within the core of the fibre. Further, with the light

9



2. Introduction to Ultrafast Fibre Lasers
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Figure 2.1: (a,b) Distribution of light in the fibre based on the Bessel functions, J0 and K0; the

dashed vertical line shows the core radius where the function used to describe the light changes. (c)

The combination of the absolute value squared of both Bessel functions, showing the mode profile

for a certain V -parameter value.

decaying exponentially for large r, we find the modified Bessel function of the first kind, K0,

represents the field in the cladding [121]:

E(r) = J0(hr) for r ≤ a where h =
√
n2
1k

2
0 − β2

E(r) = K0(qr) for r ≥ a where q =
√
β2 − n2

2k
2
0

(2.2)

where k0 = 2π/λ0 is the wavenumber in a vacuum, β is the propagation constant, n1 and n2

are the refractive indices for the core and the cladding, respectively, and h and q are auxiliary

variables that relate the physical radius, r, to the curve of the Bessel functions. The relation

between h and q enables us to relate the two Bessel functions at the boundary, a, through a

normalised frequency parameter, V . This determines the cut-off frequency for single-mode

operation, or — at a given frequency — how the waveguide design parameters (core radius

and refractive index difference [numerical aperture]) will effect the mode of operation:

V ≡
√

(ha)2 + (qa)2 =
2π

λ0
a
√
n2
1 − n2

2 (2.3)

where λ0 is the central wavelength. For a step-index fibre, we know that the light will always

be confined within a single mode when V < 2.4 — the first zero crossing of J0(V ). To

show the effect of this on the mode profile, we can consider the cross-sectional intensity,

I(r) = |E(r)|2, for V = 2.4. Given a wavelength of 1.03 µm and a numerical aperture,

10
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Figure 2.2: (a) The Petermann II approximation for mode-field radius plotted from equation (2.5),

where w is the width and a is the core radius. (b) The confinement factor of the fundamental mode

against normalised frequency, plotted from equation (2.6).

√
n2
1 − n2

2 = 0.12 (as is common in single-mode fibre), we find a core diameter of around

6 µm is necessary to maintain single-mode operation. This is illustrated in Figs. 2.1(a) and

(b), which show the two Bessel functions J0(hr) and K0(qr). We can combine these functions,

which intersect at the core radius boundary, to obtain the cross-sectional intensity, I(r), for

the radius of the fibre. As I(r) = |E(r)|2, it follows that the mode profile can be described

by |J0(hr)|2 and |K0(qr)|2, as in Fig. 2.1(c).

The intensity profile is useful to allow us to determine the effective area, Aeff. This figure

has important implications to nonlinear effects in the fibre, and using our coordinates, has

the simplified definition [121, 122]:

Aeff =
2π
(∫∞

0
I(r)rdr

)2∫∞
0
I2(r)rdr

(2.4)

In general, the effective mode area is a function of frequency. We can gain a qualitative

understanding of its frequency dependence by examining the mode-field diameter (MFD) of

the fibre mode. For a given V value, the MFD can be calculated and related to Aeff using a

so-called Petermann II approximation, which was first derived by Petermann in 1985 [123]1.

By plotting this approximation against V , Fig. 2.2(a) shows that higher frequencies (or

1The Petermann II approximation, based on the ealier Marcuse approximation, allows the effective area

to be calculated as Aeff = πw(V )2, where 2w(V ) is the MFD and w(V ) is approximated with an accuracy of

0.1 % for all well confined single-mode operation (1.5 ≤ V ≤ 2.5) using the Petermann II model [123]:
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2. Introduction to Ultrafast Fibre Lasers

shorter wavelengths), will have more tightly confined fields, which will eventually allow for

more modes. Conversely, with lower frequencies (or longer wavelengths) we will begin to find

the single-mode is more loosely confined, making it more prone to bend loss. Interestingly,

the model also shows us the width in relation to a, which is useful in describing how much

of the field is confined within the core. This can describe the “mode overlap” of light in a

rare-earth-doped fibre with the doped cross-section, which will alter the strength of the gain

in active fibres. Figure 2.2(b) shows the core confinement (Pcore/Ptotal), plotted from the

Bessel functions as [120]

Pcore

Ptotal

= 1− 1

V 2

(
(ha)2 +

(qa)2J2
0 (ha)

J−1(ha)J1(ha)

)
(2.6)

2.2 Pulses in a Fibre Medium

The focus of this thesis is on mode-locked fibre lasers. Therefore, the most essential physics

to cover is the physics of pulse propagation in optical fibres. A well-known equation for

describing pulse propagation is the simplified nonlinear Schrödinger equation (NLSE) in its

canonical form [121]:

∂A

∂z
= −iβ2

2

∂2A

∂t2
+ iγ |A|2A (2.7)

where t is time in a reference frame moving at the group velocity of the pulse, z is the longitu-

dinal position, and A = A(z, t) is a slowly varying envelope which describes the longitudinal

amplitude and phase of the pulse, such that the power in Watts is given by |A|2.

This is presented here because it is, in some sense, intutitive to understand. On the

right-hand side, the two separate terms represent the most critical physical dynamics in the

study of mode-locked fibre lasers: group velocity dispersion (GVD) and self phase modulation

(SPM). In the following sections, we will explain these effects, as well as others, which play

an important role in describing femtosecond-duration, high power fibre pulses.

w

a
= 0.65 +

1.619

V 3/2
+

2.879

V 6
− (0.016 + 1.561V −7) (2.5)
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2.2 Pulses in a Fibre Medium

2.2.1 Group Velocity Dispersion

When using the simplified NLSE (2.7), the GVD component, β2, is a significant simplification

of the actual dispersion. This dispersion is derived from the propagation constant, β, which

describes the overall effect of the medium on the amplitude and phase of the pulse. To attain

the propagation constant, β, and thus the dispersion, we must use the Bessel functions from

equation (2.2) to derive the eigenvalue equation at the core–cladding interface (r = a). This

uses known Bessel function relations and the relation between h and q [124]:

[
J ′l (ha)

hJl(ha)
+

K ′l(qa)

qKl(qa)

] [
J ′l (ha)

hJl(ha)
+
n2
2

n2
1

K ′l(qa)

qKl(qa)

]
=

(
lβk0(n

2
1 − n2

2)

an1h2q2

)2

(2.8)

where the primes denote differentiation with respect to the functions argument, h or q, and

the subscript, l, is the order of the Bessel function. From this, β can be successively solved

over a range of frequencies, for a certain transverse mode. From these individual solutions

for β, we can model the function using a Taylor series centred around the central frequency

of the pulse, ω0 [121]:

β(ω) = β0 + β1(ω − ω0) +
1

2
β2(ω − ω0)

2 +
1

6
β3(ω − ω0)

3+... (2.9)

where βm =

(
dmβ

dωm

)
ω=ω0

for m = 1, 2, 3,... (2.10)

Significantly, this process reveals distinct and separable physical quantities in the different

orders of β. First, the phase velocity of the central wavelength can be found from equa-

tion (2.11). Next, the group velocity, that indicates the speed of the wave-packet, rather

than the elements within it, is found from equation (2.12) [121]:

vp =
c

β0
=

c

n(ω0)
(2.11)

vg =
1

β1
=

c

ng
= c

/(
n(ω0) + ω

dn(ω)

dω

)
(2.12)

where ng is the group refractive index. Higher order terms of this Taylor series represent the

effects of dispersion on a pulse — the physics we are most interested in. We thus derive a new

13
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Figure 2.3: (a) Refractive index (blue curve) and dispersion (red curve) as a function of wavelength

for pure silica. (b) Respective dispersion profiles for: the material dispersion of pure silica (red

curve), the waveguide dispersion of GeO2-doped single-mode silica fibre (blue curve), and the

combined profile to give the total dispersion for that fibre (green curve).

Taylor series, starting from β2, to completely describe the dispersion, and write this in the

form of a dispersion operator, D̂, that is the sum of the higher order components of β:

D̂

(
i
∂

∂t

)
=
∑
k≥2

βk
k!

(
i
∂

∂t

)k
(2.13)

Relating back to equation (2.7), we can now see the dispersion term simply uses the

dispersion operator for k = 2. I deriving equation (2.7), we are also able to remove β0, which

is cancelled during the derivation from the wave equation, and β1, which is removed from the

equation by defining a moving frame of reference that follows the central wavelength of the

pulse (t = tactual − β1z, where tactual is the time relative to a stationary observer). A more

generalised form of equation (2.7) now reads

∂A

∂z
= iD̂

(
i
∂

∂t

)
A+ iγ |A|2A (2.14)

Material and waveguide dispersion

The refractive index of a material can be approximated using the Sellmeier equation [121]:
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2.2 Pulses in a Fibre Medium

n(ω) =

√√√√1 +
m∑
j=1

Ajω
2
j

ω2
j − ω2

(2.15)

where Aj and ωj are the strength and frequency of the material resonances2. Figure 2.3(a)

shows the curve of n(ω) (in blue) for pure silica, from which, the dispersion can be expressed

through the propagation constant as

β2(ω) =
d2β(ω)

dω2
where β(ω) = n(ω)

ω

c
(2.16)

This too is shown in Fig. 2.3(a), with the red curve being positive (normal) at wavelengths

below 1.3 µm and negative (anomalous) at longer wavelengths. In an optical fibre this

“material dispersion” will change slightly depending on the rare-earth dopant and/or co-

doping materials added to the fibre, which directly effect the material’s refractive index.

However, an optical fibre will have an additional change creating an effective refractive index

due to the geometric properties of the fibre. The result of this is a “waveguide dispersion”,

that is an additional dispersion shift, which occurs due to dielectric waveguiding. This lowers

the effective refractive index and can shift the dispersion profile to allow normal dispersion

at longer wavelengths. This new effective refractive index, neff, is bound between

n1 < neff < n2 (2.17)

where the refractive indices are usually around n1 = 1.495 and n2 = 1.5. From equations (2.16)

and (2.17), we can derive a form for the dispersion where the material and waveguide

contributions are separated [120]:

d

dω
neff =

(
∂neff

∂ω

)
material

+

(
∂neff

∂ω

)
waveguide

(2.18)

with the material dispersion simplifying back to its original form, since equation (2.17) allows

for the approximation n1 ≈ n2:

(
∂neff

∂ω

)
material

=
∂n

∂ω
(2.19)

2For silica, these parameters are A1 = 0.6961663, A2 = 0.4079426, A3 = 0.8974794, λ1 = 0.0684043 µm,

λ2 = 0.1162414 µm, λ3 = 9.896161 µm, where λj = 2πc/ωj
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2. Introduction to Ultrafast Fibre Lasers

Figure 2.4: Cross-sectional refractive index profiles for (a) two types of dispersion-shifted and (b)

two types of dispersion-flattened fibres [120]. (c) Plot of dispersion profiles for single-clad (SC),

double-clad (DC), and quadruple-clad (QC) fibre illustrating dispersion-flattening for fibres shown

in (b) [121].

and the waveguide dispersion term expanding significantly to have the form:

(
∂neff

∂ω

)
wavguide

=
1

ωneff

(n2
eff − n2

2)

(
−J2

l (ha)

Jl−1(ha)Jl+1(ha)

)
(2.20)

Significantly, equation (2.20) depends on the Bessel function, Jm, showing the fibre

geometry’s importance. This can be a valuable tool for fibre design, as the Bessel functions

depend heavily on the core radius, a, and numerical aperture,
√
n2
2 − n2

1. The combination

of material and waveguide dispersion is shown in Fig. 2.3(b). Using these parameters, we can

induce large waveguide dispersion in a standard optical fibre, as in Fig. 2.4(a), and achieve

normal dispersion at wavelengths above the usually zero-dispersion wavelength of pure silica.

This was critical to the development of our laser at 1.55 µm (see Chapter 3.3.5). However, not

all waveguide dispersion shifts are induced simply through raising the numerical aperture or

decreasing the core radius. The “W” shaped fibre, in Fig. 2.4(b), having two or three claddings,

can be used to flatten dispersion over a broader bandwidth, which provides a number of

advantages. Figure 2.4(c) shows the effect of these cladding structures on the dispersion.
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2.2 Pulses in a Fibre Medium

2.2.2 Nonlinear Effects

Self Phase Modulation

In many circumstances, the term for the nonlinearity in equation (2.7) is sufficient to describe

all the relevant nonlinear behaviours. This is the case as self-phase modulation (SPM), modula-

tion instability (MI), four-wave mixing, and cross phase modulation are all caused by the Kerr

nonlinearity, which describes the intensity-dependence of the refractive index as [121]

n = ni + n2I (2.21)

where ni is the initial refractive index, n2 is the nonlinear refractive index, and I is the

intensity of the light. Equation (2.21) describes how light applied to a nonlinear (χ(3))

medium can induce a change in the refractive index of that medium. The most relevant

nonlinear effect to this thesis is SPM, which sets the energy limits for most laser cavities,

and also controls the mode-locking in our particular laser configuration. With this effect,

the change in refractive index causes an intensity dependent phase shift. This relates to the

effective area, Aeff, which we defined in equation (2.4), through the nonlinear coefficient, γ,

seen in equation (2.7), which we define as

γ =
2πn2

λ0Aeff

(2.22)

Using the nomenclature adopted in the NLSE, the nonlinear phase shift, ΦNL, after

propagation through a fibre with length L can be expressed as

ΦNL(L, t) = γL |A(L, t)|2 (2.23)

When acting on a pulse, SPM generates new frequency components at the edges of the

spectrum. In a laser system, the interactions between SPM and dispersion can be both useful

and destructive, as spectral broadening is needed for broadband-pulsed operation, but will

lead to pulse break-up when over-pronounced.
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2. Introduction to Ultrafast Fibre Lasers

Stimulated Raman Scattering

For higher intensity, shorter pulses, or longer propagation distances, it is necessary to include

other physical phenomena into a generalised model, such as stimulated Raman scattering

and dispersion of the nonlinearity. Stimulated Raman scattering (SRS) is an inelastic photon-

phonon scattering process by which frequency-downshifted spectral components are created

Non-radiative

transition

Stokes Raman

transition

Raman 

Pump

Virtual energy level

Figure 2.5: Quantum illustration of en-

ergy transfer in a Raman scattering process.

from stimulated emission through the vibrational

modes of the material. Specifically, photon energy

is transferred between two separate energy levels by

exchanging energy with the vibrational modes of

the material (i.e. generating a phonon), as shown in

Fig. 2.5. In silica, this corresponds to an emission

spectrum whose peak is located 13.2 THz from its

source and which exhibits a bandwidth of 30 THz.

For the purposes of femtosecond fibre lasers, this

effect can sometimes be noticeable when broad spec-

tra become asymmetric as they are endowed with

larger gain on their longer wavelength side. In

the extreme, this effect is known as soliton self-

frequency shift, whereby sufficiently broad pulses

will see their higher frequency components used as

a pump for their lower frequency components, thus causing the effective central wavelength

of the pulse to move to increase. In other cases, where the pulses are longer and the central

wavelength is fixed, SRS can create auxilary pulse trains that destabilise the pulse. These

pulses have a central wavelength at the 13.2 THz downshifted maximum. SRS can be

incorporated into equation (2.7) using a delayed nonlinear response function [121, 125]

∂A

∂z
= iD̂

(
i
∂

∂t

)
A+ iγ

(
A(z, t)

∫ ∞
−∞

R(t′) |A(z, t− t′)|2 dt′
)

(2.24)

where the nonlinear response function R(t′) = (1− fR)δ(t′) + fRhR(t′), for which, fR = 0.18

determines the fractional Raman contribution and hR(t′) is the time-domain Raman response

function that can be obtained from the inverse Fourier transform of the well-known Raman

spectral response in silica.
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2.2 Pulses in a Fibre Medium

Dispersion of the Nonlinearity

This effect is the final addition to our generalised version of the NLSE equation. It comes

from the wavelength dependence of the nonlinear coefficient, γ, and is only noticeable in

broadband signals. To include it, the nonlinear section of equation (2.7) is altered to have

a time derivative that has the constant, τshock = 1/ω0, that approximately adjusts for the

decrease in nonlinearity with wavelength, given that γ ∝ ω. In combination with SRS it has

the form [121]

∂A

∂z
= iD̂

(
i
∂

∂t

)
A+ iγ

(
1 + iτshock

∂

∂t

)(
A(z, t)

∫ ∞
−∞

R(t′) |A(z, t− t′)|2 dt′
)

(2.25)

With these terms included we now have a sufficiently generalised NLSE that can be used

for modelling of ultrashort pulses in silica fibre. However, to model a laser cavity we will

need to consider the complex dynamics of gain in rare-earth doped fibres.

2.2.3 Gain Dynamics

The three processes critical to a laser of spontaneous emission, stimulated absorption, and

stimulated emission have been known since the 1917 publication by Albert Einstein on the

quantum theory of radiation [126]. In that text, Einstein proposed that an atom could

temporarily absorb a quantum of light given it had the correct wavelength. After a time,

these absorbed photons would be emitted by the atom at the same wavelength. Additionally,

he proposed that these excited atoms could also be compelled to emit their photon early if

prompted by another incident photon of the same wavelength. These two photons would then

travel in the same direction with identical phase and polarisation. These fundamental effects

make up the vital processes in a laser that allow us to generate coherent and collimated

beams of light.

The process of generating efficent and broadband stimulated emission requires the presence

of particular atomic transitions only present in particular elements. These elements must have

energy levels appropriately separated to provide absorption and emission in the near-infrared,

with some of the levels needing to be broad energy bands, spanning tens of nanometres in order

to produce ultrashort pulses. Furthermore, the quantum transitions of such elements must also
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Figure 2.6: Energy level structure for an (a) three- and (b) four-level system. A description of the

transitions are written in the corresponding colour.

follow certain structures, such as the three- or four-level systems, shown in Figs. 2.6(a) and

(b). To simplify the understanding of these systems, let us first consider a three-level system.

First, the pump is absorbed into the upper most state. From here, it can either radiatively

emit at the same wavelength, or transition non-radiatively down to the upper lasing state.

An effective lasing medium will thus have a fast non-radiative transition between the top

state and upper lasing state, as the efficiency of stimulated emission relies on population

inversion between the upper lasing state and the lower lasing state. It is also for this reason,

that four-level systems are often more efficient in producing gain, as the lower lasing state

is separated from the ground, meaning the natural population is close to zero as long as

the energy of the state is high enough (E � kT ). Unfortunately, as Fig. 2.6(b) shows, the

non-radiative transition to the lower lasing state is usually unavoidable, which reduces the

advantages of such an arrangement. From this point, the photon in the upper lasing state will

either be emitted by spontaneous or stimulated emission. Which of these occurs depends on

the intensity of the light applied at the lasing wavelength, amongst other parameters. Outside

of the reduced system shown here, upconversion processes are also possible. This is the case

when the pump or signal have the appropriate wavelength to induce transitions between

other excited states, generally resulting in shorter wavelength emissions and a reduction in

the efficiency of the intended stimulated emission process.

If we now look to the four-level system in Fig. 2.6(b), we find that we can directly write

down the rate equations in terms of the probabilities of transition, Axy, level populations, Nx,

and the probability of stimulated emission, Wsti, where subscripts, x, y will indicate the levels

or level involved, respectively. (i.e. A21 indicates the non-radiative transition probability from

20



2.2 Pulses in a Fibre Medium

level 2 to level 1. See Fig. 2.6(b) for detail.) We must define the probability of stimulated

emission, Wsti, in terms of state populations. As we know that the propbability of both

upward and downward transitions are equal, the contribution is thus (N2−N1)Wsti, indicating

the importance of population inversion. We also note that the upper level transitions (A32

and A31) are slightly altered to account for spontaneous decay of the pump back to the

ground state (A30). Thus, the rate equations can be written as

dN2

dt
=A32 − (A21 + A20)N2 − (N2 −N1)Wsti (2.26)

dN1

dt
=A31 − A10N1 + A21N2 − (N2 −N1)Wsti (2.27)

In order for these rate equations to allow population inversion to be large, the relationship

between the transitional probabilities must also be as follows: A10 � A21 � A20. This will

allow the population of the lower lasing state to reduce quickly, and for the upper lasing state

to remain large. Interestingly, we also find that A21 is proportional to Wsti, thus requiring it

to be large enough to have effect but not so large as to dominate. Finally, this relationship

allows us to show that the gain, g(ω), which is proportional to the population inversion can

be calculated as

g(ω) ∝ N2 −N1 =
∆N0

1 + Iω12/Isat
(2.28)

where N0 is the population inversion in the absence of stimulated emission, Iω12 is the intensity

of the field being applied at the lasing wavelength, and Isat is the saturation intensity.

In my experiments, the rare-earth ions: Yb3+, Er3+, and Th3+ are doped into silicate optical

fibre as the active elements, as they all have the appropriate three- or four-level structures.

The efficiency of the energy exchange process between the levels can also be improved by

co-doping the silica with aluminium and other co-dopants. This can be measured through

the cross-sections of the fibre, which indicates the spontaneous emission and absorption of

the fibre for a certain wavelength. One example of this is ytterbium, whose cross-sections

are shown in Fig. 2.7(a). We can understand the efficacy of pumping the fibre at these

wavelengths using Fig. 2.7(b), which shows the difference between the emission and absorption.

In this figure, we can observe a broad section between 1010 – 1070 nm that gives large

net-emission (yellow shaded area), and a narrow section between 970 – 980 nm that provides
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Figure 2.7: (a) Absorption (blue line) and emission (red line) cross-sections of a ytterbium-doped

fibre. (b) Difference between emission and absorption cross-sections from (a), illustrating the areas

where pumping (orange shading) and gain (yellow shading) can occur.

large net-absorption (orange shaded area). These tells us the wavelengths at which we can

pump the fibre (orange) and the wavelengths which we can drive into stimulated emission to

achieve amplification (yellow).

2.3 From Classical Solitons to ANDi Laser Regimes

Over the course of the last three decades, state-of-the-art fibre laser cavity design has shifted

from classical to all-normal dispersion (ANDi) soliton dynamics. In the following section, we

will explain the differences between old and new, where to a large extent, the overarching perfor-

mance and dynamical behaviour of a mode-locked fibre laser is dictated by the dispersion land-

scape of the cavity. In particular, depending on the cavity dispersion profile, the laser can sup-

port one of several distinct pulse regimes, which include e.g. classical solitons [80], dispersion-

managed solitons [93], and similaritons [88]. These regimes can be accessed with architectures

of net-anomalous dispersion, near-zero dispersion-managed, and large- or all-normal disper-

sion, respectively. We find that lasers occupying the dispersion map further into the normal

(having zero or normal dispersion), experience relatively smaller nonlinear effects. Because of

this, they can achieve higher average and peak power, and thus, greater pulse energies.
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2.3 From Classical Solitons to ANDi Laser Regimes

2.3.1 Classical Solitons

Similar to the dynamics of conservative solitons, classical laser cavity solitons are a dissipative

system that experience a negative phase shift from the anomalous dispersion that is balanced

against a positive phase shift from SPM. In this thesis, we will refer to lasers in this regime

simply as classical soliton lasers. Though these systems are distinct from conservative solitons,

a further understanding of classical soliton lasers can be gained by looking at the nonlinear

and dispersion interaction lengths derived from conservative soliton systems. These are

normalised lengths correspond to the distance a pulse must travel before it has accumulated a

certain amount of phase, thus indicating the balancing factors of dispersion and nonlinearity

that stabilise soliton laser cavities. The lengths are defined as [121]

LD =
T 2
0

|β2|
, LNL =

1

γP0

(2.29)

where T0 is the pulse duration and P0 is the peak power. To illustrate the results of each

effect independently, Fig. 2.8 shows the effect of (a) dispersion (b) and self-phase modulation

as a function of the normalised lengths. It is notable, that dispersion has no effect on the

pulse’s spectrum, with the phase shift temporally spreading the wave-packet. In contrast,

SPM has no effect on the temporal envelope of the wave-packet, instead generating new

frequency components within the packet. These effects also reflect the separate terms in

equation (2.7). Significantly, when these lengths are equal and the dispersion is negative

(β2 < 0), a soliton can propagate without any deformation. We thus arrive at the soliton

order number, N , defined as [121]

N2 =
LD

LNL

=
T 2
0 γP0

|β2|
, N = 1, 2, 3, ... (2.30)

where LNL and LD are equal when N = 1, thus indicating the important variables in soliton

stability. Significantly, while this order permits an infinite combination of pulse durations

and peak powers for conservative solitons, solitons in laser cavities typically correspond to

unique attractors. This difference highlights the distinction between conservative solitons

and dissipative solitons, in which GVD, SPM, gain, and loss, will all contribute to constrain

the soliton peak power, P0, and pulse duration, T0, and thus the maximum pulse energy.

When the peak power is pushed beyond its limits, SPM will dominate the dynamics and the
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Figure 2.8: Evolution of a pulse due to (a) Dispersion over several dispersion lengths, LD, with

no SPM included, and (b) Spectral broadening over several nonlinear lengths, LNL, with no GVD

included.

pulse will experience “pulse breakup”, as the spectral width expands dramatically. From

equation (2.30), the area theorem for a classical laser cavity soliton can be derived and from

this a rough outline of the maximum achievable energies can be determined as [46]:

E ∝ |β2|
γ

(2.31)

2.3.2 Dispersion-Managed Lasers

After classical soliton lasers, the first step towards higher energy pulses was dispersion-

managed lasers; containing both normal and anomalous dispersion sections of fibre. At central

wavelengths above 1.3 µm this can be achieved by designing fibre with a small core and high

numerical aperture that will dramatically shift the waveguide disperion curve, and make the

total dispersion positive. The main advantages of this is that the maximum pulse energy can

be increased as the added normal dispersion results in a temporal breathing of the pulse which

lowers its average intensity (see Fig. 2.9). Such systems are prolific in erbium-, and thulium-

doped fibre lasers, generally using finding their optimal operating parameters at near-net-zero

dispersion (or slightly positive) [88, 90, 93, 127]. Precise configuration of these cavities allows

them to emit near transform-limited pulses, which is exceptionally useful for applications

where the low output power of a fibre laser is acceptable and no amplification is needed.
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Figure 2.9: Illustration of pulse duration and chirp evolution in a dispersion-managed cavity.

2.3.3 Self-Similar Amplifier

With the concept of using some amount of normal dispersion in a fibre laser now realised, the

next major development was to remove anomalous dispersion all together. The development

of ytterbium-doped fibre, whose gain profile emits at around 1 µm, enabled a propagation

dynamic peculiar to pumped active fibre where the dispersion is positive, called self-similar

gain. The term “self-similar” comes from the mathematical concept of self-similarity — in an

optical fibre, this means as the pulse propagates, its amplitude and pulse duration can be

increased without changing its spectral and/or temporal shape. Significantly, this regime is

capable of producing pulses with excellent output characteristics such as high energy, and

compressibility to ultrashort durations. The canonical example of self-similar amplification is

parabolic pulse generation, where the pulse in a pumped active fibre takes the form below,

when the gain, g (scalar value not related to gm described earlier), and the dispersion, β2,

are greater than zero [128]:

A(t, z) = A0(z)

√
1−

(
t

τ(z)

)2

eiφ(t,z), |t| ≤ τ(z) (2.32)

A(t, z) = 0, |t| > τ(z) (2.33)

where τ(z) is the effective width parameter that controls the non-zero width of the pulse, φ(z, t)

is the quadratic phase across the width |t| ≤ τ(z), and A0(z) = |A(z, 0)| is the pulse amplitude.

These variables are calculated using material values and input parameters as [128]

25



2. Introduction to Ultrafast Fibre Lasers

Pulse Duration

Group Velocity Dispersion

Chirp
position

BPF

Figure 2.10: Illustration of pulse durations and chirp evolution in an ANDi laser.

τ(z) = 3

(
γβ2EIN

2g2

)1/3

egz/3 (2.34)

φ(z, t) = φ0 +
3γ

2g
A2

0(z)− g

6β2
t2 (2.35)

where g is the exponential gain coefficient, EIN is the energy of the input pulse, and φ0 is

an arbitrary phase constant. For practical purposes, the amplitude can be calculated using

physically meaningful parameters as [128]

A0(z) =
3
√
gEIN

2 6
√
γβ2/2

egz/3 (2.36)

Given an input pulse with suitably similar parameters to the exact solution, seed pulses will

asymptotically converge toward the parabolic shape shown in equation (2.32). In this form,

pulses experience an exponential growth in amplitude by equation (2.36), and accumulate a

quadratic phase by equation (2.35). Theoretically, the equation applies for the limit z →∞,

meaning there is no upper limit to pulse energy. Additionally, the system provides completely

linear chirp, allowing the pulse to be re-compressed from theoretically any temporal width. In

reality, it is not possible to supply gain indefinitely in such a way that extremely high power

is achievable. Furthermore, SRS typically interferes at higher powers, and has a destructive

effect that limits the stability of real lasers.

2.3.4 All-Normal Dispersion Lasers

Lasers whose pulse propagation dynamics are based primarily on self-similar amplification are

sometimes called similariton lasers [129]. When these cavities use only normal dispersion, it
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2.3 From Classical Solitons to ANDi Laser Regimes

Figure 2.11: Effect of decreasing band-pass filter width on the pulse spectrum for a particular

cavity. (a) 25 nm (b) 15 nm (c) 12 nm (d) 8 nm [72].

is more likely that they will be called ANDi fibre lasers [130]. This is common when all-fibre

designs are used, and will cause pulse dynamics to tend towards those shown in Fig. 2.10, in

which the pulse starts its roundtrip with a narrow spectral and temporal width and then

expands as it propagates through the cavity. At the end of each roundtrip, a significant

reshaping of the pulse is needed to maintain equilibrium. This is usually inflicted by a

band-pass filter, and bears an important role in the pulse parameters the laser will evolve.

This is illustrated in Fig. 2.11, which shows that as the width of the filter decreases, the

pulse spectrum acquires steep edges, and then becomes heavily modulated by SPM.

2.3.5 Giant Chirp Oscillators

While it is the primary focus of this thesis to adapt ANDi laser designs to longer wavelengths,

we have also done some research into another form of design adaptation. As research has shown,

ANDi lasers are typically most stable with repetition rates at or above 10 MHz, i.e. for cavity

lengths less than twenty metres. For longer fibre lengths (hence, lower repetition rates), insta-

bilities arise that are dominantly driven by optical nonlinearities, namely self-phase modulation

and stimulated Raman scattering [61]. This is unfortunate, as applications such as ablative

micro-machining and medical imaging, would benefit from lasers emitting sub-picosecond

pulses at repetition rates considerably lower than 1 MHz [105, 109, 115, 131]. Achieving such

low repetition rates in a fibre laser system generally requires one or more acousto-optic modula-

tors to externally pulse pick from a source laser with a much higher repetition rate (∼ 10 MHz).

This process is lossy by nature, expensive to implement, and adds complexity to the system.

Furthermore, such a laser would produce linear chirped pulses of durations much greater than

typical ANDi lasers (> 50 ps). These pulses would then be more useful for chirped amplifica-
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tion systems, as less pre-amplification stretching would be required. For these reasons, it would

be advantageous to posses a source capable of directly delivering lower repetition rates.

The ANDi lasers with the lowest repetition rates are based on designs known as giant chirp

oscillators (GCOs) [132]. This design was first demonstrated by Renninger et al. [133], who

used nonlinear polarisation evolution to passively mode-lock a 3 MHz laser cavity, achieving

output pulses with ∼ 5 nm spectral width that could be compressed to 670 fs in duration.

More recently, a 1.7 MHz device, mode-locked using a NALM, was reported by a group from

the University of Auckland [59]. That laser emitted pulses with 12 nm spectral width that

were compressible to 300 fs. However, subsequent research showed that the repetition rate of

that design could not be significantly reduced below 1.7 MHz [61, 119]. This is because the

elongation of the cavity gives rise to enhanced stimulated Raman scattering which destabilizes

the laser operation. While other GCO designs have achieved much lower repetition rates

(< 100 kHz) by using SESAMs, carbon nanotubes, or nonlinear polarisation evolution for

mode-locking [134–140], their output pulses generically possess very narrow (< 1 nm) spectral

widths. This allows such designs to avoid the effects of Raman-driven destabilisation, but

significantly, prevents compression to ultrashort durations. This is a critical characteristic, as

ultrashort pulse durations are necessary for a range of applications, thus making the device

in [59] and that which is exhibited in this thesis valuable contributions to the field. The

instabilities which limit these laser’s repetition rate have been reported on by Runge et al.,

who studied not only the occurrence of these noise-like phenomenon, but related them to

rouge wave statistics, and observed the relationship between this regime and that of a stably

mode-locked laser co-occurring in the same laser cavity. Specifically, through the investigation

of roundtrip-to-roundtrip spectral evolution using dispersive Fourier transform, so-called

“soliton explosions” were observed, where pulse dynamics dramatically switched between a

state of stable mode-locking and noise-like pulsing [117, 119, 141].

2.4 Mode-locking and Environmental Stability

Based on previous works at the University of Auckland, a nonlinear amplifying loop mirror

(NALM) has been selected as the mode-locking mechanism for the lasers that we work with at 1

and 1.55 µm [44, 130, 142]. To the best of my knowledge, it is the only mechanism that can take

28
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advantage of both environmental stability as well as long-term power stability; the former due

to its eligibility for all-PM-fibre design, and the latter due to it being an artificial saturable ab-

sorber. Furthermore, NALMs provide an extra degree of tunability, with NALM mode-locked

cavities having two separately pumped active fibre sections. Unlike traditional figure-eight

lasers [143], this allows the laser to operate in a wide variety of behaviours, including easier self-

starting and wider bandwidths, thus allowing shorter compressed pulse durations [130].

There are a number of the other mode-locking mechanisms available for all-fibre im-

plementations. These include nonlinear polarisation evolution [38, 39], saturable absorber

mirrors [144], graphene [26], carbon nanotubes [145], and topological insulators like molybde-

num disulfide [28] and antimony telluride [29, 146]3. However, nonlinear polarisation evolution

cannot be achieved in a linearly polarised system effectively and is very environmentally

unstable in non-PM arrangements. What remains are real saturable absorbers, and for our

2 µm experiments we will be using a type of saturable absorber mirror called a semiconductor

saturable absorbing mirror (SESAM) to mode-lock the cavity. Until recently, SESAMs were

generally considered unusable in commercial products, as they required collimating stages to

achieve a working beam diameter, and suffered heavily from low damage thresholds and mate-

rial degradation over time. In our work, we are able to simplify the setup by butt-coupling our

SESAM directly to a fibre end. In this way, free-space is avoided and the compact housing can

be considered environmentally stable. However, SESAMs still suffer from material degradation

causing output power decay, and thus cannot maintain stability for as long as NALMs.4

Nonlinear Amplifying Loop Mirrors (NALMs)

Since this particular mode-locking mechanism is central to much of the work connected

to my research, a more in-depth technical explanation is in order. Conceptually, mode-

locking a NALM is based on non-reciprocal nonlinear phase accumulation in a common-path

3Further examples of these mode-locking mechanisms with free space parts include: for nonlinear polarisa-

tion evolution [147, 148], and for saturable absorbing mirrors [19, 21].

4An interesting new mode-locking method recently exhibited at CLEO:US 2016 is a type of Kerr-lens

mode-locking implemented in fibre by sandwiching a piece of nonlinear material between two precisely tapered

fibres [149]. Saturable absorbing strength is controlled by the output fibre taper diameter, with coupling

efficiency being a function of intensity. This is a promising mechanism, as it is the first artifical saturable

absorber to be implemented over such short distances in a way that is likely to be environmentally stable.
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Figure 2.12: Schematic configuration of a NALM [150].

interferometer — a schematic for which is shown in Fig. 2.12. The result of this is to create

an interference pattern [similar to that shown in Figs. 2.13(a) and (b)] at the output of the

interferometer that is intensity dependent in a way that results in pulse-narrowing. To unpack

this concept, consider a beam incident on an unequally split 2x2 coupler (or beam splitter).

On the other side of the coupler the two arms of the component are connected to each other

with a pumped active fibre and some length of passive fibre in between. Here, it is significant

that the active fibre sits closest to the high side of the unequally split coupler. Given this,

the beam is now unequally split into two counter-propagating beams. As they both travel the

same path, it could be expected that they should accumulate the same amount of nonlinear

phase. However, due to the unequal splitting and the order that each pulse sees each section

of gain and passive fibre, a difference in nonlinear phase accumulation accrues.

In our case, this nonlinear phase is in the form of SPM, and we can simply understand

the difference in phase accumulation of each pulse as a function of distance travelled and

peak power over that distance. If we consider the gain as a lump component, the difference

in nonlinear phase accumulation is directly proportional to the difference in the peak power

of the counter-propagating pulses. In this way, we can roughly approximate the resulting

interference pattern as a function of light transmitted, |Aout|2, based on the light input, |Ain|2.

The approximation can be expressed as [35]

|Aout|2 = |Ain|2G
(
1− 2α(1− α)

[
1 + cos

(
[α−G(1− α)]γL |Ain|2

)])
(2.37)

where α is the coupling ratio, γ is the nonlinear coefficient described in equation (2.22), and

L is the total length of fibre. Of course, the model is very rudimentary, as the wavelength, λ

must be set to the central wavelength, and there is no wavelength dependent gain. Nonetheless,

such an equation allows for an abstract understanding of the effects of the NALM, producing
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Figure 2.13: Nonlinear relationship between input and output power in a NALM, as described

by equation (2.37). (a) Output vs. input power in reference to Fig. 2.12 and (b) output power in

terms of transmission (|Aout|2 / |Ain|2).

transmission curves like those shown in Figs. 2.13(a) and (b). We can see from this that

the NALM can produce an artificial saturable absorbing effect, whereby the transmitted

power increases nonlinearly with input power to favour the transmission of higher power.

Alternatively, when we look at Fig. 2.13(b), we can see that an excess of input power will

result in a decrease in transmission at the pulse peak, leading to pulse fission. From this it is

clear that to properly design a NALM for mode-locking, careful selection of gain and passive

fibre length is required. We note, finally, that in a laser cavity configuration, an isolator

is used on the input/output side of the 2x2 coupler to block any reflected signal from the

NALM. In this way, pulses in a laser cavity will remain uni-directional.

Semi-Conductor Saturable Absorber Mirrors (SESAMs)

The other mode-locking mechanism that was studied during my work at 2 µm was the

SESAM. Physically, a SESAM is a real saturable absorbing element that usually contains a

saturable absorbing material at the surface followed by a highly reflective surface underneath.

Thus an incident pulse will be reflected with a slightly shorter duration, as the leading

edge and low intensity parts of the beam are absorbed by the quantum well, while the high

intensity parts saturate the absorber and are reflected by the Bragg reflector. One of the

significant differences between NALMs and SESAMs — and in general between real and

artificial saturable absorbers — is the power handling capabilities and long-term reliability.

Specifically, while it is a great advantage to some systems to have the mode-locking process
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occur over a small propagation length and avoid nonlinear effects, it is a significant issue when

dealing with high power lasers, as they are likely to burn non-transparent materials when

focused into the high intensity of an optical fibre. Nonetheless, SESAMs are a developing

technology whose damage thresholds are constantly increasing.

2.5 Modelling a Fibre Oscillator

To model a fibre oscillator accurately, we will need to consider all of the physics discussed in the

previous sections. One of the most important and complex dynamics to model is the gain. To

do this, we will use a method which has been developed by Barnard et al. in [151]. The method

was initially implemented by us using ytterbium-doped fibre, which is a broadband, four-level

system, with spontaneous absorption and emission profiles previously shown in Fig. 2.7(a).

However, the model presented by Barnard et al. is general, applying to any three- or four-level

systems, and as such, it can be applied to our other research with erbium and thulium.

With the rate equations for the three-level system shown in [151], we can define a signal

wavelength transition that interacts with the metastable lasing state and the ground, and a

pump which interacts with the higher pump level and the ground [see Fig. 2.6(a)]. These

two fields are assumed to be monochromatic and to be the only fields that exist. Given

the relaxation time constants for non-radiative and spontaneous emission transitions, and

the cross-sectional absorptions and emissions of the pump and signal, we can use the rate

equations derived by Barnard et al. to find a steady-state solution [151]:

Pp(z) = Pp(0) exp

[
−αpz +

Pp(0)− Pp(z)

P IS
p

+
Ps(0)− Ps(z)

PCS
p

]
(2.38)

Ps(z) = Ps(0) exp

[
−αsz +

Ps(0)− Ps(z)

P IS
s

+
Pp(0)− Pp(z)

PCS
s

]
, (2.39)

that gives the powers of the signal, Ps(z), and pump, Pp(z) with respect to propagation

distance, z. Here, α refers to the linear absorption, P IS refers to the intrinsic absorption

saturation power of the pump and signal while PCS is the cross-saturation power that describes

how the pump and signal saturate each other’s absorption. For all variables, the subscripts p

and s denote the pump and signal. To use the equations, the saturation powers of P IS
p,s and

PCS
p,s are calculated from cross-sectional absorption and emission information known about
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2.5 Modelling a Fibre Oscillator

the doped-fibre [151]. We can then use a root finding algorithm that takes the input powers,

Ps(0) and Pp(0), and propagates through the length of the fibre finding a large number of

pump and signal powers at different lengths to accurately model the dynamic response of the

system. While it is not necessary to use these equations in a step-wise fashion (given that

they are analytic), the processing efficiency of the algorithm can be increased if the starting

guess for the root is intelligently chosen based on the previous root. This will allow it to close

in on the next root more quickly (e.g. guess Ps(n) ≈ 1.5Ps(n− 1) and Pp(n) ≈ 0.9Pp(n− 1)).

With the rate equations calculated for a number of points throughout the fibre, we can then

find the gain coefficient, gm(z) [142]:

gm(z) =
1

Ps(z)

dPs(z)

dz
(2.40)

and apply this to the generalised NLSE from equation (2.25), by simply adding the gain

term gmA/2 to the right hand side of the equation. Finally, we must consider the wavelength

dependence of the gain. For our modelling equations, this is addressed using a normalised curve

of the difference between the emission and absorption cross-sectional spectral characteristics

for the doped-fibre in use, like that shown in Fig. 2.7(b). With this applied to the scalar gain

calculated from gm(z), we can approximate the gain dynamics for the whole bandwidth of

the signal. Finally, this is applied iteratively to the NLSE as the signal propagates through

the active fibre.

We now need to bring together the other physical phenomena, such as dispersion and

nonlinearity, into a model which describes a real cavity. The first step in doing this is to

arrange the model to simulate one roundtrip of the cavity in question. This means indicating

which fibres are used, and where they are in relation to each other and the other components.

To model each fibre section we will use the generalised NLSE as described in equation (2.25).

If we consider a basic cavity, starting with a section of passive fibre, the model is initialised

with some arbitrary initial pulse shape, that can be mixed with a noisy background, and

propagated step-wise through the fibre. Next the pulse transitions to an active fibre, and we

continue to use the generalised NLSE but now with the gain term gm(z) > 1. At the point

of transition between these two fibres we will also have a discrete instance of loss imparted

by the splice, which is expressed simply as a fractional decrease in the field, E. Cavity

components also induce loss, and elements such as wavelength division multiplexers (WDMs),
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can be implemented simply as two fibre sections with an instantaneous loss in the middle.

As well as loss, some components will have other behaviours. Couplers induce phase shifts

which are multiplied into the E field, while band-pass filters apply a spectrally dependent

loss to the pulse. In the model, this spectrally dependent loss can be applied either by a step

function, a super-Gaussian, or through a measured trace of the filter response. Finally, with

one roundtrip completed, the last step to model our laser cavity is to take the output of the

simulation and use a portion of it to reinitialise the next roundtrip. This is done to simulate

the feedback and by intuition is often placed at the output coupler, taking some fraction of

the pulse to start the next roundtrip.

2.6 Pulse Amplification

Due to the energy limitations of fibre laser sources, it is generally necessary to amplify

the output pulse train for it to be useful in most applications. This can be done in two

possible regimes: self-similar amplification (as described in Section 2.3 and reported on

in [55, 56, 58, 60, 152]), or the more widely practised method of pulse amplification that could

be termed “non-transformative” amplification [153]. For the latter, the goal is to retrieve

a pulse whose normalised spectral and temporal conditions are unchanged from when they

entered the amplifier, and in particular, is achieved if the pulse avoids experiencing noticeable

amounts of nonlinear effects. This can be achieved in two ways.

Direct Pulse Amplification

The most rudimentary form of amplification is the direct injection of the pulse into the active

fibre from the laser output without any alteration of the pulse parameters. In industry, this

method is regularly used for soliton or soliton-like amplifications, whereby the net-dispersion

of the cavity is large and negative. The obvious advantage of such an implementation is

the simplicity, and that the system can easily remain all-fibre and low-cost. However, such

systems struggle to remain non-transformative with higher peak powers, as the effect of SPM

becomes noticeable [101, 154]. For this reason, these systems require large mode-field fibres,

short amplifier lengths, and longer pulse durations to minimise nonlinearity.
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Figure 2.14: Evolution of a pulse in a CPA system where (a) the initial pulse enters the system,

(b) the pulse is dispersively stretched and the peak power is reduced, (c) the pulse is amplified and

(d) compressed to femtosecond duration.

Chirped Pulse Amplification

When ultrashort pulses are required at the amplifier output, a popular technique to use is

chirped pulse amplification (CPA). Here, a pulse is dispersively broadened at low power before

it is injected into an active fibre, and then re-compressed after amplification — as shown in

Fig. 2.14. This lowers the peak power of the pulse while it is in fibre and allows it to be ampli-

fied to considerably higher powers before the effects of SPM start to distort it. The disperive

stretching of the pulse can be done over long lengths of fibre, in a chirped Bragg grating, or in

free-space; each method having it’s own benefits and short-comings. Equally, a stretched pulse

will require compression after amplification. This will require the same methods as stretching,

but with the opposite sign of dispersion, making CPA systems more costly and complex than

direct amplifiers, but completely necessary for ultrashort pulse amplification.

2.7 Summary

In this chapter, we have broadly described the important characteristics of mode-locked,

ultrashort-pulsed, fibre lasers. This includes some basic governing equations for the transverse

modes, and a generalised nonlinear Schödinger equation that considers group velocity disper-

sion, Kerr nonlinearities, stimulated Raman scattering, and dispersion of the nonlinearity. To

this equation, we added a model to approximate the complex gain dynamics present in active

fibre by using two-level rate equations and applying the results to a wavelength dependent

profile. Next, we discussed the different laser cavity architectures available, considering the
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limitations of the classical soliton lasers and the advantages of using a laser with normal disper-

sion. Specifically, we outline the gain dynamics that lead to a special kind of amplification in

normally dispersive fibre called self-similar amplification. Next we consider how best to design

a fibre laser, using mode-locking mechanisms that are environmentally stable and can main-

tain stable operation over long periods of time. Finally, we consider an important part of most

useful fibre lasers, which is an external amplifier. Here, we present the different types of ampli-

fication methods that are available and consider which is best for our pulsed applications.
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3. Lasers Near 1 µm

3.1 Introduction

For the University of Auckland, design and construction of ytterbium-doped fibre laser

cavities near 1 µm has been a long standing focus of research. This was driven by early

accomplishments in 2000 by researchers Kruglov, Peacock, Dudley, and Harvey [152] that

examined numerical simulations of parabolic pulse amplification in a ytterbium-doped fibre.

This theoretical finding was experimentally verifed by the Fermann et al. [128] and later in 2004,

further research was published that proved these pulse dynamics could exist inside a dispersion-

managed fibre laser with net-zero dispersion [56]. In 2006, Chong et al. [71] demonstrated the

first ANDi fibre laser whose pulse dynamics lead the field in high energy pulsed fibre lasers,

increasing the maximum pulse energy an order of magnitude to tens of nano-Joules [83].

The unique contribution of researchers from the university of Auckland was to create

an ANDi laser that was built from all-PM-fibre components, meaning it is environmentally

stable [44]. This laser was considerably more reliable out of the lab, and thus more valuable for

commercial application. The design was achieved using a NALM to mode-lock the cavity, and

was the shortest pulse (after compression) from an ANDi, all-PM-fibre laser of its time [130].

Following this, the design was also adapted to a longer cavity so that the laser would reach the

dynamics of a GCO [59]. This is a cavity which uses large amounts of passive fibre to generate

highly chirped pulses which can achieve higher pulse energies due to their significantly larger

pulse duration. In investigating this, the laser was also used to examine the presence of

stimulated Raman scattering, noise-like pulses, and soliton explosions in fibre lasers — all of

which are more pronounced when longer lengths of fibre are present [61, 119, 141].

The laser reported in [44] has a central wavelength of 1030 nm. At this wavelength,

we generically observe the maximum gain in ytterbium-doped fibre, making it likely to be

easier to construct a laser. However, it is expected that lasers similar in design to that

reported in [44], could be constructed at arbitrary wavelengths, provided that suitable normal

dispersion fibres are available. Indeed, changing the central wavelength of lasers, even within
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the ytterbium band, could provide improvements in pulse characteristics, and has been

reported in all-PM-fibre design previously, using a SESAM to mode-lock the cavity [155, 156].

At 1030 nm, the bandwidth of a pulsed laser reaches the short wavelength edge of the

ytterbium gain bandwidth. Because of this, it is arguable that at longer wavelengths, we

may achieve a broader spectrum and thus a shorter compressed pulse duration if we move to

longer wavelengths, closer to the centre of the lasing bandwidth.

In this chapter, I will present and examine our attempts at moving the central wavelength

of our laser sources to longer wavelengths in the ytterbium spectrum, as well as an experiment

to limit the appearance of the “noise-like” pulses in a cavity with long fibre lengths, and

push the cavity to lower repetition rates.

3.2 Adapting a Previous Design to Longer Wavelengths

Building a laser with a central wavelength of 1064 nm has a number of advantages compared

to the previous designs, centred at 1030 nm [157]. For instance, while 1030 nm is the intrinsic

gain peak for Yb ions in silica, it also has a narrower flat bandwidth section than the 1064 nm

region, and that limits the minimum compressed pulse duration. In terms of amplification,

a laser with a central wavelength of 1064 nm is also preferable. In fact, many high power

commercial amplifiers often do not accept input signals below 1040 nm, due to the heavy

re-absorption that occurs in highly-doped cladding-pumped fibre amplifiers, which shifts the

peak gain to longer wavelengths. Lastly, second harmonic generation in the 1064 nm region

has useful applications for medical purposes [158], and is a well developed wavelength for

Nd:YAG lasers, meaning components are cheaper. Hence, we have redesigned the laser to

work at 1064 nm, and in the first half of this section, I present the first demonstration of an all-

PM-fibre, ANDi laser with a central wavelength of 1064 nm, mode-locked with a NALM. I also

discuss the difficulties involved and compare the results to our previous 1030 nm design.

In most cases a fibre laser should be combined with an amplifier to be useful in its

applications. As discussed in Sections 2.2 and 2.6, amplifiers can take a number of forms

including parabolic amplifiers when the parameters are correct. In the second half of this

section, I discuss the results of parabolic amplification of an externally compressed pulse

taken from the seed laser cavity [159].
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3.2.1 Cavity Design and Configuration

The laser cavity architecture is shown in Fig. 3.1, and has a layout identical to [44]. This

design has been used in various ways throughout this thesis, being adapted to produce pulses

at different wavelengths or at a lower repetition rate. It is a figure-eight design, using a

uni-directional (main) loop attached to a bi-directional loop that functions as the NALM.

Previously described in Section 2.4, the NALM is a mode-locking mechanism, which in this

laser consists of a section of active fibre, a long section of passive fibre, and a WDM to pump

the active fibre. This is then connected by a 60:40 central coupler to the main loop. The

main loop consists of an 80:20 output coupler (80 % out), a 1.6 nm band-pass filter, and a

WDM to pump the ytterbium-doped fibre. In addition, an isolator is also used to maintain

uni-directional operation in the main loop. This is particularly important as a large part of

the signal is reflected by the NALM on every roundtrip.

To adapt the design of our 1030 nm laser to 1064 nm we first needed to consider how we

can accommodate for the decrease in gain at 1064 nm. The Nufern PM-YSF-LO which was

used for the main gain section has an absorption of 25 dB/m at 915 nm [160]. In contrast

to this, a new fibre from CorActive offers 140 dB/m at 915 nm [161]. These figures give

us a rough comparison of the gain in each fibre, and even though we pumping at 976 nm

rather than 915 nm, the values should translate, relatively. Thus, in the development of our

cavity, we replaced the gain sections with CorActive YB 401-PM: using 3 m of fibre in the

main gain section, and 0.5 m in the NALM. We can see from the amplified spontaneous

emission (ASE) spectral comparison, in Fig. 3.2(a), that we also observe greater gain at

longer wavelengths in the CorActive fibre when pumping similar fibre lengths with similar

input powers. This is caused by the high absorption of the fibre that results in reabsorption.

The fibre is also specially engineered to reduce photo-darkening significantly, which is an

advantage for a commercial fibre laser. It should be noted that we had previously tried

getting the Nufern fibre to lase at 1064 nm without success. Interestingly, the difference in

gain between 1030 nm and 1064 nm was large enough to overcome the suppression of the

band-pass filter and allow lasing at 1030 nm.

When the central wavelength of the filter was moved to 1064 nm and we attempted to

mode-lock the laser with the new CorActive fibre, we observed only heavy Q-switching. As
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Figure 3.1: Schematic diagram of laser cavity. LD: laser diode, BPF: band-pass filter, OC:

output coupler, WDM: wavelength division multiplexer, Yb: ytterbium-doped fibre, PM980: passive

standard SMF.

1030 nm was one of the central wavelengths of Q-switched operation, we can deduce that

even with the new active fibre, there was still considerable gain at 1030 nm. Q-switching

also occurred at the centre of the band-pass filter (1064 nm), and at longer wavelengths,

corresponding to the peak in Raman gain and its harmonics. While Q-switching is not

unusual in fibre lasers, we then found that the transmission characteristics of our central

coupler quickly deteriorated and Q-switching ceased. This also meant that mode-locking was

unachievable. In this first configuration, we used “filter” couplers, meaning the component

contained a small, well-packed unit of free-space optics. These components are quoted to

have power handling up to 300 mW of continuous wave signal, which could be expected

to be insufficient for some high-power Q-switching that we observed. However, we have

never previously experienced such degradation at 1030 nm. We speculate that the difference

in behaviour comes from the increased out-of-band Q-switching, where the component is

specified to operate between 1050-1070 nm. Since the gain at 1030 nm is much higher than

at 1064 nm, we suggest high power Q-switching at 1030 nm is being directed into the coupler

walls, causing heating and deformation of the component. Alternatively, this light could have

been causing the component to burn.

Our solution was to use a fused central coupler with a continuous wave power handling

capability of at least 3 W, due to its all-fibre design. This the laser to be mode-locked without

deterioration. The disadvantage of using of fused couplers is the non-uniform transmission

band, which varies sinusoidally with wavelength. Despite this, we did not observe any
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Figure 3.2: (a) Comparison of the active fibre optimised for 1030 nm and the fibre currently being

used which is optimised for 1064 nm. (b) An oscilloscope trace of the output pulse train.

significant change in the laser’s behaviour compared to [44]. Additionally, we note that,

all other components and fibre lengths in this laser were the same or comparable to the

architecture of [44], and the length of passive fibre in the NALM could be adjusted by a few

meters either way in order to optimise the mode-locking behaviour and ease in achieving

single-pulsed operation.

3.2.2 Experimental Results

The laser mode-locks with the main and NALM pump powers of 75 mW and 200 mW,

respectively. At these values the laser is multiple-pulsing and reducing the powers to 50 mW

and 70 mW, results in a single-pulse being present in the cavity. This is shown in Fig. 3.2(b)

with a single-pulse, pulse train with a repetition rate of 11.6 MHz. The spectral and temporal

output are shown in Figs. 3.3(a) and 3.3(c), respectively. The output has a central wavelength

of 1062 nm corresponding to the filter’s central wavelength and a 5 dB bandwidth of approxi-

mately 6.8 nm. As with [44], a high signal to noise extinction ratio of at least 30 dB is observed,

though radio-frequency (RF) measurements were not taken. From a measured repetition rate

of 11.6 MHz and a corresponding average power of 4 mW, the pulse energy is 0.34 nJ.

A key feature of such ANDi lasers is that the output pulse is linearly chirped. To

gain quantitative confirmation for the pulses’ linear chirp, a frequency-resolved optical

gating (FROG) device was used (Southern Photonics HR100). Such a device measures the
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Figure 3.3: Measured spectrum of output pulse in (a) linear and (b) logarithmic scale. Recovered

FROG traces of the (c) uncompressed and (d) compressed pulses showing envelope and phase.

spectrogram of the pulse, out of which the phase and intensity profiles of the pulse can be

extracted by means of a phase retrieval algorithm [162]. The recovered envelope and phase for

the output pulse are shown in Fig. 3.3(c). The FROG showed the pulse had near linear chirp,

allowing it to be compressed using a reflective grating-pair system of 1200 lines/mm gratings

and a separation of 43 mm. In this way, the pulse was compressed from 5.8 ps to the minimum

duration of 360 fs, measured with a FROG with the result shown in Fig. 3.3(d). This is

verified with an autocorrelation (APE pulseCheck) that gives a width of 504 fs corresponding

to a Gaussian pulse shape with a pulse duration of 360 fs. It also shows that there is some

structure in the compressed pulse, visible in the wings of the pulse which are asymmetrical

and do not decay to zero with the Gaussian fit. This suggests that further improvements are

possible.
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Figure 3.4: (a) Comparison the laser cavity output spectrum against the pulse spectra injected

into the Keopsys amplifier. (b–d) Output spectra for a range of output power from 100 mW to 1 W.

Compared to [130], it is apparent that the pulse energy is less, and the spectrum is

narrower and less structured. However, that laser had been heavily optimised and in its

original form had original output characteristics (0.3 nJ pulse energy, 5 nm bandwidth [44]).

From this previous demonstration of laser optimisation, we are confident that with improved

modelling and design, the performance of the laser at 1064 nm will similarly improve by

an order of magnitude. In fact, the results observed in our cavity are very similar to those

observed in [44], showing that we have a robust design that can work at different wavelengths

and using different fibre types.
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3.2.3 Amplification with Kyposys 5W Unit

A key advantage of having a laser operating at 1064 nm is that it can be easily amplified using

commercial high-power cladding-pumped amplifiers. For our amplifier, a minimum input

power of 5 dBm is required and hence an initial amplification stage was needed to get enough

power from the output, which was further attenuated by the compression stage on its way to

the amplifier. Using the CorActive fibre, we built a short amplifier capable of delivering a

compressed pulse at 10 mW (increased from ∼ 0.5 mW) for injection into a commercial Yb

amplifier. Due to the inherently chirped output of the pulse, the spectrum before and after

our pre-amplifier [shown in Fig. 3.4(a)] shows that this amplification stage was linear, with

almost no distortion to the pulse occurring. The autocorrelation also confirmed this, as the

compressed duration only slightly increased from 504 to 512 fs.

Next, we directly coupled the output from the compressor/amplifier system into a high

power amplifier. The commercial amplifier used was a Keopsys 5 Watt Yb amplifier [163].

The drive current of the Keopsys amplifier was varied to give a range of output powers from

100 mW up to 1 W. The output spectra for these output powers is shown in Figs. 3.4(b–d).

Even at low powers, considerable spectral broadening is apparent, with the spectral width

growing from a few nanometres at the input to 20 nm at an output power level of 100 mW.

It can also be seen that this spectral broadening is very asymmetric, suggesting that Raman

effects are dominating, rather than SPM, which would result in a more symmetric spectrum.

For the output powers of 500 mW and 1 W, we observed an extremely broad and redshifted

output spectrum, and at 1 W output the central wavelength and spectral width are 1241 nm

and 160 nm, respectively. The smallest redshift occurred in the 100 mW output case, from

1062 to 1072 nm. Without a more broadband autocorrelator or FROG device, we were unable

to further examine these broadband pulses. However, such broad and smooth spectra are

often highly incoherent. We speculate that, as we suspect the output pulse train was initially

generated from spontaneous Raman scattering, it is likely that the pulse train fluctuates

significantly from shot-to-shot. This could be verified using a dispersive Fourier transform, a

technique capable of measuring the pulse spectrum from shot-to-shot [117].
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3.2.4 Summary

Using an existing design, we have demonstrated the first all-PM-fibre laser, passive mode-

locked using a NALM, operating at 1064 nm. The laser produces 4 mW pulses with a 360 fs

compressed duration. Through optimisation it is likely that this laser can be made to produce

higher powers, and shorter pulses, comparable to the laser in [44]. Unlike lasers operating

at 1030 nm our laser can be amplified to the Watt level using widely available, existing

commercial amplifiers, providing a simple route to high power, compact, femtosecond fibre

sources. These results also demonstrate the advantages of using an all-fibre based mode-locker

such as a NALM, or indeed nonlinear polarisation rotation, over real saturable absorbers.

An all-fibre design will work at all wavelengths, whereas saturable absorbers typically have a

more limited bandwidth.
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3.3 Lowering the Repetition Rate of a 1030 nm Laser

3.3.1 Introduction

As I have discussed in Section 2.3, GCOs are valuable tools for laser applications where ultra-

short pulses at low repetition rates are required. Further reducing the repetition rate of GCO

designs presents the possibility or reducing or removing the need for external pulse picking

devices that are expensive and can significantly reduce the output power of the laser.

In this section, I describe a GCO that emits stable trains of linearly chirped pulses with

broad (> 10 nm) spectral bandwidths and repetition rates as low as 506 kHz. Our design is

based on the laser reported in [59]; however, we demonstrate that nonlinear instabilities can be

mitigated by careful distribution of fibre segments in the cavity. To the best of our knowledge,

the repetition rates achieved in our device are the lowest ever reported in any all-fibre,

environmentally stable oscillator whose pulses are compressible to ultrashort durations.

3.3.2 Experimental Setup

The experimental setup of the figure-eight laser under study is schematically illustrated in

Fig. 3.5. Much like the cavity in Section 3.2, it consists of two loops: a main uni-directional sec-

tion and the NALM. However, in this cavity the main loop contains up to 374 m of fibre in two

spools, and a 5 m low-doped Yb gain section. As in the previous cavity, there is also an output

coupler, and a narrow 1.6 nm band-pass filter centred at 1030 nm. Compared to Section 3.2,

the NALM loop is similar, containing passive fibre and a short segment of highly-doped Yb

fibre, both connected to the main loop by an unequally split (60:40) central coupler.

3.3.3 Experimental Results

Compared to the device reported in [59], the key design difference that has enabled us to

overcome nonlinear limitations is that, in the current design, cavity lengthening is achieved

by placing two fibre spools at different positions in the main cavity, as shown in Fig. 3.5. This

should be contrasted with the design in [59], where all the SMF was placed immediately after
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Figure 3.5: Schematic drawing of the studied fibre laser cavity. WDM: wavelength division

multiplexer, Yb: ytterbium-doped active fibre, LD: laser diode, BPF: band-pass filter, OC: output

coupler, PM980: type of passive fibre used in the NALM.

the gain fibre in the main loop. To show explicitly the effect of splitting the SMF into two sec-

tions, we built a laser with a repetition rate of 835 kHz (cavity length ∼ 240 m), and performed

experiments in two configurations whose only difference manifested itself in SMF positioning.

In the first configuration (old design, single-spool), 214 meters of SMF was placed immediately

after the gain fibre in the main loop; in the second configuration (new design, double-spool),

214 meters of SMF was distributed in the two positions shown in Fig. 3.5, with 114 m in spool

1 and 100 m in spool 2. We found that, in the first configuration, the laser could Q-switch and

partially mode-lock to produce noise-like pulses [116, 119]. However, we found no combination

of pump powers that would allow us to reach a stable mode-locked regime. Figures 3.6(a) and

(b) show the spectrum, measured with an optical spectrum analyser Anritsu MS9710, and the

autocorrelation trace, retrieved from a FROG measurement performed using the Southern

Photonics HR100. These results are characteristic of a noise-like pulse, having a broadband

spectral response that is structurally different from normal ANDi laser spectra, and the

temporally broad autocorrelation which has a sharp coherence peak at the point of zero delay.

In stark contrast, in the double-spool configuration the laser was found to easily self-start and

reach stable mode-locking operation — as Figs. 3.6(c) and (d) show. Moreover, the spectrum

has steep edges as is characteristic for ANDi lasers [59, 71, 119]. In general, the laser first emits

noise-like pulses, like those shown in Fig. 3.6(a) and (b), when the pump lasers are switched

on, but stable mode-locked pulses are readily achieved by independent adjustment of the two

pumps. In the case of the 240 m length laser, this results in stable mode-locked operation,

with an average output power of 7.7 mW, corresponding to 9.3 nJ energy per pulse.
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Figure 3.6: Output characteristics of an 835 kHz laser in: (a,b) a noise-like pulse regime, and;

(c,d) a stably mode-locked state of operation. Specifically, (a) and (c) show the spectrum in linear

scale with log scale inset (units:dB), while (b) and (d) show uncompressed autocorrelation trace.

Figure 3.7 shows a complete picture of spectral and temporal characteristics of the laser

output in the double-spool configuration, shown in Fig. 3.6(c) and (d). The spectrum in

Fig. 3.7(a), can be seen to be centred at 1030 nm and to have a full width at half maximum

(FWHM) of about 14 nm. Figure 3.7(b) shows the temporal intensity and phase profiles of

the output pulses, as measured by the FROG. The output pulses can be seen to have 72 ps

duration (FWHM), and to be linearly chirped. We also show in Figs. 3.7(c) and (d) the pulse

train and corresponding RF spectrum measured with a fast photodetector connected to an

oscilloscope and an RF spectrum analyser, respectively. We clearly see a repetitive 835 kHz

pulse train with a clean RF spectrum, as expected for stable single-pulse mode-locking.

To demonstrate the robustness of the new double-spool design, and to understand how the

laser output characteristics might change as a function of the cavity length, we have tested a
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Figure 3.7: Output characteristics of 835 kHz laser. (a) Spectrum in linear scale, (b) uncompressed

pulse profile from FROG trace, (c) pulse train measured on a photodetector, and (d) corresponding

RF spectrum. Inset in (d) shows a zoom around the fundamental repetition frequency.

range of different fibre spool lengths (hence, cavity repetition rates). For each configuration,

we have found that the laser can be easily mode-locked by adjusting the pump power levels,

and that the output pulses always show characteristics qualitatively similar to those described

above (e.g. stable trains of nanojoule pulses). Indeed, Fig. 3.8 shows measured spectral

[Figs. 3.8(a)–(c)] and temporal [Figs. 3.8(d)–(f)] characteristics for selected cavity configura-
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Figure 3.8: Output pulse spectra (a–c) in linear scale, and uncompressed pulse profiles (d–f) from

a FROG trace. Measurements correspond to the emitted pulses for various repetition rates of the

laser cavity, shown above the figure panels. ∆τ is the FWHM of the temporal profile.

tions with repetition rates as indicated (see also Table 3.1). Several conclusions can be drawn.

First, for each configuration, the emitted pulses have broad spectra, with FWHM widths

exceeding 10 nm. Second, the temporal profiles are also broad (and exhibit complex shapes),
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yet possess almost linear chirps. Third, Figs. 3.8(c) and (f) show that we have achieved stable

mode-locking with a repetition rate as low as 506 kHz. In this configuration, the spectrum

exhibits very complex fine structure, but the time-domain pulse profile nevertheless appears

comparatively clean and linearly chirped. Indeed, as discussed below, the laser output can

readily be externally compressed to ultrashort durations. At this point, we note that the

pulses emitted by 506 kHz device have a shorter duration compared to the 672 kHz device,

despite the increase in net cavity dispersion which is generally expected to increase the pulse

duration (see also Table 3.1). This can be explained by the narrower output spectrum in

the 506 kHz device, which reduces the efficiency of dispersive spreading inside the cavity.

We suspect that the narrower spectrum arises due to higher-order effects (e.g. third-order

dispersion and stimulated Raman scattering), whose impact generally increase with cavity

length and pulse bandwidth.

For all of the configurations that we have tested, the laser shows high environmental

stability. Specifically, the laser stays mode-locked for hours without deviations in pulse

characteristics, despite being operated in a weakly-controlled laboratory with large temper-

ature variations in the range of ±3◦C. Furthermore, the laser is extremely robust against

mechanical stress, and its operation is not easily disturbed by e.g. human-induced vibrations

or other perturbations. Of course, such environmental stability is to be expected based on

the fact that the laser is constructed out of all-PM-fibre components.

The temporal profiles of the recovered output pulses, shown in Fig. 3.7(b) and Figs. 3.8(d–

f), exhibit visibly linear chirp, suggesting they may be externally compressed close to their

(femtosecond-scale) transform-limit. To directly test compressibility, we used a multi-pass

transmission grating arrangement with a variable path length of 40–160 cm, and a grating

line density of 1000 lines/mm. A 4-pass arrangement was used for all but the 506 kHz

configuration, which required an 8-pass arrangement to avoid beam diffraction beyond the

finite width of the compressor system. The compressed pulses were then characterized using

an autocorrelator (APE pulseCheck) which has a better resolution than our FROG device.

The results are shown in Fig. 3.9, where we plot the autocorrelation traces corresponding

to the different configurations discussed above. As can be seen, for each configuration, the

compressed pulses have widths well below one picosecond, with even the 506 kHz configuration

reaching 500 fs compressed duration. At this point we emphasise that, throughout these tests,

the cavity architecture remained the same in all respects other than fibre spool lengths.
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Figure 3.9: Compressed autocorrelation traces of output pulses at various repetition rates shown

above the figure panels. ∆τAC is the FWHM of the autocorrelation trace, while ∆τFWHM is the

FWHM of a corresponding Gaussian pulse.

3.3.4 Discussion

The experimental results above clearly illustrate that the new double-spool design can sustain

much lower repetition rates that the single-spool configuration in [59]. Physically, we believe

this can be explained simply in terms of the diminished optical nonlinearities ensuing from

the specific distribution of fibre spools. In the single-spool design [59], all the fibre is placed

immediately after the gain fibre, where the intracavity intensity (hence, accumulation of

nonlinearities) is large; in contrast, in the double-spool configuration, the second fibre spool

is located right after the output coupler, where intracavity intensity is comparatively low.

thus reducing the accumulation of nonlinearities. This concept is qualitatively similar to

a recently reported “intracavity power-management” scheme, where a variable attenuator
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3.3 Lowering the Repetition Rate of a 1030 nm Laser

is used to reduce the intensity of light in the part of the cavity containing a long fibre

segment [164]. That scheme has been demonstrated to allow for the generation of spectrally

narrow (0.06 nm FWHM) mode-locked pulses with ultra-low repetition rates and energies in

excess of 12 µJ. Interestingly, although the intensity in our laser cavity would be even lower

immediately after the band-pass filter [see Fig. 3.5], we have not been able to mode-lock

the laser when the second fibre spool is shifted to that position. A detailed study is beyond

the scope of this thesis, but we speculate this may be because the pulse entering the main

gain fibre would in that configuration be highly chirped, hindering its evolution. In more

general terms, these observations of course highlight the well-known fact that the ordering

of cavity components can significantly influence the operation of mode-locked lasers [165].

Finally, we note that limited availability of SMF has prevented us from exploring the ultimate

repetition rate limits of the new double-spool design. We believe, however, that our 506 kHz

device is already nearing that limit, based on the deterioration of the spectral profile as

well as the increased difficulty in reaching the stable mode-locked regime. Specifically, we

observe a greater tendency of the laser to move into a noise-like state during the mode-locking

ramp, and a narrower pump range that will allow it to transition into a stably mode-locked

state, without losing the mode-lock. We suspect these deteriorations (as well as the ultimate

repetition rate limit) physically arise due to higher-order effects, namely third-order dispersion

and stimulated Raman scattering, whose effects increase with increasing cavity length.

3.3.5 Summary

In this section, I have presented a new design for an environmentally stable Yb-doped

mode-locked fibre laser that can reach ultra-low repetition rates. We have tested various con-

figurations with different repetition rates, each of which has been able to produce nanojoule

pulses that can be compressed to ultrashort durations. The performance characteristics of

the realised configurations are summarised in Table 3.1, which also includes the results from

[59] for comparison. As can be seen, the lowest repetition rate that we have achieved is 506

kHz (limited by the available SMF), which to my knowledge is the lowest repetition rate ever

reported for an environmentally-stable mode-locked fibre laser emitting broadband pulses.
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3. Lasers Near 1 µm

Table 3.1: Design parameters and output characteristics for different laser configurations: frep,

repetition rate in kHz; L1 and L2, lengths of spools 1 and 2 in metres; Pmain and PNALM, main

and NALM pump powers in mW; Ep, pulse energy in nJ; Pavg, average output power in mW;

τuncomp, uncompressed duration in ps; τcomp, compressed duration in fs; Ppeak, peak power in kW;

for different repetition rates. The final three rows, which are separated by a horizontal line, are for

comparison with [59].

frep L1 L2 Pmain PNALM Ep Pavg τuncomp τcomp Ppeak

506 174 200 82 25 6.9 3.5 74 500 12

672 114 160 71 25 7.1 4.8 88 346 21

835 114 100 78 25 9.3 7.7 72 255 37

908 100 100 71 30 9.0 8.2 70 221 41

1128 60 100 88 25 7.4 8.3 57 216 34

1700 100 0 142 186 16 27 68 370 41

3400 50 0 127 145 10 34 37 250 38

10000 0 0 100 172 2.4 24 13 280 8

As the laser operates stably at these specifications, it can be considered a viable option as a

seed laser in an amplified system for commercial micro-machining or medical imaging.
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4.1 Introduction

Over the last decade, lasers constructed out of ANDi fibres and components have attracted

particular attention [71, 83, 129], with ANDi lasers outperforming alternative cavity designs

in terms of pulse characteristics (e.g. energy, bandwidth), whilst simultaneously simplifying

the overall cavity design. These lasers have been dominantly investigated in the 1 µm

emission band of ytterbium, partly because of the applications in that wavelength region, but

also because all standard fibres exhibit normal dispersion at 1 µm. In many circumstances,

however, the applications a laser can service depends critically on the laser’s wavelength of

operation [108, 166, 167]. In particular, for certain applications, operation at 1 µm may not

be feasible or optimal, and several studies have accordingly endeavoured to translate ANDi

technologies developed in the 1 µm range to other wavelengths, such as 1.55 µm (erbium)

or 2 µm (thulium) [87, 147, 168–170].

The realisation of ANDi-like lasers at the 1.55 µm emission band of erbium (and the 2 µm

band of thulium) is hindered by the fact that most conventional fibres exhibit normal disper-

sion only for wavelengths shorter than 1.3 µm. Nevertheless, there has been several successful

demonstrations of designs that leverage dispersion management so as to achieve ANDi-like per-

formance through a sufficiently large net-normal dispersion, both around 1.55 µm and 2 µm [21,

26, 77, 88, 145–148]. Whilst these realisations have demonstrated impressive performance,

their choice of mode-locking element (nonlinear polarisation rotation or real saturable ab-

sorbers) presents potential deficiencies in terms of environmental stability and long-term perfor-

mance, as discussed in Section 2.4. These challenges could be overcome by using a NALM [44,

59, 117, 130], however, to the best of my knowledge, there has been no demonstrations of

large net-normal devices based on NALMs around the 1.55 µm emission band of erbium.

In this chapter, I present and discuss a range of erbium-doped, all-fibre lasers, which were

built and tested with the goal of reaching an erbium-doped, all-PM-fibre laser that exhibits

large net-normal dispersion and is mode-locked with a NALM. This laser was eventually
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Figure 4.1: Schematic of the all-PM-fibre, classical soliton laser cavity. WDM: wavelength division

multiplexer, Er: erbium-doped active fibre, LD: 980 nm pump laser diode, BPF: 2 nm band-pass

filter, ISO: polarising isolator, OC: 80:20 output coupler (80% out), HB1500: passive fibre used in

the NALM and main loop.

successfully implemented experimentally, and is presented at the end of this chapter. The final

laser has a central wavelength of 1.55 µm, and emits pulses that can be externally compressed

to 500 fs. I also show results from numerical simulations that are in good agreement with

these experimental observations. Further, I present and discuss the results of the splicing

technique that enabled us to join fibres that have large differences in mode-field diameter

(MFD). This was critical in achieving a working laser in a dispersion-managed, all-PM-fibre

cavity, where normally dispersive fibre typically has small MFD and does not splice easily

to other fibres.

4.2 An All-PM-Fibre Classical Soliton Laser

The first laser we were able to mode-lock and achieve single-pulse operation with was a simple

classical soliton laser mode-locked with a NALM. This cavity used three different fibres:

the Nufern PM-ESF-7/125 as the active fibre, the standard Fujikura PM1550 to pigtail the

components, and FiberCore’s HB1500 as the passive fibre in the NALM. Figure 4.1 shows

the laser schematic for this cavity, whose main loop consisted of a 2 nm band-pass filter, an

80:20 coupler (80 % out), a WDM, 1.5 m of active fibre, 3 m of passive fibre, and an isolator.

A 60:40 central coupler connected this to the NALM, which consisted of 1.5 m of active fibre,

4.5 m of passive fibre, and a WDM. We note that, generally, it is unusual to use a narrow

band-pass filter in such a configuration, where the dispersion is large and anomalous, as
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Figure 4.2: Spectra of output pulse trains from classical soliton laser with (a) initial mode-locking

pump power and (b) increased pump power in the main gain section.

classical soliton lasers do not require filters to maintain stable mode-locking. However, we

elected to do this for our laser, firstly in order to hold the central wavelength of the pulse to

1.55 µm, and secondly, to investigate its effect on the laser dynamics, given a filter would be

necessary when we reached a large net-normal dispersion regime. It is also is necessary that

we ensure the laser operates at 1.55 µm as off-wavelength Q-switching and mode-locking may

have detrimental effects to the components (as we have seen in Section 3.2).

The laser initially mode-locked at a pump power of 150 and 450 mW in the main and

NALM gain sections, respectively. Through careful tuning of the pumps we were then able to

reach single-pulse operation, dropping the pump powers to 90 and 150 mW in the main and

NALM, respectively. Figure 4.2(a) shows the first point of stable mode-locking. When the

main pump was increased to 130 mW the spectrum broadened slightly, as shown in Fig. 4.2(b).

This spectrum had a bandwidth of 12 nm (FWHM), corresponding to a transform-limited

sech2 pulse duration of 215 fs. To observe the pulse duration of our laser, we also took

an autocorrelation (APE pulseCheck), shown in Fig. 4.3(a). This indicated a measured

autocorrelation width of 300 fs (FWHM), corresponding to a sech2 pulse duration of 200 fs.

From this, we can assume that our pulse is approximately transform-limited.

In comparison with other classical soliton lasers there are some obvious differences. No-

tably, the presence of the spectral filter causes the spectrum to be heavily shaped, with a

large dip occurring across the centre of the spectrum, where the filter pass-band lies. This

result is unlike most other classical soliton laser cavities, which usually exhibit a smooth
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Figure 4.3: (a) Autocorrelation and (b) linear scale spectrum of output pulse train from the

classical soliton laser cavity.

spectrum due to the pulse formation mechanisms of classical laser cavity solitons. This is

true even in cavities which use fibre Bragg gratings, whose spectra generally tend to be

bound within the bandwidth of the grating (see Section 6.1 and [171]). It is possible that

we have been able to achieve such spectral broadening due to the power handling capability

and mode-locking strength of the NALM. This allows us to drive the laser to considerably

higher pump powers than those generally observed in SESAM or carbon nanotube lasers.

The other interesting feature of this laser is that it does not present Kelly sidebands when

driven at higher pump powers. This atypical behaviour is likely due to the band-pass filter,

as Kelly sidebands are dispersive waves generated through periodic disturbances of the main

propagating pulse. Thus, as the bandwidth of the pulse is filtered with each roundtrip, so

too are the sidebands, preventing sufficient feedback to allow them to grow.

4.3 A Dispersion-Managed Laser

As we were struggling to achieve mode-locking in a dispersion-managed laser, we next opted

to attempt mode-locking the laser with nonlinear polarisation evolution. This mode-locking

mechanism uses on a non-PM configuration, and relies on polarisation dependent filtering of

different spectral components. This filtering adopts a mode-locking effect with pulses, as

frequency components will accrue an intensity dependent polarisation rotation in a way that

allows the system to act as a saturable absorber. Such a configuration allows us to make
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Figure 4.4: Schematic drawing of the dispersion-managed, nonlinear polarisation evolution mode-

locked cavity. WDM: wavelength division multiplexer, Er: erbium-doped active fibre, LD: 980 nm

pump laser diode, BPF: 8 nm band-pass filter, ISO: isolator, PBS: polarisation beam splitter, PC:

polarisation controller.

preliminary investigations into dispersion-managed cavities, but will not be useful in the final

stage, as it cannot be configured into an environmentally stable arrangement due to its need

for non-PM-fibre.

Figure 4.4 shows the cavity schematic, which had a repetition rate of 21.7 MHz. This was

induced by three different fibre types. The gain fibre used was the Nufern PS-ESF-3/125,

which has a MFD of 5 µm at 1.55 µm, a large normal dispersion of βG
2 = 0.048 ps2/m, and a

length of 2.1 m. Another fibre was the Lucent 980, which constituted the 1.45 m long WDM,

and had an anomalous dispersion of βWDM
2 = 0.013 ps2/m. Finally, Corning’s SMF-28e

pigtailed the remaining components, including the isolator, band-pass filter, 2 polarisation

controllers, and a polarisation beam splitter. The combination of these dispersions resulted

in a near-zero, net-cavity dispersion of 0.0127 ps2.

The band-pass filter used in this cavity had a bandwidth of 8 nm and was again included

to force operation at 1550 nm. This was necessary since the gain at 1530 nm was found to be

much higher than at 1550 nm. The band-pass filter may have also been useful in stabilising

the laser. While zero-dispersion cavities often tend to operate in a regime where the breathing

of the pulse is well regulated and there is no spectral shaping, the addition of spectral shaping

may have allowed us to relax these conditions, and perhaps drive our laser harder.
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Figure 4.5: Spectra of output pulse trains with a net-cavity dispersion of (a) 0.0127 ps2, (b)

0.034 ps2, and (c) 0.08 ps2, where the linear scale is also shown inset.

The splicing of these fibres is much less critical than that of PM fibres. This is because

the MFD difference between the normal and anomalous fibres is smaller in non-PM fibre,

and without the presence of PM stress rods, the fibres are able to fuse to each other more

easily. As such we were able to join the Lucent 980 and SMF-28e to the PS-ESF-3/125 with

relative ease, using small sections of Coring MetroCor as a bridging fibre. These splices were

done on a Fujikura FSM-100P, using a long (10 s) heating time. This enables the fibres time

to mould their MFDs to match, and allowed us to achieve a transmission of ∼ 90 %.

Initially, the laser mode-locked with a pump power of 160 mW, producing an output power

of a few mW. This behaviour could be self-started by adjusting the polarisation controllers

until a mode-locking point is found, and single-pulsing is observed. Figure 4.5(a) shows the

spectrum at this power, which notably, can be seen to have two points of parasitic lasing —

these are the sharp spectral lines around the centre of the spectrum. We speculate these may
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4.3 A Dispersion-Managed Laser

be caused to some extent by parasitic back reflections from the mis-matched MFDs of the

splices between different fibres. Fortunately, these points can be minimised through careful

adjustment of the polarisation controllers. Unfortunately, no information regarding the

temporal shape or duration of the pulse was collected at the time of the measurements.

We next increased the normal dispersion of the cavity to investigate whether the perfor-

mance could be increased. This was done by adding 45 cm of the Nurfern PS-GSF-3/125; a

passive fibre which matches our gain fibre in all specifications, and resulted in a net-dispersion

of 0.034 ps2. This laser mode-locked with a much higher pump power of 300 mW, producing

a broader spectrum, shown in Fig. 4.5(b). We can now see the edges of the band-pass filter in

the spectrum more clearly, where thick sidebands appear. If we relate these back to the initial

spectrum in Fig. 4.5(a), we can see they overlap exactly with its sidebands. This indicates

the sidebands are induced by the edges of the band-pass filter, a conclusion further justified

by the position of the sidebands coinciding with the position of the band-pass filter.

Adding a further 1 m of PS-GSF-3/125, we once again found mode-locked operation with

a net-cavity dispersion of 0.08 ps2. This laser mode-locked with a pump power of 460 mW,

producing a much broader single-pulse spectrum, shown in Fig. 4.5(c). This laser configuration

emitted pulses that appear to be very broad, with a bandwidth of around 20 nm at 15 dB.

However, when we view the linear scale version, inset in Fig. 4.5(c), the heavy structure of

the spectrum is more visible. Indeed, in this figure, not all of the spectrum is shown, with the

most intense spectral component extending out of the figure an order of magnitude above the

other components. Nonetheless, this realisation of a dispersion-managed laser gives us insight

into how we may construct a large net-normal dispersion laser at 1.55 µm, as both cavities

share the characteristic pulse spreading associated with normally dispersive fibre in lasers.

As we know, this pulse spreading affects the accumulation of nonlinear effects, which will

be useful to understand quantitatively when we come to implementing a NALM with large

net-normal dispersion. Finally, when we added more normally dispersive fibre to the cavity,

we were no longer able to find a stable point of mode-locked operation. This further indicates

the difficulty of building such a system with large net-normal dispersion at 1.55 µm.

The result shown in Fig. 4.5(b) bares considerable likeness to a similar configuration

reported in [172], where a fibre Bragg grating was used with carbon nanotubes to mode-

lock. In that laser, dispersion management was also used, where the cavity consisted of
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Figure 4.6: Output spectrum of the laser with a net-cavity dispersion of 0.034 ps2 (red dashed

curve), overlaid with ASE transmission through the band-pass filter used (blue solid curve). This

indicates the transmission function of the filter, but with the pass-band section varying slightly due

to the shape of the ASE spectrum.

all-anomalous dispersion fibre and a positively chirped fibre Bragg grating. We note that, in

[172], the author states that the structure in their spectrum comes from Kelly sidebands. This

is characteristic, as dispersion management reduces the amount of phase-matched coupling,

causing sidebands to become smaller and smoother, like those observed in [172] (see [46]).

Our concern is the first sidebands surrounding the spectrum, which coincide in both lasers

with the edges of the filter, as shown in Fig. 4.6. We also note that our laser does not

have any additional sidebands, which is uncharacteristic of Kelly sidebands, and that the

additional sidebands of the laser in [172] also coincide with the reflection patterns of the

gratings. Furthermore, for our laser, we have calculated the positions that Kelly sidebands

should appear by finding the roots of the equation:

β3
6

(ω − ω0)
3 L+

β2
2

(ω − ω0)
2 L = 2πm (4.1)

where m is an integer that increases to correspond to each consecutive pair of sidebands,

(ω−ω0) is the difference between the sideband and the central frequency of the pulse, and the

dispersion coefficients used are β2 = −23.39 ps2/km and β3 = 0.1301 ps2/km. From this, the

first-order sidebands are positioned at a detuning of 9 nm, roughly symmetrically around the

central wavelength, to give an overall separation between the fundamental sidebands of 18 nm.

In our measurements, we observe a sideband separation of only 8 nm. For these reasons we
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4.4 A Large Net-Normal Dispersion All-PM-Fibre Laser

speculate that the main sidebands observed in both lasers may not be Kelly sidebands, but are

of interest due to their unusual shape in comparison with the filter transmission function.

Finally, an interesting similarity between this laser and the classical soliton laser presented

in Section 4.3 are the shapes of the measured spectra, respectively. Specifically, the sidebands

induced by the band-pass filters cause Figs. 4.5(a) and (b) to hold definite similarity with

the classical soliton cavity measurements in Figs. 4.2(a) and (b). Certainly, these spectra

look different to most other lasers reported in these regimes, as it is unusual to operate such

lasers using band-pass filters. However, by keeping the band-pass filter in our cavity for both

configurations, we have been able to observe the behaviour of these cavities and parts of a

transition from a classical soliton to a dispersion-managed regime in a way slightly different

to what is normally reported. We also believe this will give us some intuition in implementing

a large net-normal dispersion, all-PM-fibre laser.

4.4 A Large Net-Normal Dispersion All-PM-Fibre Laser

The final laser I will present is an environmentally stable laser that possesses large net-

normal dispersion. This was the goal of the project, and as is shown in Fig. 4.7, the laser is

conceptually based on a 1 µm device reported in [44]. Like that system, it consists of two

loops connected with a 2x2 central coupler. In our system, we use a 60:40 central coupler, and

in the main, uni-directional loop: a 70:30 output coupler (30% out), 2 nm band-pass filter,

980/1550 nm WDM, 1.2 m of erbium-doped fibre, 10 m of normally dispersive fibre, and a

polarising isolator. The other bi-directional loop constituting the NALM contains a further

1.5 m of erbium-doped fibre, another WDM, and 10 m of normally dispersive fibre.

Our laser cavity is constructed from off-the-shelf fibre-optic components that use standard

single-mode fibre (SMF) with 10.6 µm MFD. Because such SMF possesses large anomalous

dispersion at 1.55 µm, dispersion management is needed to attain operation similar to

ANDi lasers. We achieve a large net-normal dispersion cavity by minimising the amount of

standard SMF in the cavity, and by making use of speciality optical fibre that has a 4 µm

MFD. This small core, high numerical aperture fibre (CorActive SCF-UN-3/125-25-PM) was

designed with the intention of stimulating nonlinear processes like wavelength conversion

and supercontinuum generation. However, due to the significant waveguide dispersion that
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Figure 4.7: Schematic drawing of the large net-normal, all-PM-fibre laser cavity. WDM: wavelength

division multiplexer, Er: erbium-doped active fibre, LD: 980 nm pump laser diode, BPF: 2 nm

band-pass filter, PISO: polarising isolator, OC: 70:30 output coupler (30% out), NDF: passive fibre

used in the NALM having normal dispersion. Brown crosses show points of high splice loss as

described in Subsection 4.4.1.

is induced by a small core and high numerical aperture, the fibre also exhibits large normal

dispersion. Similar characteristics are also true for the erbium-doped fibre, which accounts for

2.7 m of the cavity and has a dispersion of βG
2 = 0.03 ps2/m. The normally dispersive passive

fibre (NDF), which accounts for 20 m of the cavity, has a dispersion of βNDF
2 = 0.04 ps2/m, and

finally, the 2.5 m of standard SMF that makes up the pigtails of various components, has the

typical dispersion of βSMF
2 = −0.024 ps2/m. The cumulative 2.5 m length of SMF used comes

from the pigtails of various components, cut down to their minimum splicable length of around

15 cm. This gives a large net-cavity dispersion of βnet
2 = 0.82 ps2 and a length of 25.2 m.

4.4.1 Splicing Fibres with Mis-matched Mode-fields

The necessity to use fibres with large differences in MFDs presents some challenges for splicing

the cavity together. In particular, poor splices between fibres with different MFDs can result
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Figure 4.8: Schematic illustration of the two steps of our splicing method. (a) shows the low-power

tacking process, while (b) shows the long-duration “fire polishing” stage.

in significant losses and parasitic back reflections which prevent the laser from operating.

For example, the two different types of passive fibres (CorActive SCF-UN-3/125-25-PM

and typical PM1550) have MFDs of 4 µm and 10.6 µm, respectively. Using the butt-joint

approximation, we can find the loss across this fibre-pair transition, when no MFD adaptation

(no splice) is attempted [173]

loss = 20 log
w2

1 + w2
2

2w1w2

(4.2)

where w1 and w2 are the mode-field radii of the respective fibres. From this we obtain a loss

of 3.6 dB, a greater value that we observed in our own tests; we measured between 2.7–2.9 dB,

depending on the success of the alignment. We were able significantly decrease this loss

using a furnace-based splicing system (Vytran Glass Processing Unit) and a two-step splicing

process developed by Wang et al. [174], called “fire-polishing”. In this process, the fibres are

first weakly connected using a low heat, then continuously heated with the furnace moving in

a repeated scanning motion across the splice. The second scanning stage transforms the MFDs

of the fibres to match. The whole process is schematically illustrated in Figs. 4.8(a) and (b),

which explain the tacking and “fire-polishing”, respectively. After 1 – 2 minutes of heating,

the splice has a measurable transmission of 96%. Figure 4.9 shows the change in transmission

versus heating duration, measured iteratively with each successive reheat. Notably, we see that

after 12 reheats, the transmitted power begins to decrease, showing the maximum possible

transmission has been reached. Unfortunately, such high efficiencies could only be achieved

between the different passive fibres; a reduced transmission (max. 83%) was achieved when

joining the doped fibre (MFD = 4.2 µm) to the standard SMF (MFD = 10.6 µm), presumably

as diffusion of dopant ions during heating causes the MFD to expand too rapidly [174]. In
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Figure 4.9: Increase in transmitted light versus number of reheats during the “fire-polishing” stage.

Each reheat takes around 10 – 15 seconds, corresponding to 2 – 3 minutes of heating overall.

an attempt to increase the light transmitted into the active fibre, an intermediary fibre

(SCF-UN-3/125-25-PM) was spliced between the large core PM1550 and the small core active

fibre. Since the active fibre shared a similar MFD to the small-core passive fibre, a single,

short, high power heating process was used to achieve a higher splice transmission (90%).

Unfortunately, when coupled with the second splice transmission (96%), only a slight increase

in total transmission was observed (86%). As such, this method was not implemented and the

brown crosses in Fig. 4.7 indicate the points in the cavity where large splice losses occur.

4.4.2 Experimental Results

Despite the comparatively large splice losses, the laser can be mode-locked at a pump power

of 60 and 250 mW in the main and the NALM loops, respectively. Similar to the device

in [44], the laser self-starts with multiple pulses circulating the cavity, but can then be

transitioned to the single-pulse regime by reducing the pump powers to 35 mW (main loop)

and 55 mW (NALM loop). At these pump powers, the laser produces an average output

power of 0.85 mW, corresponding to a pulse energy of 110 pJ at the fundamental repetition

rate of 7.9 MHz. The output spectrum of the laser, shown in linear scale in Fig. 4.10(a),

was measured with an optical spectrum analyser (Anritsu MS9710) and it can be seen to

be centred at 1548.5 nm (corresponding to the centre wavelength of the band-pass filter),
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Figure 4.10: Output pulse characteristics of the laser cavity. (a) Spectrum in linear scale and

inset in log scale, and (b) pulse train recorded on an oscilloscope.

with a full width at half maximum (FWHM) of 8.7 nm. To demonstrate that the laser is

stably mode-locked, a pulse train is shown in Fig. 4.10(b).

To examine the temporal envelope and chirp of the laser output, we used the Southern

Photonics HR150 FROG device. Figure 4.11(a) shows the temporal envelope and phase as

recovered from the measured FROG trace. As can be seen, the pulse has a FWHM duration of

7.3 ps and a nearly-linear chirp. We next attempted to compress the pulse down to ultrashort

durations by using an external reflection grating pair with a variable path length. To measure

the FWHM of the compressed pulse, we used an autocorrelator (APE pulseCheck) which has

a better resolution than our FROG device. Figure 4.11(b) shows that, by adjusting the path

length of the compressor, a minimum autocorrelation width of 710 fs could be achieved, which

corresponds to a Gaussian pulse shape with a FWHM of 500 fs. Given a spectral width of
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Figure 4.11: Temporal characteristics of the output pulse. (a) Output envelope and chirp recovered

from a measured FROG trace, and (b) autocorrelation trace after external compression (solid blue)

and a Gaussian fit (dashed red). τAC indicates the FWHM of the autocorrelation while τFWHM is

the FWHM of a corresponding Gaussian pulse.

8.7 nm, the compressed pulse was then 1.25 times the transform-limit, presumably due to resid-

ual nonlinear chirp [see Fig. 4.11(a)] that cannot be compensated for by the grating pair.

Comparing the measured laser characteristics with those reported for the 1 µm device in [44],

we can see considerable similarity in both the measured spectrum and the recovered time trace.

Indeed, both devices are associated with a structured spectrum and a temporal profile with

steep edges, as is characteristic for many ANDi lasers. Furthermore, both devices emit pulses

with comparatively low sub-nanojoule energies. We note that further developments of the 1 µm

design reported in [44] has allowed for much larger pulse energies in excess of 10 nJ [59, 130];

however, translating those developments to the current 1.55 µm device has so far been

unsuccessful. For example, when increasing the output coupling from 30% to 80%, as in [59],

we were unable to reach single-pulsing operation. This could be due to the short sections of

anomalous dispersion fibre in the cavity, which can lead to detrimental soliton effects, or the

increase in nonlinear phase accumulation due to the use of fibres with smaller core diameters.

Another strategy for increasing the pulse energy was to use band-pass filters with broader

widths. We observed the laser could be mode-locked with both 4 and 8 nm filters, though in

both cases, single-pulse operation could not be reached. We may find better results for these

tests when a more stable implementation is reached. To achieve higher energy pulses with net-

normal dispersion, it may be preferable to substitute some amount of normally dispersive fibre

for a positively chirped fibre Bragg grating, as in [87]. Another effect of using erbium-doped
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fibre is the decrease in gain compared to ytterbium-doped fibre. Specifically, in erbium-doped

fibres, lower doping concentrations must be used due to a tendency towards ion clustering

that results in up-conversion and an overall decrease in gain efficiency [175, 176].

4.4.3 Numerical Simulations

To corroborate our experimental findings, we have also numerically simulated the operation

of our laser. Our simulations use the lumped cavity model that I have previously described in

Section 2.5 and more generally across Section 2.2. Figures 4.12(a) and (b) show the spectral

and temporal characteristics of the simulated output pulse (solid blue curves), respectively,

compared with corresponding experimental results (dashed red lines). As can be seen, the

simulations are in very good agreement with experimental findings. The spectral and temporal

pulse propagation dynamics are also shown for one full round-trip in Figs. 4.12(c) and (d),

respectively, starting and finishing on either side of the band-pass filter. (For simplicity,

only the clockwise propagation of the NALM is shown, and for visibility, the output coupler

section is artificially stretched.) An interesting section of the pulse evolution occurs between

the end of the normally dispersive fibre in the main loop and the start of the active fibre

in the NALM. Between these points, the pulse amplitude is diminished significantly as it

passes several splice transitions and components resulting in an overall loss of 2.4 dB, before

being re-amplified to slightly greater than its initial value in the NALM gain. This is very

different to the propagation dynamics in [44]. Figure 4.12(c) is also valuable in explaining the

structure of the experimentally observed pulse. Specifically, from the regular and continuous

spectral broadening, shown in Fig. 4.12(c), it is clear that the three distinct peaks in the laser

output spectrum are simply caused by self-phase modulation. Another point of interest is

at the output of the NALM. At this point there is an abrupt change in the pulse shape both

spectrally and temporally as the pulse propagating clockwise around the NALM (shown)

interferes with the counter-clockwise one (not shown). On the temporal trace in Fig. 4.12(d),

this change is visible as pulse narrowing and an increase in peak power, demonstrating the

effectiveness of the NALM as a mode-locking mechanism.
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4.5 Summary

In this chapter, I have presented and discussed a range of erbium-doped, all-fibre lasers. These

implementations represent the process and timeline of designing and creating an all-PM-fibre

laser with large net-normal dispersion and a central wavelength of 1550 nm. Our initial

classical soliton laser cavity was an all-PM-fibre laser, mode-locked with a NALM, that

produced 200 fs pulses. This took an unconventional approach to classical soliton lasers,

using a band-pass filter in the cavity, but generating a pulse train with a bandwidth of

12 nm. The next laser had a dispersion-managed configuration, mode-locked with nonlinear

polarisation evolution in non-PM fibre. This was our first attempt at dispersion management,

and thus the use of this mode-locking made initial investigation into this regime a more

achievable goal. The laser was able to produce a stable pulse train for a range of net-cavity

dispersions, with increasing dispersion inducing the spectrum to broaden considerably. The

final laser demonstrated in this chapter was the successful implementation of a large net-

normal dispersion, all-PM-fibre laser. This laser was mode-locked with a NALM, producing

110 pJ pulses that were externally compressible to 500 fs. This was achieved through

dispersion management to produce linearly chirped, externally compressible pulses, and

through speciality splicing methods to reduce intra-cavity loss. Furthermore, I have shown

that the characteristics of the generated pulses agree well with predictions from numerical

simulations. Thus, I believe this laser has been a successful prototype demonstration of an

ANDi-like laser at new wavelengths, outside the ytterbium band. With cavity optimisation,

the performance of the device can certainly be improved, perhaps up to nanojule pulse

energies, with ∼ 200 fs pulse durations. For future work, we will seek to leverage our

numerical model to explore design modifications, such as the use of fibre Bragg gratings,

that could permit increased pulse energies, as well as performing general optimisation of the

cavity, as was conducted at 1 µm to achieve the result in [130].
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5. A Brief Discussion on Lasers with Large

Net-Normal Dispersion

At this point in the thesis, I wish to take a few pages to show and discuss the results we

have observed so far. In particular, we now have results for three lasers, constructed using

the same design, with similar repetition rates, but at three different central wavelengths.

These are: (a) the laser this work is based on, reported in [44], with a central wavelength of

1030 nm; (b) the laser I have presented in Section 3.2, with a central wavelength of 1064 nm;

and (c) the laser I have presented in Section 4.4, with a central wavelength of 1550 nm.

Figures 5.1(a–d) show the output characteristics of the laser in [44], including (a) an

oscilloscope trace, (b) the spectrum, (c) the uncompressed FROG trace, and (d) compressed

FROG trace. We will first compare these with the results shown in this thesis. Figures 5.2(a–f)

show the spectral and temporal results for the 1064 nm and 1550 nm laser, where (a–c) show

the spectrum, uncompressed FROG trace, and compressed autocorrelation of the 1550 nm

laser, respectively, while (d–f) show the spectrum, and the uncompressed and compressed

FROG traces of the 1064 nm laser, respectively.

The first point of similarity between all of these lasers is the pulse energy, where in each

case the lasers produce hundreds of picojoules of energy. One conclusion that could be drawn

from this is that, if one of these cavities can be optimised to produce high energy, shorter

duration pulses, then it is likely that the other lasers will be capable of the same. As I

have stated at other points in this thesis, the laser in [44] was optimised to produce 4.2 nJ

pulses with a compressed duration as short as 120 fs [130]. Such characteristics are still the

state-of-the-art in environmentally stable fibre laser technology. It is also true that no such

device exists at 1550 nm.

Figures 5.3(a–f) show the spectral and temporal output characteristics of the uncompressed

pulse in the improved 1030 nm laser. These measurements could allow us to understand

the process of optimising the laser cavity to some extent. In Fig 5.3(a), it is clear that

the spectral shape of the output pulse is remarkably similar to the earlier implementation,
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Figure 5.1: Output characteristics of the 1030 nm implementation published in [44]. (a) Oscil-

loscope trace showing stability of the laser cavity and single-pulsed operation. (b) Spectrum of

output pulse train in log scale with inset in linear scale. (c) Experimentally measured temporal

pulse envelope (solid green curve) and chirp (solid red curve) from a FROG trace, and numerical

simulations (dashed blue curve) of uncompressed pulse. (d) Experimentally measured envelope

(solid green curve) and phase (solid red curve), and numerical simulations (dashed blue curve) of

compressed FROG trace.

shown in the inset of Fig. 5.1(b). However, when we compare the shape of the temporal

envelope [Fig. 5.1(c) versus Fig. 5.3(b)], it is clear that the earlier implementation of the laser

has significantly greater temporal modulation. Such modulation across the pulse is most

certainly a sign of greater nonlinear effects and probably lower stability, and it is through

the reduction of these nonlinear effects between the old and the new device that the newer

implementation is able to attain greater stability, greater tuneablility, and ultimately, better

output characteristics.

Another element of similarity which we must understand in order to improve these lasers is

the compressibility of the pulses, and the factors that affect it. In the temporal traces, shown
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in Figs. 5.3(b,d,f), the chirp is visibly linear for each pump power combination. This will

allow the external compression device to deliver a shorter compressed pulse duration, with

both the size of the pedestal and presence of pulse tails that are formed by large β3 minimised.

Conversely, the compressed output of both the early implementation of the 1030 nm laser

and the 1064 nm laser have noticeable pedestals. In each case, these appear to be caused

by nonlinearity, since the curvature of the chirp in both Fig. 5.1(c) and Fig. 5.2(e) is not

smooth, but rather, appears to fluctuate around a linear fit. In the case of the 1550 nm

laser, the curvature of the chirp, shown in Fig. 5.2(b), appears to be smoother, but turns

slightly upward on longer-delay (right-hand side) edge. This could indicate the presence of

β3 contribution to the dispersion, but is not discernible from the autocorrelation, shown in

Fig. 5.2(c). Such information could be acquired using a FROG device.

Finally, in comparing the compressed pulses of the early 1030 nm laser and the 1064 nm

laser recovered from the FROG, shown in Fig. 5.2(f) and Fig. 5.1(d), we can observe that the

chirp of the 1030 nm laser has a broader flat and near-zero region around the centre of the

pulse. This shows that the compressed pulses from that laser are closer to the transform-limit.

This flatness around the zero region is useful for some applications, such as optical parametric

amplification.

75



5. A Brief Discussion on Lasers with Large Net-Normal Dispersion

1540 1550 1560
−40

−30

−20

−10

0
R

el
at

iv
e 

in
te

ns
ity

 (
dB

)

Wavelength (nm)

(a)

−5 −2.5 0 2.5 5
0

0.2

0.4

0.6

0.8

1

In
te

ns
ity

 (
a.

u.
)

Time (ps)

(b)

−1

0

1

C
hi

rp
 (

T
H

z)

−2 −1 0 1 2
0

0.2

0.4

0.6

0.8

1

In
te

ns
ity

 (
a.

u.
)

Delay (ps)

(c) τ
AC

 = 710 fs

τ
FWHM

= 500 fs

1055 1062 1069
−40

−30

−20

−10

0

Wavelength (nm)

R
el

at
iv

e 
in

te
ns

ity
 (

dB
) (d)

1 0.5 0 0.5 1
0

0.2

0.4

0.6

0.8

1

time (ps)

In
te

ns
ity

 (
a.

u.
)

0

1

2

3

4

5

6
P

ha
se

 (
ra

di
an

s)τ
FROG

 =

      360fs

(f)

−4 −2 0 2 4
0

0.2

0.4

0.6

0.8

1

Time (ps)

In
te

ns
ity

 (
a.

u.
)

−1.5

0

1.5

C
hi

rp
 (

T
H

z)

(e)

Figure 5.2: Output characteristics of the (a–c) 1550 nm and (d–f) 1064 nm laser. (a,d) Spectra and

(b,e) uncompressed envelope and chirp from FROG recovery of the respective lasers. (e) Compressed

autocorrelation and Gaussian fit for the 1550 nm laser, where τAC is the autocorrelation width of

the pulse and τFWHM is deconvoluted width of a Gaussian pulse with a width of τAC. This was

used instead of a FROG due to the low device resolution of the 1550 nm FROG. (f) Compressed

envelope and phase of 1064 nm laser output using FROG device.
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Figure 5.3: Output characteristics of the improved 1030 nm implementation published in [130].

(a,c,e) Spectra and (b,d,f) uncompressed FROG traces using different pump power combinations.
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6. Lasers Near 2 µm

Thulium-doped fibre lasers have existed since 1988 [177], but in recent years, interest in

the 2 µm region has increased as more applications have been found and laser output power

has increased. In particular, 2 µm lasers offer significantly improved eye-safety and have

good atmospheric transmission. Because of this, 2 µm lasers can be safely used in free-space

applications such as LIDAR, gas sensing, and free-space optical communications [178–180].

Furthermore, the high water absorption that makes these lasers eye-safe also makes them

ideal as surgical tools (enabling precise tissue cutting) and for use in medical procedures like

skin rejuvenation treatments and lithotripsy [181–184]. In many of these applications, both

fibre laser delivery and pulsed operation can be desirable, and it is for this reason that we

investigate constructing an environmentally stable, mode-locked fibre laser at 2 µm.

The following chapter first investigates a 2 µm laser cavity in the classical soliton regime to

produce a pico-second pulsed output that can be amplified to several Watts of average power.

Following this, we use dispersion management to move to the large net-normal dispersion

regime and continue the investigation of ANDi-like lasers at longer wavelengths beyond 1 µm.

Dispersion-managed fibre lasers at 2 µm have been reported by a number of groups using

quantised (lump) dispersive elements, like chirped fibre Bragg gratings (FBG) [87, 185], while

more recently, normally dispersive fibre has been identified allowing for cavities with a mixture

of normal and anomalous dispersion fibre [89–92, 94–96, 186–188]. Such configurations have

achieved pulse durations of 100s of fs and energies nearing 1 nJ [94]. However, since we wish

to build an environmentally stable laser, we require an all-PM cavity, and unfortunately, this

limits us to using a chirped fibre Bragg grating as normally dispersive PM fibre is yet to be

commercially available at 2 µm.

The following chapter is split into two sections. The first section contains several laser

cavity designs where a linear configuration is tested with two thulium-doped fibres (one

highly doped and the other weakly doped) and two fibre Bragg gratings (one chirped and

the other a linear reflector). The second section takes the output pulses from these cavities
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and focuses on creating a two-stage amplifier that achieves an average output power above

5 W. For the most part, the results are presented in a chronological order.

6.1 Laser Cavity Tests

The configuration of the cavities in this chapter were invariant throughout the tests, but for a

few important elements. A linear configuration was chosen instead of the more typical ring, to

compliment the reflective nature of the Bragg grating and the mode-locking mechanism. The

cavity consists of an in-line polariser to ensure mode-locking occurs on only one polarisation

axis, a saturable absorber mirror (SESAM: [189]) to initialise and stabilise mode-locking,

a WDM, an active fibre, and a fibre Bragg grating. This setup is shown in Fig. 6.1, along

with the pumping system, which will be discussed in Subsection 6.1.1). We also note that

the WDM can be used either inside or outside of the cavity, as the transmission of our fibre

Bragg gratings at the pump wavelength was near 100 %. For almost all tests, the WDM was

used outside the cavity, as Fig. 6.1 shows.

TmWDM
1550/2000

FBG ILP
SESAM

ISOCoupler
50:50

WDM
980/1550

Yb-Er ISO

LD
980

LD
1550

Figure 6.1: Schematic of linear cavity and pumping system.

One of the elements that is changed throughout the tests is the rare-earth-doped fibre. The

two fibres tested are the Nufern PM-TSF-9/125 [190] and the Nufern PM-TDF-10/130 [191].

The PM-TSF-9/125 is a PM, thulium-doped, single-clad fibre with a doping concentration

that results in a pump absorption of about 12 dB/m at 1.56 µm. We will frequently refer to

this as the “single-clad” fibre. The second fibre is the PM-TDF-10/130: a PM, thulium-doped,

double-clad fibre, with a cladding absorption of around 2 dB/m at 1.59 µm. In this section,

where we develop the laser cavity, the “double-clad” fibre is core-pump, giving a much greater

pump absorption of approximately 300 dB/m. This results in a significantly higher gain,

allowing us to use much shorter lengths.
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The other element which is changed throughout the tests is the fibre Bragg grating,

which is positioned as a reflector and output stage. The first grating we use is the Teraxion

HPR-OC1970-0.5-20-N10/130DP-L20-2 which is a linear reflector that outputs 80 % (and

reflects 20 %), over an 0.5 nm bandwidth, at a central wavelength of 1970 nm. When we use

this grating, the cavity operates under classical soliton dynamics (as described in Section 2.3),

having exclusively anomalous dispersion, as standard SMF is anomalous at 2 µm. From this,

the output pulse duration is then dictated by the bandwidth of the grating, since the grating

bandwidth is narrower than the natural spectral width that the cavity dispersion would

otherwise induce. We can say this with certainty, as a classical soliton generated in a fibre

laser, with a pulse energy of ≈ 100 pJ, will in all real scenarios, find steady state with a pulse

duration around one pico-second or less, and a bandwidth of several nanometres — far beyond

the allowable width of our grating [37]. The second grating we use is the Teraxion PWS-PSR-

1980-3-40-(-4.2)-PM1950. This is a chirped reflector that outputs 60 % (and reflects 40 %),

over a 3 nm bandwidth, at a central wavelength of 1980 nm. The dispersion, D, of the chirped

grating is −4.2 ps/nm, corresponding to a GVD of β2 = 8.7 ps2. This is a value much larger

than typically reported in net-normal or ANDi lasers, usually being less than 0.5 ps2 [87].

As such, the large value of dispersion is relatively unaffected by the anomalous dispersion

contributed by the fibre in the cavity, which is only −0.5 to −1 ps2, depending on the amount

of fibre used in the cavity. Lastly, we note that the 10 nm difference in central wavelength

between the two gratings has no noticeable effect on the spectral profile of the pulses. This

is likely due to the wide lasing bandwidth of thulium, which can be seen in the ASE spectra

shown in Figs. 6.2(a) and (b), and the narrow lasing bandwidth of our lasers.

6.1.1 Characterisation of the Pump Laser

The laser cavity is pumped by a 1.56 µm, ytterbium-erbium-doped fibre amplifier, which itself

is seeded by a lower power 1.56 µm diode, and pumped with a 980 nm diode. The 1.56 µm

amplifier outputs a continuous wave power of up to 1.5 W, as characterised in Fig. 6.3, where

the 980 nm pump was tested over a range of seed diode driving currents. Spectral analysis

was also conducted, revealing it was necessary to drive the 1.56 µm seed diode at 300 mA or

lower, to maintain a single-wavelength operation. As Figs. 6.4(a) and 6.4(b) show, the diode

transitions to a multi-wavelength operation above 330 mA. In such a state, the longitudinal
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Figure 6.2: Amplified spontaneous emission spectra for (a) the single-clad fibre at a length of

2.2 m, and (b) the double-clad fibre at a length of 3 m. In (a), the test is done with an opened cavity,

so a lasing peak is visible at 1970 nm due to the feedback. In (b), we observe a discontinuity in the

centre of the plot where the monochromator’s internal sensor changes and is poorly calibrated.

mode of operation of the light emitted from the diode may be unstable — a behaviour that

would be undetectable on an optical spectrum analyser. After the isolator, the 1.56 µm pump

sees loss when passing through the WDM and FBG, as well as the splice losses between the

isolator, WDM, FBG, and active fibre (see Fig. 6.1). The largest losses occur at the WDM–

FBG splice, and the FBG–active fibre splice, due to differences in fibre characteristics, such

as mode-field diameter and cladding structure, since the chirped grating is made of PM1950,

the linear grating is made of PM-GDF-10/130-2000M fibre, and the WDM is pigtailed with

PM1550. The overall transmission of the pump from the output of the isolator to the active

fibre is 80 %, allowing for a maximum injected pump power of about 1.1 W.

6.1.2 Single-clad Active Fibre with Linear Grating

The first arrangement tested was the single-clad active fibre with the linear grating. This

simple architecture operates with classical soliton dynamics, using an active fibre with

relatively weak gain. The fibres involved were: 2.75 m of active fibre, 2.8 m of Nufern

PM1550 passive fibre to connect the components, and a short 0.5 m of Nufern PM-GDF-

10/130-2000M on which the grating was fabricated.
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Figure 6.3: Characterisation of output power EDFA pumping system, comparing a range of

980 nm pumping currents for a range of 1560 nm seed currents.

At the grating’s central wavelength of 1970 nm, the active fibre has a βG2 = −0.075 ps2/m,

PM1550 has a βPM1550
2 = −0.085 ps2/m, and the passive double-clad fibre, on which the

grating was fabricated, has a βDC
2 ≈ −0.08 ps2/m. In a linear cavity arrangement, this gives

a net βtot.
2 = −0.9 ps2 (1 s.f.). This large anomalous dispersion is typical of lasers at 2 µm,

being so far from the zero-dispersion wavelength of standard SMF.

The laser begins pulsing with a pump power of around 300 mW. Depending on the quality

of the splices — which were poor in our initial tests, but later optimised — it may enter a

region of Q-switched mode-locking before it reaches stable mode-locking. In a state of stable

Q-switched mode-locking, periodic pulsing persists, but, the broader envelope of the pulse

train also fluctuates significantly in a periodic fashion. Thus, to move out of this unstable

region and avoid re-entering it during operation, the pump power is increased further to

around 330 mW, and stable mode-locking is achieved with an average output power of 23 mW.

Throughout this range, we measure a constant pulse duration of 70 ps, using a photodiode

that appears to give an impulse response of 58 ps and a 12.5 GHz oscilloscope. In later

tests, made by my supervisor, Claude Aguergaray, we are also able to take accurate spectral
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Figure 6.4: Spectra of 1.56 µm EDFA seed diode at driving currents of (a) 330 mA and (b) 340 mA.

Between these two driving current, the laser diode transitions from single- to multi- wavelength

operation.

measurements using a Yokogawa AQ6375B spectrum analyser, which are shown in Fig. 6.5.

At this point we note that at the time of initial tests, only rough measurements could be

made using a Bentham monochromator, which has limited resolution and sensitivity.
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Figure 6.5: Spectrum of the single-clad active

fibre and the linear grating.

The measurement shown in Fig. 6.5 has

a spectral width of around 0.13 nm. This

should result in a transform-limited, sech2-

shaped soliton of around 30 ps. In our tests

we measured a pulse duration of 70 ps. We

speculate that this is likely to correspond

approximately to the expected 30 ps pulse

duration, noting that a convolution of our

assumed 58 ps impulse function with a 30 ps

signal pulse gives a measured pulse duration

of approximately 70 ps. The output power

can be increased further while remaining in

single-pulsed operation, up until around 35

– 40 mW. At this point, the mode-lock is lost and the SESAM is observed to be damaged.

This occurred when the fluence incident on the SESAM exceeded the damaged threshold

of the material. This fluence comes from both the continuous wave pump and the pulse, so
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Figure 6.6: Laser schematic with an additional WDM to remove excess pump power

to prevent such damage from happening, we can reduce the continuous wave load on the

SESAM by routing the unabsorbed pump light out of the cavity. This was done by inserting

a second WDM as shown in Fig. 6.6, which reduced the repetition rate from ≈ 25 MHz to

≈ 18 MHz.

This additional WDM also allowed us to quantify the pump power throughput of different

active fibre lengths while the laser was running, and thus, helped us to determine the optimal

length of active fibre. Testing between 0.75 m and 4 m, we obtained mode-locking for lengths

from 1.8 – 4 m, where pump throughput with 4 m of active fibre and 350 mW of pump power

was found to be less than 1 mW, and at 1.8 m was above 30 mW. At 2.75 m, we observed a

throughput power of 10 mW around the pump threshold (300 mW) and a quick increase to

above 50 mW with higher pump powers (> 500 mW). This allowed us to infer with greater

certainty that continuous wave light from the pump has an effect on the SESAM, as damage

of the SESAM occurred at higher pump powers where the pump throughput was observably

high. Knowing this, we were able to safely remove the WDM, given the pump power was

kept to a reasonably low value, and achieve a satisfactory output power without damaging

the SESAM. Additionally, this quantification can be used to compare with later tests to more

easily understand and optimise the laser.

Long-term stability tests

After reaching a point of operation that was visibly stable on the oscilloscope over a 400 ms

duration that contained ∼ 8 million pulses (see Fig. 6.7), we measured the output power of

the laser and observed a significant short-term (10s of seconds) and long-term (several hours)

fluctuation in the output power, shown in Fig. 6.8. By testing power fluctuation when certain

elements of the system were physically handled, we found that this was caused, to some extent,

by thermal fluctuations that induced instability in the doped fibre of the pumping system.
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Figure 6.7: Oscilloscope trace showing laser stability over 400 ms period using a linear grating

and single-mode active fibre. In this period, 8 million pulses are enclosed, and we note that the

pulse train is visibly flat across the top.

While high surface area gives optical fibre excellent heat dissipation capabilities, such capabil-

ities are only taken advantage of when a good heat sink is used. To do this, we transferred the

doped fibre in our initial setup from being held in the air to being secured on a metal sheet.

Figure 6.8 shows the change in behaviour, where both short- and long-term fluctuations in

average output power are reduced. Significantly, the measurements are taken with reference to

time of day, allowing us to show there is no temporal correlation with room temperature.

6.1.3 Single-clad Active Fibre with Chirped Grating

We next substituted the chirped grating into the cavity, which has a central wavelength of

1980 nm, a FWHM-bandwidth of 3 nm, an output coupling of 60 %, and a very large chirp

of 8.7 ps2. The active fibre lengths tested were 1, 1.85, 3, and 3.95 m.

The laser could be made to mode-lock over a range of pump powers with varying levels of

stability, as summarised in Table 6.1. In this configuration, the laser is to our knowledge,

the first environmentally stable, net-normal dispersion laser operating at 2 µm. The closest

research to this (by Wan et al. [185]), is an all-fibre, all-PM, near-zero dispersion laser.
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Figure 6.8: Long-term stability tests using a linear grating and single-clad active fibre configuration.

The plot shows a significant reduction in short- and long- term variation of the laser after it is

thermally stabilised using a metal sheet as a heat sink. An Ophir thermal power metre is used to

take measurements once every 5 seconds.

The pulse duration was also measured with the same oscilloscope and photodiode. With

a spectrally broader grating, the laser emitted a broader spectrum and a shorter pulse.

This allowed us to determine the impulse response of the photodetector, as the oscilloscope

displayed characteristic ringing on either side of the measured pulse. From this we could

infer that, as ringing was occurring, the pulse duration measured must be much less than

58 ps, and most likely around several ps considering the net-normal dispersion regime. The

spectrum is also shown in Figs. 6.9(a) and (b). From Fig. 6.9(a), it can be seen that the

spectrum measured by the Bentham monochromator is not only coarse, but also changes

slightly depending on the resolution used. Furthermore, as a single measurement took around

30 seconds, variation in the signal power over this time would manifest as a fluctuation

of the measured spectrum. This makes measurements from the device more difficult to

conclusively interpret. However, we can also note that the red curve in Fig. 6.9(b) had a

bandwidth of 0.78 nm, corresponding to a transform-limited Gaussian pulse duration of

7.4 ps. Though a large chirp is imparted by the grating, the pulse would be only marginally

longer (∼ 10 ps) due to its narrow spectral width. This is commensurate with the oscilloscope

measurement. Additionally, in work by Gumenyuk et al. [87] we can observe that net-normal

dispersion in a similar system produced steep-edged spectra whose spectral width diminished

with increasing normal dispersion. In this way, the red curve in Fig. 6.9(b) bares similarity

with [87], suggesting the measurement may be accurate, and that it may be operating in a

regime we understand.
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Table 6.1: Design parameters and output characteristics for different laser configurations: LG,

length of active fibre in metres; Pp, pump power in mW; frep, repetition rate in kHz; Pavg, average

output power in mW; Ep, pulse energy in nJ; Qualitative statement on the laser stability. (QSML:Q-

switched mode-locked.)

LG Pp frep Pavg Ep Stability

1 < 650 39 N/A N/A No mode-lock possible

1.85 450 29.5 4 136 Stable

3 300 22 4.4 200 Best stability range

3.95 300–450 18 2.5 140 QSML outside narrow pump range

Dispersion management with fibre (adding 18 m of PM1550)

From the results observed, we decided that the magnitude of normal dispersion added by the

chirped grating was too large for the laser to generate the broad spectral width needed for

ultrashort pulse generation. Typically, the net dispersion of ANDi or net-normal dispersion

lasers is < 0.5 ps2. In an attempt to move the dynamics closer to those reported in [87], a

length of 18 m of PM1550 was added to the cavity to reduce the net dispersion from around

8.1 ps2 to 5 ps2, and hopefully allow for a greater amount of SPM induced spectral broadening.

With the added fibre, the cavity mode-locked at an input pump power of 330 mW, outputting

1.5 mW at 4 MHz. The laser uses 3 m of active fibre and is stable for a small range of input

pump powers between 350 – 380 mW. Above these powers, similar unstable dynamics begin

as were described above in 6.1.3. Similarly low-repetition rate cavities have been published

in [93, 192], however, the net-dispersion was still far too large for the results to be comparable.

Furthermore, the low sensitivity of the monochromator used in early experiments meant

such low power measurements were noticeably noisy. Nonetheless, the spectrum recorded in

Fig. 6.10 clearly shows spectral broadening, with a wing emerging on the right-hand side of

the image. Unfortunately, when further fibre was added the laser failed to mode-lock.

6.1.4 Double-clad Active Fibre with Linear Grating

The third set of tests investigated the more highly-doped, double-clad, active fibre. As

mentioned in Section 6.1, when core-pumped this fibre produces significantly higher gain
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Figure 6.9: Spectra from the Bentham monochromator for the single-clad active fibre with the

chirped grating. (a) 1.85 m of active fibre is used and the different coloured curves show the effect

of changing the resolution of the monochromator. (b) 3 m of active fibre is used and the different

coloured curves show the effect of changing the output power of the laser.

than the single-clad fibre. We began our tests with a 60 cm piece of active fibre, based on

a number of other publications that use the same fibre [101, 153, 185, 193], and performed

cut-back until we reached mode-lock. We also monitored the pump power throughput with

our additional WDM to aid in finding the optimal length and to know whether pump power

throughput would affect the SESAM. We first mode-locked the cavity at 42 cm, now requiring

a significantly higher pump power of 950 mW for stable mode-locking. In this configuration,

the output power was 40 mW, with a repetition rate of 34 MHz, to give a pulse energy of

1.2 nJ. Naturally, the spectral characteristics of the output pulse were identical to those

shown in Fig. 6.5. This is to be expected, as the spectrum of a bandwidth-limited classical

soliton laser is generally determined to a great extent by the band-pass filter — especially

when the filter is very narrow.

Improved splicing methods for the double-clad fibre

With a 42 cm length of active fibre, the pump power throughput was only 130 µW, suggesting

further reduction could improve the laser. Hence, we continued the cut-back and found

another mode-locking point at 11.5 cm; failing to mode-lock the laser at lengths of 34, 28, and

22 cm. In later tests we found that the absence of mode-locking at these points was caused by
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Figure 6.10: Spectrum from monochromator for a configuration with 3 m of single-clad active

fibre, the chirped grating, and an additional 18 m of PM1550 to reduce the net-cavity dispersion.

faults in the splicing procedure of the active fibre. After some work on this topic, we found

satisfactory splice transmission could be achieved using Nufern’s matched passive fibre (PM-

GDF-10/130-2000M [194]) as a bridging fibre between the PM1550 and the active fibre.

We also adopted novel splicing methods, such as changing the angle alignment method

used by the Fujikura FSM-100P+. This device usually connects fibres with an “interrelation

profile alignment” (IPA) method, which interrogates the sides of the fibre, creating a detailed

profile of the core, cladding, and low-index stress rods. This is done by diffracting the

source light through the different refractive indices of the fibre, which correspond to the

core, cladding, etc. The profile can then be intelligently aligned by capturing data sets for

360◦ of rotation with each fibre and finding the correlation between them [195]. However, in

our system, the alignment fails due to the complex structure of the PM double-clad fibre.

To align our fibres, we must manually rotate each fibre, while viewing the cross-sectional

“end-view” of the fibre. In order to clearly see the PM rods when viewing the end of the fibre,

an additional inspection light source usually needs to be directed down the opposite end of

the fibre, making practical splicing tedious. Another novel adaptation of the splicing method

is the long-duration arc, in which the power is administered to the splice over around 10 s

to enable the mode-field of each fibre to deform to meet each other. It is surprising that

this method is effective considering doped fibres usually tend to deform uncontrollably when

exposed to long-duration arcs [174].
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Repeating cut-back tests

We next considered the pump throughput of the two working active fibre lengths, with

32 mW at 11.5 cm and 130 µW with 42 cm. The large difference in these values suggested

the ideal length lay somewhere between 11.5 cm and 40 cm. With our new splicing method,

the cut-back tests were repeated more successfully, to give an optimal length of 22 cm. This

yielded a pump power throughput of 2.2 mW, when the laser was mode-locked at a similar

pump power of 950 mW. The output power is 35 mW at a repetition rate of 34 MHz, giving

a pulse energy of 1 nJ. When the test is repeated at 20 cm we see similar results, suggesting

the splicing method is now robust.

Bend or De-polarisation Loss in the Double-clad Active Fibre

The positioning of the short length of highly-doped active fibre on the lab bench was found

to be critical to the mode-locking threshold and stability of the laser. Specifically, we found

optimal performance when the fibre was taped to the metal sheet in a straight line. This

lowered the pump threshold from 950 to 800 mW, and increased the pump throughput power

from 2.2 to 8.9 mW.

One reason for this may be bend-loss, which causes poorly confined light to be ejected

from the cavity. We found this to be particularly pronounced around splices on either side

of the gain medium. Specifically, when pressure or bending was applied, the loss was not

only measurable, but visibly being ejected from the fibre as violet light possibly produced by

excited-state absorption [196]. Presumably this effect was exaggerated by the mis-matched

cross-sections and imperfect fusion between the fibres. Interestingly, we found later (in

Section 6.2) during amplification that the resistance to bend loss in the long amplifier sections

is very high, suggesting that the loss is occurring completely at the splice points.

Another possible cause of loss in our cavity was de-polarisation and attenuation of the

signal in the polarisation sensitive components. This can occur at the splice interfaces, or

even in the fibre itself, as early-stage-of-development niche PM fibres, are not always well

engineered enough to have high polarisation extinction ratios.
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Figure 6.11: Spectral responses of a cavity with 20 cm of double-clad active fibre and a chirped

grating, measured on a Bentham monochromator. The response varies for a range of resolutions

used. All plots should reflect the same spectral response. Resolutions: (a) 41 pm, (b) 50 pm, (c)

60 pm, (d) 65 pm.

Lastly, taping the fibre to the metal sheet obviously provided good thermal contact, and

thus, efficient heat transfer away from the fibre. This was even more important to do in the

highly-doped fibre, as we were applying twice the pump power to a fibre which is less than a

quarter of the length — resulting in a significantly greater heat density.

6.1.5 Double-clad Active Fibre with Chirped Grating

The last cavity arrangement to be tested was the combination of the double-clad fibre with

the chirped grating. With the setup from Subsection 6.1.4 using 20 cm of active fibre, we

substituted in the linear grating. The laser mode-locked with 1.2 W of input pump power
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Figure 6.12: (a) Logarithmic and (b) linear scale of the low-doped active fibre with the 1 ps2

chirped grating (spectra measured with the Yokogawa AQ6375B).

and output power of 16 mW. The throughput pump power is again a good value of 4.1 mW.

At a repetition rate of 35 MHz, the laser delivers a pulse energy of 0.5 nJ. Again we observe

a pulse duration limited to the detector bandwidth of 58 ps, but now the output power is

sufficient to get a strong response from the monochromator (which we were using during the

initial tests). However, running these tests over a range of detector resolutions, shown in

Figs. 6.11(a–d), we observe a range of spectral shapes and bandwidths that do not correlate

with changes in the laser behaviour, making these measurements difficult to interpret.

6.1.6 Later Tests at Near-Zero Dispersion

One of the findings of my research at AlphaNov was that using large grating chirp (8.1 ps2)

was ineffective for generating broadband pulses that are compressible to ultrashort durations.

As was shown in a similar system in [87], the bandwidth of these lasers diminishes with

increasing net-normal dispersion, and the optimal regime of operation for our research will

likely be found between 0 – 0.5 ps2. From this finding, the student who continued my research

at AlphaNov purchased a new fibre Bragg grating that would apply a dispersion of 1 ps2.

The grating component number was DMR-1970-15-35(+B1+0)-P1, indicating it had a central

wavelength of 1970 nm, a bandwidth of 15 nm, and a reflectance of 35 %. With this grating

in the cavity along with the single-clad active fibre, a single-pulsed mode-locked regime was

achieved which indicated a cavity repetition rate of 18 MHz, corresponding to a length of 5.6 m.

93



6. Lasers Near 2 µm

Given a cavity that is approximately equal to the one we used in previous tests, we can discern

a net-cavity dispersion to be 0.12 ps2. This produced the spectra shown in Figs. 6.12(a) and

(b), representing the logarithmic and linear scale, respectively. The spectrum is noticeably

structured, having no distinct centre of symmetry. If the grating was truly printed at a central

wavelength of 1970 nm, then we should imagine that the pulse spectrum is pushed against

the short wavelength side of the filter bandwidth. This allows us to make several statements

about the nature of operation. First, the grating bandwidth was too broad to be filled by

the spectrum, or for it to push beyond the grating width in the way typically associated with

ANDi lasers [130]. Second, the short wavelength skew likely indicates the extreme extent

to which the gain bandwidth is sloped between 1850 – 2000 nm in the single-clad active fibre

(depending on the length used). If we turn back to the ASE measurements taken Figs. 6.2(a)

and (b), we can see that the low-doped active fibre experiences steep roll-off through this

wavelength region. One suggestion to improve this laser is to use a longer length of active

fibre, or perhaps the highly-doped active fibre instead. By choosing these options, it may be

possible to move the peak of the gain closer to the central wavelength of the laser and flatten

the gain profile. Furthermore, as we have seen the highly-doped fibre can produce higher

output powers, this change may enable the laser to generate greater nonlinear effects, thus

broadening the spectral width of the pulse. The final observation concerns the structure of

the pulse, which is quite irregular. We may be able to reduce this structure by removing 20

– 30 cm of fibre from the cavity. This would decrease the nonlinear effects through decreased

propagation length and increased net-cavity dispersion.

6.1.7 Summary

Two lasing regimes have been demonstrated by a cavity that uses a linear or chirped fibre Bragg

grating, a SESAM to mode-lock, and one of two possible thulium-doped fibres. Specifically,

this has produced an environmentally stable, thulium-doped fibre laser, that functions in

both large net-normal, and soliton regimes. In the soliton regime, our best laser produced

an average power of 40 mW, with a pulse duration of 30 ps, a repetition rate of 34 MHz, and

a spectral width of ≈ 0.13 nm. Thus, we have a the pulse energy of 1.2 nJ, and a peak power

of 35 W. In the large net-normal dispersion regime, our best laser produced an average power

of 18 mW, with a pulse duration likely to be ∼ 10 ps, a repetition rate of 34 MHz, and a
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spectral width of ≈ 0.78 nm, and thus, a pulse energy of 0.5 nJ. This laser is to our knowledge

the first environmentally stable, net-normal dispersion laser operating at 2 µm.
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6.2 Amplifier tests

It has been discussed throughout this thesis that amplifiers are generally an essential part

of a commercial fibre laser system, as fibre laser sources struggle to produce high average

output powers. For this reason, the next step after creating a seed laser at 2 µm was to

build an amplifier chain (often called a master-oscillator power amplifier or MOPA) that

could bring the laser up to an output power of 5 W, as specified by AlphaNov’s client. Since

we had relatively broad pulses of up to 30 ps, we attempted direct “non-transformative”

pulse amplification that was described in Section 2.6. The setup was a 2-stage amplifier

chain that used the double-clad fibre previously used in the cavity tests of Section 6.1 as the

active medium. The following tests were conducted with each seed laser architecture from

Section 6.1 to test the amplifiers response to different input power, spectral width, and pulse

duration. A range of doped-fibre lengths were also tested to achieve the best results, while

the active fibre type, pumping system, and amplifier components were kept the same.

TmCombiner
793/2000

Bridging

fibre

Seed Laser Cavity

TmCombiner
793/2000

Bridging

fibre
LD 7W LD 17W

ISO

Figure 6.13: Schematic of the final two-stage amplifier.

The full 2-stage amplifier setup is shown in Fig. 6.13. In this figure, the signal exits the

seed cavity through an isolator and a 1 % tap coupler pigtailed with PM1550 for monitoring

the signal stability. The fibre type then changes when the pulse reaches the 793/2000 nm

combiner (brand:ITF). The signal input and combined output fibre is PM-GDF-10/130-

2000M, which we previously used as a bridging fibre in our cavity tests. The amplifier is

then pumped with 793 nm laser diodes from BWT; the first producing 7 W, and the second

producing 17 W of output power, both of which were delivered to the system by a 105 µm

core diameter, multi-mode fibre. Lastly, a section of matched passive fibre was cut from the

combiner pigtails and is used as a bridging fibre at the output of each gain medium. This

increases the signal transmission into the high-power isolator that separates the 2 stages, as

well as functioning as a pump stripper that removes the remaining 793 nm pump light by
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interfacing high-index glue against the outer-cladding of the fibre over a several-centimeter

section around the splice, thus drawing the light in the cladding out of the fibre. These

splices are mounted to a metal holder to increase heat dissipation — a feature that was

critical to prevent the fibre from burning.

6.2.1 Amplifier Pump Diodes: 793 nm, 7W and 17W

High efficiency amplification using Thulium-doped fibre

3H6

3F4

Ion 1 Ion 2

SignalPump

Cross-relaxation

3H5

3H4

Signal

Figure 6.14: Quantum diagram of cross-

relaxation process in thulium-doped fibre.

In the amplifier tests, high power, 793 nm

pump diodes were chosen due to their low cost,

compactness, and simplicity compared with a

1.56 µm pumping system. With the large differ-

ence between the pump and signal wavelengths,

it would seem that the quantum defect should

limit the maximum efficiency of the system to

≈ 40 % (λpump/λsignal). However, the fact that

the pump photon energy is more than double

the signal photon energy, and that thulium has

a suitable energy level structure allows us to

achieve even greater efficiencies. This is possible

due to a process called cross-relaxation, shown

in Fig. 6.14, where the non-radiative transition

from the pump acceptor level to the lasing donor level (3H4→3F4) excites an up-conversion

from the ground state to the lasing donor level (3H6→3F4) [178]. The effect is to provide

an additional lasing photon resulting in two lasing photons for one pump photon, allowing

thulium fibre lasers pumped at 793 nm to have a theoretical maximum efficiency of ≈ 80 %.

Experimentally, efficiencies of up to 70 % have been reported [179, 197], with researchers at-

tempting to promote cross-relaxation through cooling [153, 179] and by using fibres with high

doping concentration [198]. This phenomenon is particularly critical at longer wavelengths,

where research has traditionally struggled to yield high efficiencies using high power laser

diodes that have short wavelengths. Unfortunately, our research has struggled to yield efficien-
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Figure 6.15: Characterisation of output power for (a) 7 W and (b) 17 W, 793 nm diode, direct

output power (blue) and power injected into the active fibre (red).

cies higher than 42 %, suggesting the cross-relaxation process is active, but very inefficient.

Results from [198] also suggest that excess doping concentration may also be detrimental,

as reverse energy transfer can occur (3F4→3H4), lowering the extraction efficiency.

With other active fibre dopants, such as erbium, ion clustering often causes excited state

absorption that lowers the efficiency at higher doping concentrations [175, 176]. Thulium-

doped fibre does not appear to suffer from this, at least for concentrations up to 3.0 wt.%

[199, 200]. This is avoided through suitable co-doping with Al3+, and has allowed for doping

concentrations around ten times higher than that of erbium-doped fibre. This relates to

a secondary concern in high power thulium-doped fibre amplifiers, which is temperature

control, especially considering the low efficiency of the amplification. In increasing the doping

concentration of the fibre, decreased fibre lengths will be required to achieve the same gain.

This decreases the surface area for heat dissipation, making high efficiency cross-relaxation

particularly important for high power thulium-doped fibre amplifiers.

Characterisation of 7 and 17 W Diodes

Testing high power laser diodes requires care and cleanliness as any amount dirt on the fibre-air

interface will result in burns and back-reflections that will damage the diode. The output fibre

of the diode is cleaned and angle-cleaved at 8◦, and the power is measured over the range of
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pump currents with a Coherent thermal detector. To accurately measure the pump injection

efficiency, we should also calibrate our measurements by accounting for loss between the

output of the diode and the start of the active fibre. This is done in parts, by measuring the

loss from the diode–combiner splice, the combiner, and the combiner–active fibre splice. For

the diode–combiner splice the loss is negligible. This is not surprising as both fibres involved

are identical and we are measuring with only 1 – 2 % accuracy. The combiner has a pump

transmission of 95 %. Lastly, the combiner–active fibre splice is measured by splicing a 6 cm

section of active fibre to the end of the combiner and measuring transmission. To ensure that

signal absorption does not skew the measurement, the length of fibre is cut back 2 cm at a time,

and the measurement is repeated with 4 cm and 2 cm pieces. The extra fibre is found to have

minimal effect, with a transmission of 91 %. This test is repeated using the 17 W diode and

the higher power handling combiner, with the results for both shown in Figs. 6.15(a) and (b).

In the 17 W diode test, the corresponding combiner transmission was found to be 92 %.

6.2.2 1st Stage Amplifier

Double-clad Active Fibre with Linear Grating

Our first amplifier test was in the classical soliton regime using the seed from Subsection 6.1.4.

In this test we used only a 1-stage amplifier which would act as a pre-amplifier. Pre-amplifiers,

or gain amplifiers, have the purpose of deriving high signal gain at the expense of extraction

efficiency, aiming for the pulse to see near-small-signal gain for the whole length of the fibre.

The initial setup for this 1-stage amplifier, shown in Fig. 6.16(a), is simply a truncated version

of the final setup.

For this test, the seed laser emits 42 mW which is attenuated by the tap coupler and

combiner (transmission = 92 %), and its injection into the active fibre (transmission = 91 %),

resulting in a overall transmission of 84 %. Thus the input signal power is 35 mW. From

other works published by Liu et al. [101, 153], we chose to use 3 m of active fibre, and

injecting 5.8 W of pump into the fibre, we observe a maximum output power of 1230 mW.

Figure 6.16(b) shows that this gives a linear gain of 34 (or 15.3 dB) and an extraction

efficiency of 21 %.
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Figure 6.16: (a) Schematic of the initial 1-stage amplifier setup. (b) Output signal power vs

injected pump power of 1-stage amplifier seeded by double-clad active fibre, linear grating laser.

In later tests, we also investigated the evolution of the spectrum with increasing pump

power. With a transform-limited soliton injected into anomalous dispersion fibre, all spectral

change generally degrades the pulse quality. Figures 6.17(a–k) show this significant spectral

degradation in our amplifier. Figures 6.17(a–h), depict the pulse spectrum on a linear scale

over a 1.5 nm wavelength range. In these frames, we see the pulse experiences significant

SPM as the pump current is increased to the maximum of 2.6 A. Figure 6.17(i–k) instead

shows the pulse spectrum over a broader wavelength range on a logarithmic scale. Here, we

observe that as the pump power is increased, distinct sidebands appear typical of MI. This is

a characteristic starting process of incoherent supercontinuum generation.

Double-clad Active Fibre with Chirped Grating

We then repeated our tests with a dispersion-managed seed laser cavity. The differences here

are a reduced input power and pulse duration, as described in Subsection 6.1.5, and a slightly

increased central wavelength to 1980 nm. With an input power of 24 mW, the power injected

into the active fibre was 20 mW. Then, using 3 m of active fibre and 5.8 W of pump power we

observed an output signal power of 873 mW, which gives a linear gain of 44 (or 16.4 dB) and an

efficiency of 15 %. The plot of signal power versus input pump is shown in Fig. 6.18(a).

This result more closely matched the Lui et al. result of a linear gain of 50 (or 17 dB)

and an extraction efficiency of 26 %. From this, it is clear that a pre-amplifier using 3 m of

active fibre and 7 W of pump was more suited to the lower power of 20 mW than 35 mW. As
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Figure 6.17: Spectra of the output pulse for a range of pre-amplifier pump currents measured

on the new spectrum analyser for the double-clad active fibre and the linear grating. (a–h) Shows

the evolution of the spectra for the full range of pump currents over a narrow bandwidth in linear

scale. (i–k) Shows a broader wavelength range in logarithmic scale, displaying the appearance of

modulation instability sidebands.

expected, with a higher input signal power the travelling pulse was more noticeably lowering

the pump inversion, and moving the dynamics away from small signal gain. This is also

illustrated in the red fitting lines drawn on Figs. 6.18(a) and (b), where signals with greater

input power start to grow linearly at lower pump powers.
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Figure 6.18: Output signal power vs injected pump power of 1-stage amplifier seeded by (a) 20 mW

and (b) 5 mW chirped grating laser. Red lines show where increase becomes linear, indicating a

saturated signal.

Single-clad Active Fibre with Chirped Grating

Next, switching to a seed laser configuration which had both the chirped grating and the

low-doped active fibre we reached the lowest possible input power to further investigate the

gain conditions of the first amplifier. After the cavity’s SESAM had been adjusted to fix

a burn, the seed cavity output power changed to 6 mW, providing an injection power of

5 mW. From this input the amplifier produced an output signal power of 700 mW, and

in Fig. 6.18(b), the relationship between high gain and low efficiency can be seen to be

exaggerated, with a linear gain of 140 (or 21.5 dB) and an efficiency of only 12 %.

6.2.3 2nd Stage Amplifier

Moving on, we next attached the second amplification stage to make the final design, shown

earlier in Fig. 6.13. In this stage, the pump power of the second diode (17 W) is now

comparable to the input signal power (∼ 1 W), meaning the second amplifier will act as a

power (or booster) amplifier. In a power amplifier, the focus is on high extraction efficiency

to draw attention to the limiting factor of the final stage of the amplifier, which is available

pump power, and ignoring gain which is generally low in saturated amplifiers. Thus, we will

find the best results by using the optimal fibre length and the highest possible input signal

power to get as much 2 µm output power as possible.
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Figure 6.19: Output signal power vs injected pump power of: (a) 2nd amplifier seeded with

680 mW signal from chirped grating laser and (b) 1-stage amplifier seeded 20 mW signal from linear

grating laser. Red lines show where increase becomes linear, indicating a saturated signal.

In this amplifier, we used an active fibre length of 3.15 m. The second combiner had a

signal transmission of 97 % and a pump transmission of 92 %. The injected signal power from

the first stage was 680 mW, and at an injected pump power of 13.6 W, we observed an output

power of 5.81 W. This gives a linear gain of 8.5 (or 9.3 dB) and an extraction efficiency of

42 %. The signal output power, shown in Fig. 6.19(a), is also noticeably linear throughout

the range of pump powers, which is a typical characteristic of booster amplifiers.

Single-clad Active Fibre with Linear Grating

Switching back to a linear grating, we used the seed cavity described in Subsection 6.1.2.

From an injected signal power of 20 mW, the first-stage amplifier produced a maximum

output power of 887 mW after the isolator [shown in Fig. 6.19(b)], with the output power

growing linearly with input power for pump powers above 3.5 W — which is about halfway

to the maximum. This metric is a good way to roughly measure gain saturation, as output

power becomes linear at lower pump powers in more saturated systems.

Into the second-stage amplifier, a signal power of 860 mW was injected and amplified to

4.94 W with 11.22 W of injected pump power. However, when we approached the maximum

pump current a point on the fibre between the 2nd stage of active fibre and the combiner

failed and started to burn. More specifically, the starting point of the burn was near the
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2.8 m with 38% efficiency

3.15 m with 44% efficiency

Figure 6.20: Output signal power vs injected pump power of 2nd amplifier seeded with 860 mW

signal from a linear grating laser (a) before and (b) after damaged occurred in the amplifier. In (b),

the change in active fibre length in the 2nd amplifier reflects a change in extraction efficiency. Red

lines show where increase becomes linear, indicating a saturated signal.

beginning of the active fibre where the metal splice holder ends. This tells us that the

confinement of the pump and signal within the active fibre is insufficient to prevent the

over-heating via dissipation of light into the glue. We chose to fix this problem by using a

longer metal splice holder that would allow the heat to dissipate over a larger area. This is

evidently important, as the burn occurred at the edge of holder. Without the burn, the linear

fit, shown in Fig. 6.20(a), indicates the output power would have continued to increase up to

around 6 W. For the results achieved, the linear gain was 5.7 (or 7.6 dB) and the extraction

efficiency once again was 43 %.

Spectral analysis of the amplifier output, shown in Figs. 6.21(a–f), indicates that significant

nonlinear effects were present in the 2nd stage of the amplifier. While Fig. 6.21(a) shows a

narrow spectrum that looks similar to the input spectrum, when the power was increased,

Figs. 6.21(b–f) show the spectrum continually broadens to be 2 nm at 3 dB, 4 nm at 10 dB,

and a massive 96 nm at 20 dB in Fig. 6.21(f). The mechanism for this spectral broadening is

caused by two effects. First, sidebands characteristic of MI can be seen to grow in Figs. 6.21(b–

c). This is typical of high power pulses with durations above 500 fs, as the relatively weak

effects of SPM allow MI to dominate the early dynamics. Temporally, this causes a fast

modulation across the pulse, resulting in a large number of much shorter, soliton-like pulses.

In [201], this process is referred to as MI-induced breakup. As the soliton-like pulses propagate
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Figure 6.21: Spectra for a range of 2nd-stage amplifier pump currents, measured on the new

spectrum analyser seeded with a 640 mW signal from the linear grating laser.

they begin to experience Raman induced red-shifting, similar to the phenomenon of soliton

self-frequency shift. It is for this reason that we observe a much broader and red-shifted

spectrum in Figs. 6.21(e–f). Finally, in Fig. 6.21(f), we observe a smooth broad spectrum. We

note that this spectrum is now highly incoherent as the MI which created it is a noise-seeded

process. This will cause the pulse train to fluctuate significantly from shot-to-shot [201].

During the fibre burn, the second combiner was damaged and the pump transmission was

reduced from 92 % to 84 %, while the signal transmission is unchanged. However, when

the tests were repeated with the injected pump power adjusted, we could still observe an

extraction efficiency of 43 %. This shows that while we can now only extract a maximum

signal power of 5.53 W, the system has remained consistent before and after the burn. We
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also saw no more damage occur when the pump is left at full power, showing that the new

metal holder was capable of sufficient heat dissipation.

During measurements of the signal power and combiner transmission above, the length

of the active fibre decreased from 3.15 m to 2.8 m. From this, we were able to measure the

output signal power for the two different fibre lengths and compare them in Fig. 6.20(b). By

comparing the maximum output powers, it is clear that an increased length of active fibre

would allow for some increase in the extraction efficiency. Based on the difference in output

powers from 3.15 m to 2.8 m, I would estimate the optimal length to be between 3.5 – 4 m.

6.2.4 Summary

We have successfully assembled a high power, pico-second, all-PM-fibre, MOPA laser seeded

from a linear cavity arrangement. The laser was mode-locked with a SESAM and bandwidth

limited by a fibre Bragg grating. A 2-stage amplifier chain proceeded the seed laser and

amplified the pico-second pulse from tens of mW, to around 1 W, then to nearly 6 W. This

was tested with pulses of different durations and input signal power in order to characterise

the amplifier and optimise its performance. From this we experienced significant detrimental

nonlinear effects, causing the fully amplified pulse train to be massively spectrally broadened

and incoherent. The energy per shot (or pulse energy) of the most powerful pulse was 0.16 µJ,

being amplified with an extraction efficiency of 42 %. These cavity and amplifier results are

further summarised in Tables 6.2 and 6.3, respectively.

Table 6.2: Summary of laser output characteristics: Fibre Bragg grating used; active fibre used;

L, length of active fibre in metres; frep, repetition rate in MHz; Ppump, pump power in mW; Ep,

pulse energy in nJ; Pavg, average output power in mW; ∆τ , pulse duration in ps; for different laser

configurations.

Active fibre Grating L frep Ppump Ep Pavg ∆τ

Low-doped Linear 2.7 18 330 1.2 22 30

Low-doped Chirped 3 22 300 0.2 4.4 ∼ 10

High-doped Linear 0.22 34 800 1.2 40 30

High-doped Chirped 0.20 35 1.2 0.5 16 ∼ 10

106



6.3 Conclusions

Table 6.3: Summary of the amplifier results: Seed laser’s regime of operation; Psig. in, input signal

power in mW; Ppump in, input pump power in W; Pout, output signal power in W (assuming pump

power negligible); G, gain in linear units; Eff., Extraction efficiency in % (Pout/Psig.in); for all

configurations tested.

1st Amplifier

Regime Psig. in Ppump in Pout G Eff.

Soliton 35 5.8 1.230 34 29

ANDi 20 5.8 0.873 44 22

ANDi 5 5.8 0.700 140 19

Soliton 20 5.8 0.887 44 25

2nd Amplifier

Regime Psig. in Ppump in Pout G Eff.

ANDi 680 13.6 5.81 8.5 42

Soliton 860 11.2 4.94 5.7 43

Soliton 860 12.6 5.53 6.4 44

6.3 Conclusions

The works presented in this thesis on mode-locked, all-fibre, ANDi lasers demonstrate a

clear picture of the wide range of possibilities where these systems have the potential for

improvement. Indeed, we have shown in this thesis that the pulse dynamics of ANDi lasers

is supported not only in the all-normal dispersion cavities, but also in dispersion-managed,

large-net normal arrangements. Furthermore, mode-locked operation, where pulses have

been externally compressed to ultrashort durations, was achieved in systems mode-locked

with a NALM. This is a significant achievement, as NALM mode-locking is the only way to

effectively generate ultrashort pulses in an environmentally stable way, while also maintaining

stability over long time periods.

The other achievement of this work was to study the flexibility of the ANDi laser con-

figuration with respect to repetition rate. This was implemented in the form of a GCO

configuration, centred at 1030 nm. In these tests, we were able to lower the fundamental
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repetition rate of our cavity to just 500 kHz while maintaining single-pulse operation where

the pulses generated where externally compressible to a maximum pulse duration of 500 fs.

This was the lowest repetition rate achieved in any all-PM-fibre laser producing ultrashort

pulses.

Improving these systems requires further research to determine the optimum parameters

for stable operation. In the case of the 1064 nm laser, further work must be done to improve

the gain conditions the pulse experiences. This is the clear difference between this and the

1030 nm laser previously demonstrated, as dispersion and nonlinearity have similar coefficients

between 1030 and 1064 nm. For the case of the GCO laser, the limiting factor was the

accumulation of SPM over the length of fibre. To improve this, a balance must be found

between (i) the ratio of fibres used in Spools 1 and 2, and (ii), the ratio between the normal

dispersion and nonlinear coefficent in the Spool fibre, as defined by the effective area of the

fibre and the resulting waveguide dispersion it induces. At a central wavelength of 1550 nm,

the laser presented in Chapter 3.3.5 requires the greatest amount of further development.

This laser was technically challenging to developed, with speciality splicing and the short

pigtail lengths between components making progress slow. Now that the laser is operational,

a new point of interest is in studying the effects of anomalous dispersion on the cavity. In this

regard, so far numerical tests have been inconclusive, however, if a more complete analysis

was conducted, along with experimental testing, we may find a more technically convenient

way of building the laser. This would certainly aid in further development of the source

to produce nanojoule energy, ultrashort pulses. Finally, the 2 µm laser can be improved

in a number of ways. First, the source should be improved to produce shorter externally

compressed pulses, with a broad, smooth spectrum. To do this, further diagnosis equipment

will be needed to properly study the results observed during and after my internship. Further

tests can then be conducted on the optimum point of net-dispersion for the cavity, and

comprehensive numerical simulations could be conducted. Equally, the amplifier system was

shown to be ill-equipped for distortion-free pulse amplification. This can be improved by

increasing the input pulse duration, achieved either through external pulse stretching, or

redesign of the source, by shortening of the amplifier to reduce nonlinearity, by redesigning

the amplifier to use larger mode area fibre, or by attempting to manage the presence of ASE

between amplifiers through the use of filters in order to reduce modulation instability.
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A. Tünnermann, “Environmentally stable picosecond Yb fiber laser with low rep-

etition rate,” Applied Physics B 111, 39–43 (2013).

[138] R. Woodward, E. Kelleher, T. Runcorn, S. Loranger, D. Popa, V. Wittwer, A. Ferrari,

S. Popov, R. Kashyap, and J. Taylor, “Fiber grating compression of giant-chirped

nanosecond pulses from an ultra-long nanotube mode-locked fiber laser,” Optics Letters

40, 387–390 (2015).

[139] X. Tian, M. Tang, X. Cheng, P. P. Shum, Y. Gong, and C. Lin, “High-energy wave-

breaking-free pulse from all-fiber mode-locked laser system,” Optics Express 17, 7222–

7227 (2009).

[140] M. Zhang, L. Chen, C. Zhou, Y. Cai, L. Ren, and Z. Zhang, “Mode-locked ytterbium-

doped linear-cavity fiber laser operated at low repetition rate,” Laser Physics Letters

6, 657 (2009).

[141] A. F. J. Runge, N. G. R. Broderick, and M. Erkintalo, “Observation of soliton explosions

in a passively mode-locked fiber laser,” Optica 2, 36–39 (2015).

[142] A. F. Runge, C. Aguergaray, R. Provo, M. Erkintalo, and N. G. Broderick, “All-normal

dispersion fiber lasers mode-locked with a nonlinear amplifying loop mirror,” Optical

Fiber Technology 20, 657–665 (2014).

[143] L. Zhao, A. Bartnik, Q. Tai, and F. Wise, “Generation of 8 nJ pulses from a dissipative-

soliton fiber laser with a nonlinear optical loop mirror,” Optics Letters 38, 1942–1944

(2013).

121



References

[144] M. Zhang, L. Chen, C. Zhou, Y. Cai, L. Ren, and Z. Zhang, “Mode-locked ytterbium-

doped linear-cavity fiber laser operated at low repetition rate,” Laser Physics Letters

6, 657 (2009).

[145] M. Chernysheva, A. Krylov, A. Ogleznev, N. Arutyunyan, A. Pozharov, E. Obraztsova,

and E. Dianov, “Transform-limited pulse generation in normal cavity dispersion erbium

doped single-walled carbon nanotubes mode-locked fiber ring laser,” Optics Express

20, 23994–24001 (2012).

[146] J. Sotor, G. Sobon, and K. M. Abramski, “Sub-130 fs mode-locked Er-doped fiber laser

based on topological insulator,” Optics Express 22, 13244–13249 (2014).

[147] N. B. Chichkov, K. Hausmann, D. Wandt, U. Morgner, J. Neumann, and D. Kracht,

“50 fs pulses from an all-normal dispersion erbium fiber oscillator,” Optics Letters 35,

3081–3083 (2010).

[148] N. B. Chichkov, K. Hausmann, D. Wandt, U. Morgner, J. Neumann, and D. Kracht,

“High-power dissipative solitons from an all-normal dispersion erbium fiber oscillator,”

Optics Letters 35, 2807–2809 (2010).

[149] L. W. Wang, A. Chong, and J. W. Haus, “Compact, fiber-based kerr lens saturable

absorber,” in “CLEO: Science and Innovations,” (Optical Society of America, 2016),

pp. SM1P–5.

[150] M. E. Fermann, F. Haberl, M. Hofer, and H. Hochreiter, “Nonlinear amplifying loop

mirror,” Optics Letters 15, 752–754 (1990).

[151] C. Barnard, P. Myslinski, J. Chrostowski, and M. Kavehrad, “Analytical model for

rare-earth-doped fiber amplifiers and lasers,” IEEE Journal of Quantum Electronics

30, 1817–1830 (1994).

[152] V. Kruglov, A. Peacock, J. Dudley, and J. Harvey, “Self-similar propagation of high-

power parabolic pulses in optical fiber amplifiers,” Optics Letters 25, 1753–1755 (2000).

[153] J. Liu, J. Xu, K. Liu, F. Tan, and P. Wang, “High average power picosecond pulse and

supercontinuum generation from a thulium-doped, all-fiber amplifier,” Optics Letters

38, 4150–4153 (2013).

122



References

[154] S. Guillemet, Y. Hernandez, D. Mortag, F. Haxsen, A. Wienke, D. Wandt, L. Leick, and

W. Richter, “High energy and low repetition rate picosecond thulium-doped all-fibre

laser with photonic-crystal fibre amplifier,” in “Advanced Solid State Lasers,” (Optical

Society of America, 2013), pp. ATu1A–5.

[155] D. Turchinovich, X. Liu, and J. Lægsgaard, “Monolithic all-PM femtosecond Yb-fiber

laser stabilized with a narrow-band fiber bragg grating and pulse-compressed in a

hollow-core photonic crystal fiber,” Optics Express 16, 14004–14014 (2008).

[156] W. Chen, Y. Song, K. Jung, M. Hu, C. Wang, and J. Kim, “Few-femtosecond timing

jitter from a picosecond all-polarization-maintaining Yb-fiber laser,” Optics Express

24, 1347–1357 (2016).

[157] R. Paschotta, J. Nilsson, A. C. Tropper, and D. C. Hanna, “Ytterbium-doped fibre

amplifiers,” IEEE Journal of Quantum Electronics 33, 1049–1056 (1997).

[158] M. Rema, P. Sujatha, and R. Pradeepa, “Visual outcomes of pan-retinal photocoagula-

tion in diabetic retinopathy at one-year follow-up and associated risk factors,” Indian

Journal of Ophthalmology 53, 93 (2005).

[159] P. Bowen, H. Singh, A. Runge, R. Provo, and N. G. Broderick, “Mode-locked femtosec-

ond all-normal all-PM Yb-doped fiber laser at 1060 nm,” Optics Communications 364,

181–184 (2016).

[160] Nufern, “PM-YSF-LO fibre,” Datasheet.

[161] CorActive, “YB 401-PM fibre,” Datasheet.

[162] R. Trebino, K. W. DeLong, D. N. Fittinghoff, J. N. Sweetser, M. A. Krumbügel, B. A.
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