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Ultrafast Thulium-Doped Fibre Laser for Healthcare Applications
by Panuwat Srisamran

The short-wavelength infrared (SWIR) window, with wavelengths ranging from ~1650 to 1900 nm,
provides outstanding performance in deep tissue, non-invasive biomedical detection
applications, thanks to its high optical transparency and low scattering loss in most biomedical
samples. The SWIR can be utilised in multiphoton microscopy (MPM) to acquire high-resolution
biomedical images with superior signal-to-background ratios. However, MPM relies on detecting
nonlinear scattering signals that require a high-peak-power pump source. Therefore, reliable
sources with appropriate optical properties are essential to manifest high-performance, deep-
penetration detection in biomedical samples. Ultrafast SWIR pulses, with a temporal width in the
hundreds of fs regime, hold high potential to function as pumps in the MPM due to their
capabilities to deliver high peak powers, while average powers are kept at low levels, preventing
tissue heating issues. Mode-locked (ML) thulium-doped fibre (TDF) lasers (ML-TDFLs) are

promising options for generating ultrafast SWIR pulses.

In this thesis, ML-TDFLs with different cavity designs are presented. | have successfully
demonstrated an all-fiberised ML-TDFL enabled by a semiconductor saturable absorber mirror
(SESAM). This cavity generates a stable dissipative-soliton ML operation at a central wavelength
of 1875 nm and delivers a pulse energy of 10.3 nJ with a compressed pulse duration of 548 fs. To
mitigate the wavelength limitation from the SESAM, | developed another all-fiberised ML-TDFL
based on carbon nanotubes (CNTs) saturable absorber (SA). This cavity offers a single-pulse ML
operation at a central wavelength of 1847 nm and generates a compressed pulse duration of
381 fs. The cavity has been deployed as a seed laser in an imaging laser system, utilised an
efficient pump source in biomedical imaging experiments. Moreover, | have successfully
developed an all-fiberised ML-TDFL in an all-polarisation-maintaining (all-PM) configuration that
enhances cavity robustness and supports a 'turnkey' laser design. Several advanced techniques
have been integrated into the cavity to realise the balance of both conservative effects (between
dispersion and nonlinearity) and dissipative effects (between gain and loss), to facilitate the
dissipative-soliton operation. This all-PM cavity generates a self-start, stable ML operation at a

central wavelength of 1876 nm with a pulse energy of 1.1 nJ and a compressed pulse duration of



391 fs. The mode-locking can be stably maintained in a normal laboratory environment for
significantly extended period without requiring any active controlling mechanisms. Additionally,
an all-fiberised PM chirped pulse amplification (CPA) system seeded by such all-PM ML cavity has
been developed and deployed as an imaging laser prototype. This laser system operates at a
central wavelength of 1840 nm and produces an output pulse energy of ~40 nJ (an average power
of ~600 mW) with a compressed pulse duration of 493 fs. The laser has been delivered to our
external project partner and been utilised as a reliable laser source in biomedical imaging
experiments. Finally, the study of an all-PM ML-TDFL has been further explored in a cavity enabled
by a nonlinear amplifying loop mirror (NALM) SA. The cavity provides stable dissipative-soliton ML
operation at a central wavelength of 1860 nm with a pulse energy of 1.5 nJ and a compressed
pulse duration of 539 fs. This all-fibre cavity demonstrates the possible solution to resolve any

technical difficulties of using material-based SAs.
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Chapter 1 Introduction

In this chapter, | explain the research area in the first section. The research motivation is

discussed in the second section, and the final section gives an overview of the thesis structure.

1.1 Research area

Laser sources operating at 2-um wavelengths have gained increasing interest in the laser
engineering research community over the past decades due to their capabilities to support
various applications [1]. For example, 2-um lasers can be developed for applications in
spectroscopy [2, 3] and LIDAR (Light Detection And Ranging) [4, 5] or using corresponding
absorptions of atmospheric gases near 2 um in environmental detections [6]. Moreover, these
lasers can be developed to generate high output powers and demonstrate their applications in
material processing or micromachining [7, 8]. One of the outstanding applications of 2-um lasers
is in biomedical applications [1, 9]. Figure 1.1 presents the wavelength-dependent attenuation
coefficient of biomedical samples, revealing the highest optical transparency in the short-
wavelength infrared window (SWIR: ~1650-1900 nm) [10, 11]. Different biomedical applications
can be supported based on the central wavelength of the laser within this 2-uym region. For
instance, the laser with a wavelength near water (O-H) absorption peak at ~1930 nm has the
potential to enable applications in surgery [12, 13] and laser lithotripsy [14, 15]. In contrast,
several lasers have been developed to operate in the SWIR wavelengths, away from the water
absorption peak, and support nonlinear imaging applications due to their nature of having long
penetration depth in the biomedical samples. For instance, ultrashort pulses of ~100fs at a
wavelength of ~1675nm have demonstrated an outstanding performance in acquiring
multiphoton microscopy (MPM) at penetration depths in the mm scale [10]. Another 1820 nm
ultrashort pulse with a duration of 150 fs has reported its function as a light source for 3-photon
fluorescence microscopy [16]. Recently, our research group have reported an achievement of
using an all-fiberised ML-TDFL, generating ultrashort pulses at 1840 nm with a pulse duration of
416 fs[17]. The laser has demonstrated an outstanding performance in generating high-resolution
images of complex biomedical samples, using the third-harmonic generation microscopy
technique. In summary, high-performance biomedicalimaging can be achieved, utilising ultrafast
SWIR pulses. However, the laser source must be carefully designed to provide appropriate pulse

properties, i.e., operating wavelength, pulse energy, and pulse duration.
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Figure 1.1 Optical transparency windows of biomedical samples. This figure has been reproduced
from [11], permission granted. © 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

Mode-locked (ML) thulium-doped fibre (TDF) lasers (ML-TDFLs) are promising options to generate
ultrafast pulses at the SWIR wavelengths, corresponding to the broad emission bandwidth of the
TDF spanning from ~1650-2100 nm [18]. ML-TDFLs have demonstrated their capabilities to
generate ultrashort pulses with widely-tuneable central wavelengths [19, 20]. In ML-TDFLs, output
pulse properties can be controlled by managing the detailed dispersion map in the cavity [21].
Generally, single-mode silica fibres have anomalous dispersion at wavelengths beyond 1.3 pym
[22]. Therefore, ML-TDFLs usually operate in an all-anomalous dispersion regime that facilitates
conventional-soliton ML operation, generating with a balanced effect between the dispersion and
nonlinearity in the cavities [21, 23]. Conventional-soliton ML-TDFLs have been widely
demonstrated with different cavity designs [24-33]. However, these cavities generate limited
pulse energy in the pJ-level and the fs-level pulse duration. Additionally, conventional-soliton
pulses encounter some technical limitations because of nonlinearities in amplifiers [3, 34-37].
Development of conventional soliton for higher pulse energies can be challenging [23]. Some
conventional-soliton ML-TDFLs have been demonstrated using large-mode area fibres or special
cavity designs to achieve high pulse energies [38-40]. However, these resulted in complex and
cumbersome laser cavities. The limitation of conventional soliton can be settled by employing
dispersion compensation fibres (DCFs) with normal dispersion into the cavity, managing the net
cavity dispersion to be close to zero [41-43]. In this regime, the cavity can support a stretched
pulse (also called ‘dispersion-managed’) ML operation, in which the oscillating pulse experiences
a ‘breathing effect’ while propagating through these opposite dispersion fibres [21, 44, 45].
Consequently, Kelly sidebands can be suppressed, and the cavity can generate higher pulse

energies approaching the nJ-level [46]. Output pulses from dispersion-managed cavities can have
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different chirps, depending on the position of the output coupler [21]. Nevertheless, a pulse
compressor can be employed to de-chirp the pulse back to the transform-limited value in the
hundreds of fs level [47, 48]. ML-TDFLs have been widely demonstrated in the dispersion-
managed regime, achieving excellent output pulse properties [49-55]. The pulse energy can be
further increased in the net-normal-dispersion cavity, where the dissipative soliton can be
realised [21]. In this ML regime, the oscillating pulses have higher tolerance to nonlinear phase
accumulation [56], thereby enabling higher achievable pulse energies than other soliton types
[57]. However, dissipative solitons require careful cavity design to facilitate the balance of both
conservative effects (dispersion and nonlinearity) [58] and dissipative effects (spectral gain and
loss) [59]. Such dissipative solitons can achieve nJ-energy-level pulses with positively-chirped
pulses with few-picoseconds durations [21]. Accordingly, dissipative solitons also require pulse
compressors to de-chirp the pulses back to the Fourier-transform limited value in the hundreds
of fs regime. ML-TDFLs have been previously studied and demonstrated with dissipative solitons
[19, 60-66]. An outstanding work has been reported in 2015, in which a net-normal-dispersion ML-
TDFL generated output pulses at a central wavelength of 1925 nm with a pulse energy of 8 nJ [60].
The output pulses can be compressed down to 130 fs, equivalent to a high peak power of ~40 kW.
However, this cavity consists of partially free-space components, which might pose a challenge
for employment in practical applications. It is worth noting that dissipative-soliton ML-TDFL can
be realised in all-normal-dispersion cavity, using fluoride fibres (ZBLAN) that have normal
dispersion at 2-pm region [67]. By utilising ZBLAN fibres, stable ML operation can be realised at a
central wavelength of 1833 nm with a pulse energy of 0.9 nJ and a compressed pulse duration of
107 fs [67]. However, these fluoride-glass fibres are hard to be developed for the fully-fiberised

cavity due to the difficulties in splicing them to standard silica-glass fibre.

The dissipative-soliton pulses generally exhibit a positive chirp, which is suitable for a seed laser
in a chirped pulse amplification (CPA) system to generate higher pulse energies. In CPA, the seed
pulse is stretched in the temporal domain to reduce the peak power and to minimise the
undesired nonlinear-induced effects during the amplification [68-70]. Thus, the pulse can be
efficiently amplified to achieve high pulse energies. At the output end of the CPA system, the pulse
duration can be de-chirped back to ultrashort pulse durations in the hundreds of fs-level with a
compressor. This technique can produce a high-energy, ultrashort pulse at 2-pm wavelengths [71-
74]. For instance, a 470-uJ pulse operating at a central wavelength ~1950 nm has been generated
using a large-core (81 ym) TDF in the final amplifier in a semi-free space configuration [74]. The
pulse has a compressed duration of 200 fs, therefore, equivalent to the peak power exceeding
2 GW. With a proper design, the CPA system can be developed in a compact, all-fiberised
configuration and generate a high pulse energy of 1.25 uJ with a compressed pulse duration of

297 fs, yielding a peak power of 4.2 MW [72]. Recently, our group have reported an all-fiberised
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laser system associated with the CPA technique to generate 105-nJ ultrashort pulse at 1840 nm
with a compressed pulse duration of 416 fs, which has demonstrated outstanding performance

in biomedical imaging experiments [17].

Saturable absorbers (SAs) are another key component that needs to be considered when
designing the ML cavities. SAs create the ML initiation by eliminating low-intensity noise regarding
to their nature of reduced optical loss at higher pulse intensity [75, 76]. SAs can be classified into
two groups [77]. Material-based SAs provide saturable absorption using the intrinsic properties of
their molecules [76], offering the ability to manipulate the optical properties, i.e., operating
wavelength and modulation depth, by controlling their physical properties [32, 78]. However,
material-based SAs encounter technical difficulties of having limited supporting wavelengths
[79], low damage threshold [76], and long-term degradation [80]. These difficulties can be
resolved in fibre-based SAs that supply intensity-dependent loss based on the Kerr-nonlinearity
of oscillating pulses in optical fibres [81]. Technically, fibre-based SAs have high power handling
and can function at any wavelength [82]. However, a major drawback of the fibre-based SA is the
self-starting mechanism in which high pump powers are required to supply sufficient modulation

depths and initiate pulse-mode operation [81, 83].

Cavity robustness is another key factor to be considered, especially in ML laser source design and
engineering. Cavities with passive (non-polarisation-maintaining (non-PM)) fibres suffer from
physical perturbations, i.e., temperature variation or mechanical stress. Consequently, such a
fiberised ML cavity requires polarisation controllers (PCs) to start or maintain ML operation [21],
which might pose challenges for practical applications. Robust, turnkey fiberised ML cavities
utilising PM fibres/components are preferred. By intentionally applying stress across its core, PM
fibres end up having high birefringence between two orthogonal optical axes named the ‘fast axis’
and the ‘slow axis’. Consequently, PM fibres have high tolerances to physical perturbations and
can preserve the polarisation of the propagating light, aligning to the optical axis [84, 85].
Therefore, ML cavities with all-PM fibres/components are expected to have high robustness [86,
87]. All-PM dissipative-soliton ML cavities have been successfully demonstrated in the context of
1um [88, 89] and 1.5 um [90, 91]. However, in the 2-pm window, it is still challenging to achieve
dissipative solitons with all-PM fibres due to limited options for PM-DCFs [42, 47]. For example, a
dissipative soliton has been demonstrated using a 3-m length of specially designed and in-house-
fabricated PM-TDF to function as both gain and positive dispersion fibre in the cavity [92].
However, the laser operates at a central wavelength of 1995 nm and has a low output pulse energy
of ~44 pJ due to high splicing losses between the PM-TDF and standard PM-SMFs. At present,
developing all-PM dissipative soliton lasers with nJ-level-pulse-energy still poses a scientific

challenging.



1.2 Research motivation

Non-invasive, high-accuracy medical diagnosis has been an important research topic in the past
decades, as it is the key starting point for all other subsequential medical treatments. To date,
several techniques have been employed in clinical trials to acquire crucial information, requiring
an in-depth analysis that leads to successful medical treatments. For instance, X-ray imaging
refers to a technique thatillustrates topological images based on different absorption efficiencies
of organs in the body [93, 94]. However, imaging contrast is greatly reduced once samples with
similar absorption coefficients are scanned. Magnetic resonance imaging (MRI) is another already
widely used detection technique used for medical diagnosis. By detecting the interaction of
atoms to an external strong magnetic field, detailed images for medical diagnosis can be acquired
[95]. However, this examination process can take a long time. Additionally, metallic objects are
prohibited in the diagnosis room since they cause a failed scan. These limitations pose difficulties
for the patients. Detecting the reflected echoes of high-frequency sound waves from organs can
be used to acquire ultrasound scanning images [96]. However, the detection depth and contrast
are lower than MRI [97]. Consequently, other rapid, accurate, non-invasive detection techniques

are preferred.

Optical-based techniques are promising approaches for high-throughput biomedical scanning
applications. For example, MPM offers high-resolution imaging in biomedical samples [98, 99].
The technique is based on the non-invasive, nonlinear interaction of samples in raster-scanned
areas to pump photons. This technique has been widely used in biomedical research [100-106].
MPM detects nonlinear generated light that is generated with high peak-power pump signals.
Therefore, this effect typically occurs near the focal point of the objective lens [98]. By utilizing
longer wavelengths, MPM offers deep penetration distance and high signal-to-background ratios
[107, 108]. Figure 1.1 presents the optical transparency of biomedical samples, revealing the
lowest attenuation coefficient in the SWIR window [11], which improves power delivery and MPM

efficiency [10].

In 2013, Horton et al. have demonstrated an achievement of MPM imaging at the mm-level
penetration depth in biomedical samples [10]. Ultrashort (~100 fs) pulses at a central wavelength
of 1675 nm have been generated via the soliton self-frequency shift (SSFS) of ML pulses at 1.5 pm,
utilising nonlinear optical fibres. However, SSFS system needs to be carefully designed to
maintain stable pulse energy and achieve high energy-conversion efficiency [109, 110]. ML-TDFL
is another promising solution to generate ultrashort SWIR pulses due to the broad gain spectrum
covering from ~1650-2100 nm [18]. Generally, ML-TDFLs have been demonstrated at central

wavelengths beyond 1900 nm, in which Tm®* -ions have high optical gain. For instance, a 8-nJ



pulse energy has been directly generated from the dissipative-soliton cavity at a central
wavelength of 1925 nm and a pulse duration of ~130 fs [60]. Another ML-TDFL system, along with
a CPA setup, has been demonstrated to generate ultrashort (297 fs) pulses with high energy
exceeding 1.27 uJ at a central wavelength of 1925 nm [72]. However, wavelengths beyond
1900 nm tend to encounter a water (O-H) absorption peak [111]. Therefore, these pulses at long
wavelengths are not suitable for deep penetration depth in tissue. Due to the quasi-three-level
nature of TDFs, achieving high pulse energy in the SWIR wavelengths is challenging [112]. A ML-
TDFL has been demonstrated at a central wavelength of 1746 nm and generates short pulse
duration of ~370fs, however, with a pulse energy of 0.2nJ [19]. By incorporating pulse
amplification techniques, ultrashort high-pulse energy with wavelength between 1700-1900 nm
can be demonstrated. For instance, a 128-nJ pulse at a central wavelength of ~1766 nm and a
duration of 174 fs has been demonstrated from a cavity with a W-type normal dispersion TDF
[113]. However, this system requires specially designed fibres with a complex fabrication process.
Another 1820-nm ML-TDFL has been demonstrated with a pulse energy of 1.1 pJ and been utilised
as a light source for MPM in biomedical samples [16]. However, this laser system was based on
fluoride-glass fibres, which are hard to connect to standard silica-glass fibres. Thus, this system
ended up with a bulky cavity design and required free-space optical components. Recently, our
group have reported an all-fiberised ML-TDFL with an operating wavelength of 1840 nm [17]. The
ultrashort (416 fs) pulses with an energy of 105 nJ have demonstrated excellent performance in
acquiring high-resolution MPM images from complex biomedical samples. However, the system
was built on non-PM fibres which pose challenges for practical applications due to its sensitivity

to physical perturbations.

In this thesis, | report on the development of ML-TDFLs that generate ultrashort pulses in the SWIR
to support biomedical imaging applications, which aligns with one of the research goals of the
InLightenUs project. | have demonstrated the generation of ultrafast SWIR pulses utilising an all-
fiberised cavity design, exhibiting pulse energies exceeding 10 nJ. Additionally, | have explored
different SAs to extend the capability of pulse generation at short wavelengths toward 1800 nm
foraTm-doped gain medium. ML-TDFL has been demonstrated using the carbon nanotube (CNT)-
SAs, presenting a stable ML operation at a central wavelength of 1847 nm. This cavity was
employed to provide seed pulses in a laser system that were delivered for biomedical imaging
experiments. Another important part detailed in this thesis is the development of all-PM
dissipative-soliton ML-TDFLs, in which the SWIR pulses can be generated with pulse energies
exceeding the nJ-level. This all-PM cavity demonstrates an outstanding robustness with reliable
output pulse properties. Further to this, | developed an 1840-nm all-PM ML-TDFL laser system,
which is a robust, ‘turnkey’, laser system that has been delivered to be used as a light source in

biomedical imaging, performed by an external project partner at the University of Nottingham.
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Finally, | have demonstrated an all-PM ML-TDFL with a nonlinear amplifying loop mirror (NALM) to

mitigate the limitations of previously used material-based SAs.

1.3 Thesis structure

This thesis is composed of 8 chapters.
Chapter 1 discusses the research area, research motivation, and the thesis structure.

Chapter 2 explains the related theories of thesis work. The topics cover a basic understanding of
optical fibres, pulse propagation in optical fibres, passively mode-locked fibre laser, saturable
absorbers, Lyot filter, dispersion management in the mode-locked cavity, and chirped-pulse

amplification.

Chapter 3 presents the experiment to develop an all-fiberised ML-TDFL, enabled by a
semiconductor saturable absorber mirror (SESAM). Detailed information on the experiment to
achieve a pulse energy exceeding 10 nJ is explained, along with the relevant simulations to predict

the dynamic pulse behaviours.

Chapter 4 describes the characterisation of carbon nanotubes (CNTs), which is another material-
based SA that holds high potential for short-wavelength operation toward 1800 nm. This chapter
also includes an experiment to develop an all-fiberised ML-TDFL using CNT-SAs. This cavity was
utilised as a seed laser for the imaging laser system that has been used as a light source in

biomedical imaging experiments at the Institute of Life Science (IfLS, University of Southampton).

Chapter 5 focuses on the development of an all-fiberised ML-TDFL with PM fibres/components.
With an all-PM architecture, ML-TDFL demonstrates a self-start, turnkey ML operation with high
tolerance to physical perturbations. Furthermore, to the best of my knowledge, this is the first
demonstration of the nJ-energy-level dissipative-soliton, all-PM ML-TDFL enabled by CNT-SA. This
work has been published in Optics and Laser technology. The technical findings in this chapter
encompass the develop of other all-PM ML cavities that has high potential to be used in practical

applications.

Chapter 6 discusses the development of a 1840-nm all-PM ML-TDFL laser system, which covers
the development of a reliable erbium-doped fibre amplifier (EDFA) source, an all-PM ML-TDFL
operating at 1840 nm, and an all-PM CPA system. This laser provides a reliable laser signal with a
robust, turnkey ML operation. | developed this laser in our laboratory and delivered it to our
external research partner at the University of Nottingham to be used as a light source for

biomedical imaging experiments.



Chapter 7 presents a realisation of all-PM ML-TDFL using NALM. This all-fibre cavity has a
potential to resolve technical difficulties associated with using material-base SAs (i.e., SESAM or
CNTs). To the best of my knowledge, this is the first demonstration of the nJ-pulse-energy
dissipative soliton using all-fibre, all-PM ML-TDFL with NALM-SA. This work has been published in

Optics Express.

Chapter 8 concludes the summary of my thesis and discusses the possible future research

directions.






Chapter2 Theoretical background

In this chapter, | explain theory related to the experiments in this thesis. Section 2.1 briefly
explains the optical fibre, including polarisation-maintaining (PM) and gain fibres. In section 2.2,
the effect of pulse propagation inside optical fibres will be discussed. Section 2.3 focuses on
relevant components to support the generation of passive mode-locking, along with the saturable
absorbers. Section 2.4 explains the Lyot filter that can control operating wavelength and is
required for dissipative-soliton operation. Different mode-locked operating regimes are explained
in section 2.5. Finally, the last section explains the chirped pulse amplification technique,
including pulse stretcher and compressor, as a technique to achieve high pulse energies with

ultrashort pulse durations.

2.1 Opticalfibres

Total internal reflection is the fundamental principle to facilitate wave-guiding in optical fibres
[114]. Figure 2.1 presents an idealised schematic of an optical fibre structure, revealing two
different areas named ‘core’ and ‘cladding’. Typically, the fibre core is designed to have a higher
refractive index than the surrounding cladding [114], which can be achieved by doping some
index-raising materials, i.e., germania, alumina, or boron oxide, into the structure [115].
Consequently, total internal reflection can be realised inside the fibre core, guiding light along its
length. Fibre cores can also be doped with laser-active dopants, i.e., ytterbium, erbium, and
thulium, to feature as a gain fibre [116, 117]. Some relevant gain fibres will be explained later in

this section.

Core

Cladding

Figure 2.1 Idealised schematic of a ‘step-index’ optical fibre cross-section.

Single-mode fibre (SMF) refers to an optical fibre that supports wave guiding for fundamental

mode only [114]. In SMF, the propagation constant remains unchanged for light with two
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orthogonal polarisation states. In an ideal case, the properties of propagating light should be
preserved while propagating in such optical fibres. Practically, that condition is hard to achieve.
The propagating light typically encounters some losses, which might be caused by the nature of
light scattering and manufacturing defects of the fibres [118]. Moreover, propagating light might
encounter birefringence induced by physical perturbations, leading to variation of the polarisation
[119]. Consequently, the variation could potentially lead to instabilities in some applications, i.e.,

mode-locked fibre lasers [21].

2.1.1 Polarisation-maintaining (PM) fibres

Polarisation-maintaining (PM) fibres are fabricated by intentionally introducing high birefringence
into the fibre core [85]. In PMfibres, stress-induced areas are implemented in the cladding (across
the core area) to apply an unequal tension along two orthogonal axes, named the 'fast axis' and
the 'slow axis' (Figure 2.2) [120]. Polarisation of the propagating light can be preserved once
aligned with one of these axes [84]. Due to the birefringence of PM fibre improving the tolerance
to external perturbation, mode-locked cavities with all-PM fibres can be expected to have high
robustness [86, 87]. In this thesis, the mode-locked cavities will be demonstrated in all-PM

configurations.

Slow axis

— . - Fast axis

/'

Stress-induced
area I

Figure 2.2 Idealised schematic of a polarisation maintaining (PM) fibre cross section.
2.1.2 Erbium-doped fibres

Erbium-doped fibres (EDFs) are one of the commonly used rare-earth doped fibres, especially in
telecommunication applications. EDF provides optical gain at wavelengths in the ~1.5 um region

[121]. Typically, this gain fibre can be efficiently pumped by 0.9-1 um, corresponding to an ion
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transition from *lis2 = “l112 (Figure 2.3) [122]. The excited ion can rapidly transition with a non-
radiative emission from *l11,2 2 “l1s32and be captured in the latter state due to its longer relaxation
time. Consequently, a population inversion can be achieved to support the transition of *l13
24152 relevant to emission at wavelengths around 1.5 pum [123]. EDFs require a high pump
intensity to achieve an efficient emission in this quasi-three-level structure. However, the
absorption-cross section of the EDF is relatively small [123]. Furthermore, the dopant
concentration of erbium (Er®*)-ion needs to be limited (typically ~1000 ppm for standard-doped
EDF) to avoid possible quenching processes, which leads to low output efficiency [124].
Practically, the absorption efficiency of EDF can be improved by co-doping with ytterbium (Yb**)-
ion that has larger absorption-cross section [123]. In the co-doped structure, pump signal can be
efficiently absorbed by Yb%*-ion and transfer to Er®*-ion (Figure 2.3) [122], hence, enhance pump

absorption coefficient.

Energy
transfer
4
”,————-.‘s\ T lorz
’ “u i
’ i
2F5I2 A A ? 4'11/2
~ 4'13[2
0.94 ym 0.98 pm
0.98 pym 1.45 um | 1.55 pm
ZFW2 4'15/2
Yh3* Er3*

Figure 2.3 Energy level diagram of (left) ytterbium ions and (right) erbium ions. Red dash lines
represent nonradiative emission.

In this thesis, erbium-ytterbium-doped fibres are detailed when used as gain fibres in amplifiers
or lasers. These systems were pumped with continuous-wave (CW) laser at ~0.9 um, generated
by high-power laser diodes, to enable emission at ~1.5 um. The emitted light is then used as a

pump for thulium-doped fibre lasers.

2.1.3 Thulium-doped fibres

Thulium-doped fibres (TDFs) are promising gain materials to enable emission wavelengths near
2 pym [18, 125]. The energy diagram (Figure 2.4) illustrates that the ground-state electrons in
thulium (Tm®%")-ions can be excited with three different pump schemes [125]. Tm*-ion can be
excited by pump wavelength at ~0.8 pm, corresponding to the transition between *Hg>3F.. The
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excited ion can decay to the metastable state at *H, by a non-radiative decay due to the short-life
time of °F, and the close spacing between *Hs and *H, energy levels [126, 127]. In high-dopant
concentrationfibres (i.e., >2.0 wt%), this pump scheme can enable the ‘cross-relaxation’ process,
where an activated thulium ion shares its energy with another ion in its ground state [128].
Consequently, these ions transition to an excited state at the *H, level. This process is also called
‘two-for-one’ as two excited ions are created by absorbing one pump photon, leading to higher
quantum efficiencies [129, 130]. However, this pump wavelength encounters a high thermal load
due to the quantum defect between the absorption-emission photons [131]. A pump wavelength
at ~1.2 ym, corresponding to the transition of *H¢>°Hs, tends to encounter excited state
absorption that effectively increase laser threshold [132]. The TDF can be efficiently pumped
using an in-band pump scheme with wavelengths of ~1.5-1.8 ym, corresponding to ion transition
®He=>°Ha. This pumping scheme has a minimal quantum defect, resolving thermal effect, and
provides high Stoke efficiency to be ~0.75-0.85 [133]. TDF systems have been demonstrated to
have high output efficiencies using this pump wavelength [134]. Furthermore, high-brightness
beams at this pump wavelength can be efficiently supported by erbium-ytterbium-doped fibre

amplifiers (EDFAs) [135]. This pump scheme will be used in experiments.

As depicted in Figure 2.5, TDF has an extended emission bandwidth, ranging from 1.6-2.2 ym,
corresponding to the transition *H,2>3Hs[18, 125]. It is worth noting that the broad emission is
caused by the increased number of Stark components in the energy level of the Tm*-ions [126].

The absorption cross section is presented in Figure 2.6.
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Figure 2.4 Energy level diagram of thulium ions. The number related to the lifetime (in us) of each
energy levelis presented in the parenthesis. This figure has been reproduced from [125], Institute

of Electrical and Electronics Engineers (IEEE) does not require permission for reuse in thesis. ©
1999 IEEE.
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Figure 2.5 Emission spectrum of thulium-ion transition from 3H,=> °He. This figure has been
reproduced from [125], Institute of Electrical and Electronics Engineers (IEEE) does not require
permission for reuse in thesis. © 1999 IEEE.
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Figure 2.6 Ground state absorption cross-section spectrum, and (inset) excited state absorption
of thulium ions. This figure has been reproduced from [125], Institute of Electrical and Electronics
Engineers (IEEE) does not require permission for reuse in thesis. © 1999 IEEE.

2.2 Pulse propagation in optical fibres

In this section, | explain the relevant theory of pulse propagation in optical fibres, which is an

important behaviour in generating fiberised mode-locked cavities.

2.2.1 Nonlinear Schrodinger equation

Pulse propagation in optical fibres can be explained using the nonlinear Schrodinger equation
(NLSE), which is expressed as [136]:

g—j + %A + %% - %% = iy (|A|2A + wio%(mm) - TRA(% |A|2) (2.1)
where A denotes the pulse envelope that varies in response to propagation distance zattime t. a
represents the linear loss in optical fibre. 5, and f3represent the second-order and third-order
group velocity dispersion (GVD), respectively. T =t —z/vg is the temporal parameter in the
moving reference frame. y is the nonlinear parameter of optical fibre. w is the central frequency.

Tg represents Raman response function.

Generally, the NLSE can be simplified when considering a wide temporal pulse, i.e., Ty > 5 ps.In
this case, the parameters (w,T,) ! and Tr /T, become very small (<0.001). Therefore, the last two

terms in equation (2.1) are neglected. Furthermore, the third-order dispersion term can also be
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disregarded when considering the wavelength away from the zero-dispersion wavelength. The

simplified NLSE can be written as [136]:

Ly 3262A+ 14124 =0
Yor T2 T e TYIANA =R o

From equation (2.2), pulse propagation in optical fibres can be explained by the simplified NLSE,

2
which incorporates effects of the fibre loss (i %A), its GVD (%ZT[;

), and nonlinearity (y|A]|%4).The

nonlinear parameter (y) can be calculated by [136]:

wn,
Yy = ) 2.3
CAeff ( )

where w denotes the electric field frequency, n, represents the nonlinear refractive index, cis the

speed of light in vacuum, and the effective mode-area (Aeff) is defined as [136]:

(12 IF Gy Pdxdy)”
I[P G y) fdxdy

where F(x,y) represents the modal distribution function of the fundamental fibre mode. The

(2.4)

general solution of equation (2.2) can be written as [136]:

A(z, 1) = Poe(_%)U(z, 1), (2.5)

where P, is the initial peak power. U(z, T) is the normalized amplitude function. 7 = Tl = t_;ﬂ is
0 0

the normalized time scale to the input pulse width T;,. Hence, U(z, 7) satisfies:

oU  sgn 0°U  exp(—a
;90U _ gn(p) 3 xp( Z)IUIZU, (2.6)
0z 2L, 072 Lyi

where sgn(f,) = +1 corresponds to the GVD sign. This equation reveals that the propagating
pulses experience effects that influence by both dispersion and nonlinearity. Therefore, it is useful

to define two relative length scales, relevant to each effect as [137]:

T§
2B,
1
Ly, =—. (2.8)
YPo

where L, and Ly, represent the dispersion length and the nonlinear length, respectively. The
relative influence of each effect can be estimated by comparing these length scales. For any
propagation length (L), neither dispersion nor nonlinearity have a significant effect when L < L,
and L < Ly;. The dispersion effect is dominant when L~Lp <« Ly;. In contrast for L~Ly; < Lp,
the nonlinearity effect becomes powerful. An interplay between these effects leads to

‘modulation instability’, which will be explained later in this section.
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2.2.2 Group velocity dispersion

To evaluate the effect of the GVD, assuming that the pulse propagates in a lossless fibre that has
L~Lp < Ly..Hence, the pulse propagation is dominated by the GVD without the nonlinearity. The

nonlinear parameter y can be set to zero. Therefore, the NLSE can be expressed as [137]:

dA 0%4
04 _ B2 (2.9)
0z 2 0T?
Defining U(z, T) as the normalized amplitude, hence, it satisfies [137]:
2
[0V _ B 07U (2.10)
0z 2 dT?

This equation can be solved via the Fourier transform (in the frequency domain) and gives the

solution of [137]:

U(z,w) = U(0,w) exp (éﬂzaﬂz). (2.11)

The solution indicates that the GVD effect does not generate new frequencies, however, it
changes the phase of each frequency component in the original pulse. For the incident Gaussian
pulse with the full width at half-maximum (FWHM) of T, (Tryuy = 1.665T,), the normalized

amplitude function of incident pulse can is given by [137]:

TZ
U(O, T) = exp <_W> (212)
0

Therefore, the normalized amplitude function at propagation distance (z) can be calculated by

[137]:

2
UET) = ——0  exp(— (2.13)
T¢ — iBoz 2(T¢ — ip;2)

while the phase variation can be expressed as [137]:

D -1 z
$(z,T)=—————F -7 *+tan (sgn(,b’z)—) (2.14)
Hence, the frequency chirp (dw) can be defined as [137]:

50(T) ¢ Sgn(ﬁz)%'r
W T . (Li)z Tz (2.15)
D
The chirp implies that the frequency changes linearly across the pulse with behaviour
corresponding to the sign of ,. The frequency chirp of some fibres used in experiments are

plotted in Figure 2.7, assuming a pulse width of 1 ps, at a wavelength of 1.9 pm. As depicted, these
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fibres have different chirps regarding to the f3, values. In negative f3, fibres (TDF and SMF), the
frequency chirp is positive at the leading edge of the pulse and becomes negative at the tailing
edge, and vice versa in the positive 3, fibres (DCF). This mechanism can be used to compensate

the frequency chirp in the cavity or control the pulse-broadening behaviour.

3 T T T T
——TDF

.1 ——SMF
——DCF

B =0.12 ps*/m

B, = —0.02 ps*/m-

Frequency chirp (x 10'? Hz)
o

B2 =—0.056 ps*/m

-3 \ ] \ ] , ] \
-20 -10 0 10 20

Time T/T; (a.u.)

Figure 2.7 Frequency chirp induced by dispersion for different fibres in experiments, estimated by
equation (2.15).

2.2.3 Self-phase modulation

Self-phase modulation (SPM) is a nonlinear effect that leads to spectral broadening. For optical
fibres with L~Ly; < Lp, the nonlinear effect dominates in the pulse propagation without the GVD
effect, and equation (2.2) becomes [138]:

U e™™

l

—= U|?U 2.16
e LNLH (2.16)

The solution of this equation can be written as [138]:

U(L,T) =U(0,T) exp(ippn. (L, T)) (2.17)

where the nonlinear phase shift is defined as [138]:

Le
by = IU(O.T)IZ(K’?) (2.18)

18



1— e—th

a

Lesr = (2.19)

L.f s represents the effective length, which is shorter than the actual fibre length L due to the fibre
loss. Equation (2.18) reveals that the phase shift caused by SPM depends on the intensity and
increases with propagation distance in fibres. The SPM-induced frequency chirp (dw) can be

calculated by [138]:

ow =

_ 0dnL __ (Leff

)
2
=7 )_aT U0, T)|2. (2.20)

LNL

It results in the generation of new frequency components to the initial pulse, i.e., broadening the
spectrum. The SPM effect strongly depends on the initial pulse shape. For a Gaussian pulse, the

frequency chirp can be calculated by [138]:

2T L T\?
w ==L exp —(—) (2.21)
TZ L. T

Figure 2.8 presents the calculated frequency chirp induced by SPM from different fibres used in
experiments, under the assumption of an initial peak power of 1 W, pulse duration of 1 ps, at
wavelength of 1.9 uym, and nonlinear refractive index of n, =~ 3.55 x 1072° [139]. As depicted, the
chirp is negative near the leading edge. This chirp is linearly increasing across the centre of the

pulse and becomes positive near the trailing edge.
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Figure 2.8 Frequency chirp induced by nonlinearity for different fibres in experiments, calculated
by equation (2.21).

2.2.4 Modulation instability

An interplay between GVD and SPM can cause modulation instability, leading to the breaking up
of a CW signal or quasi-CW signal into a train of ultrashort pulses. Consider the NLSE in a loss-

less fibre [140]:
0A _ S, 0%A
Y9z = 2 ar?

For the case of CW signal propagation without loss, A can be assumed to be time-independent.

—y|A4)%4 (2.22)

Therefore, the solution of this equation can be given by [140]:

A= [Pyexp(ipy,) (2.23)

where Py is the initial power and ¢, is the nonlinear phase shift due to the SPM. The stability of
this solution can be analysed by introducing a small perturbation term a(z, T). The perturbed

solution becomes [140]:

A= (\/P_O +a)exp(ipy.) (2.24)

Hence, equation (2.22) can be linearised in ‘a’ as [140]:
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da _ f,0%a
Y9z = 2 ar?

The solution of a(z, T) can be written in a form of [140]:

—yPy(a+a*). (2.29)

a(z,T) = a, expli(Kz — QT)] + a, exp[—i(Kz — QT)] (2.26)

where K and () are the wave number and frequency of the perturbation, respectively. a; and a,
represent the amplitudes of the perturbations. The nontrivial solutions of this equation can be

found when K and () satisfied the relation [140]:

1
K = £518,01 |02 + sgn(8,)0? 227)
where sgn(f,) = *1is the sign of 8, and

4
B2Lny

The stability of this solution is determined by the term sgn(f,). K is real for all Q with normal GVD

(9F: (2.28)

(B2 > 0), manifesting a stable steady state over the perturbation. However, modulation instability
occurs in the anomalous GVD regime (f, < 0) with |Q] < Q., where K becomes imaginary. The
perturbation is exponentially increasing with z, leading to the generation of sidebands at
wavenumber B, + K, and frequency w, * (1, accordingly, breaking the CW or quasi-CW signal

into a train of ultrashort pulses, which can lead to mode-locked operation.

2.3 Mode-locked fibre lasers

In this section, | explain mode-locked fibre lasers. Additionally, this section introduces saturable
absorbers (SAs), which are crucial components for mode-locked operation in lasers. The section
also includes a description of the Lyot filter, which is a filtering effect that is required for generating
the dissipative soliton. Different regimes of the mode-locked operation are explained in the final

part of this section.

2.3.1 Passively mode-locked fibre lasers

Mode-locking is a technique to generate ultrafast pulses with a duration in the hundreds of fs-
level. Mode-locked (ML) operation can be manifested by fixing the phase relationship between
longitudinal modes within the laser cavity [141]. Typically, there are two approaches to achieve
ML operation. Actively ML method refers to the technique in which a phase-lock mechanism is
introduced by external sinusoidal modulation signals (Figure 2.9) [58, 142]. In contrast, the

passively ML method uses SAs with nonlinear absorption mechanisms, to obtain the phase-
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locked mechanism (Figure 2.10) [143], in which the absorption is significantly reduced for high-

intensity signals.
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Figure 2.9 Idealised schematic for actively mode-locked operation.

An interplay between GVD and SPM in optical fibres leads to modulation instability, breaking the
CW signals into a pulse train [144]. When a pulse oscillates in the cavity and interacts with the SA,
only high-intensity modes can be efficiently amplified. Consequently, ML operation can be
formed and generates stable ultrashort pulses. Generally, the loss modulation exhibited by SA is
much faster than a modulated signal in active mode-locking, hence, generating much shorter

pulses [75]. In experiments, passive mode-locking is the primary method used to generate

ultrashort pulses.
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Figure 2.10 Idealised schematic for passively mode-locked operation.
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2.3.2 Saturable absorbers

Saturable absorption is an important mechanism to initiate pulsed-mode operation in passively
mode-locked lasers. SAs refer to optical components in which absorption is significantly reduced
at higher signal intensities [76]. Generally, SAs can be categorised into two groups [77]. In
material-based SA, availability of energy states in the conduction band decreases when the
materialis exposed to intense electric fields, leading to the saturable absorption mechanism [76].
Fibre-based SA provides the saturable absorption mechanism through properties of oscillating

pulses in fibres, i.e., Kerr-nonlinearity [81].

In material-based SA, the intensity-dependent absorption of a fast saturable absorber can be

demonstrated by [145]:

So

S = T/Isat (229)

where [ represents the intensity, and I, denotes the saturation intensity. Figure 2.11 presents the

variation of intensity-dependent absorption based on equation (2.29).
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Figure 2.11 Intensity dependent absorption of saturable absorbers, correspond to equation
(2.29).

Several SAs will be discussed in this section. These SAs were used in experiments to support the

generation of ultrafast passively mode-locked pulses.
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2.3.2.1 Semiconductor saturable absorber mirror

Semiconductor saturable absorber mirror (SESAM) is one of the material-based SAs that will be
used in experiments. Figure 2.12 presents an idealised structure of a SESAM. A highly reflective
distributed Bragg reflector (DBR) structure (GaAs/AlAs in this case) is grown on a GaAs substrate.
The thickness of each layer can be controlled to be equal to a quarter wave, corresponding to the
desired central wavelength. On the top layer of the DBR, a bulk-layer layer of semiconductor or a
multiple Quantum well (MQW) structure is implemented to provide a saturable absorption [79,
146]. Therefore, an intensity-dependent reflectance for the SESAM can be achieved. SESAMs have
been widely demonstrated to support mode-locked operation in several wavelength ranges [147-

150].

4o
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Figure 2.12 Schematic of the semiconductor saturable absorber mirror (SESAM) structure.

The intensity-dependent reflection of a SESAM with long relaxation time can be estimated by

[151]:

R(F) = 1—@(1—@@(—;: ))—Ans, (2.30)

sat

where R(F) represents the intensity-dependent reflection as a function of the pulse fluence F, A,
is the absorbance, F,,; is the saturation fluence, and 4, is the non-saturated loss. Figure 2.13
presents the reflectivity of the SESAM (SAM-1920-36-10ps, Batop), which was used in the
experiments detailed in Chapter 3, incorporated with the information provided by the supplier
[151, 152]. It reveals an intensity-dependent reflection thatis required to support passively mode-
locked operation. However, this SESAM has limited operating wavelength as presented in Figure

2.14, which reveals a high reflection band from 1850-2000 nm [152].
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Figure 2.13 Intensity dependent reflectance of SAM-1920-36-10ps, Batop with equation (2.30)
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with the information provided on supplier website [152].
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Figure 2.14 Reflectance of SAM-1920-36-10ps, Batop. This figure has been reproduced from
information sheet, provided on supplier website [152].

2.3.2.2 Carbon nanotubes saturable absorber

Carbon nanotube (CNT) is another material-based SA that will be explored in experiments. CNTs
have been widely demonstrated in ML lasers [54, 78, 153, 154], as they support a broad range of
operating wavelengths that can be varied by controlling their physical properties, i.e., molecular
structure or sample thickness [78]. Moreover, the saturable absorption mechanism of the CNT-
based SA can be designed [32, 63]. Figure 2.15 (top) presents an example of wavelength-
dependent transmission of CNTs used in the experiments detailed in Chapter 4. The nonlinear

transmission of CNTs can be characterised using a fast SA model expressed by [32, 155]:
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sat T F (2.31)

where AT is the modulation depth, 4, is the non-saturable losses, and F,; is the saturation
fluence. Figure 2.15 (bottom) presents the nonlinear transmission of CNTs, along with a fitted

curve using equation (2.31). The details of CNTs characterisations will be explained in Chapter 4.
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Figure 2.15 (top) Wavelength-dependent transmission of the carbon nanotubes, (bottom)
intensity-dependent transmission of the carbon nanotubes, solid curve is the theoretical fit with
equation (2.31) (AT = 11 %, Fyq; = 28.6 uJ/cm?, Aps = 61.79 %).

2.3.2.3 Nonlinear polarisation rotation

Nonlinear polarisation rotation (NPR) is one of the fibre-based SA techniques that has been used
in mode-locked fibre lasers [156]. Figure 2.16 presents a schematic of the Kerr shutter setup,
utilising the NPR. At the input, linearly polarised light transitions into elliptically polarised after
being transmitted through a quarter-waveplate. The light is separated into two orthogonal

components, denoting 4, and A,,. As these linearly polarisation modes propagate through the
x y
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optical fibre, they experience different nonlinear phase shifts due to the effects of intensity-
dependent self-phase modulation and cross-phase modulation. These signals are combined at
the output of the setup. By adjusting a half-waveplate and output polariser, only a small portion
of the pulses have minimal loss and can be transmitted [157]. Therefore, this method can be used

as an SAin a fiberised mode-locked cavity [23].

= E

Input Optical fibre

Polariser 4/4 A/2 Polariser

Polarisation of light

Figure 2.16 Schematic of the Kerr shutter, utilising the nonlinear polarisation rotation (NPR)
technique.

2.3.2.4 Nonlinear amplifying loop mirror

Nonlinear amplifying loop mirror (NALM) is a fibre-base SA that has been demonstrated over
several wavelength ranges [37, 82, 158-160]. Figure 2.17 presents a simplified schematic of a
NALM-SA, consisting of a coupler, an amplifier, and an optical fibre loop. In the NALM loop, the
input pulse splits into two counter-propagating directions, corresponding to the coupling ratio.
Oscillating light in one direction experiences optical gain through the amplifier then propagates
through the fibre loop. Meanwhile in the other direction, light propagates through the fibre loop
with lower power, then is amplified. Consequently, these counter-propagating signals experience
different nonlinear phase shifts. When they interfere at the coupler, the transmission (output) of
the NALM loop varies with the phase difference. The NALM transmission (T) can be written as

[161]:

T=1-2r(1 —r){1+cos[(1 —r—gr)yP,L]} (2.32)

where ris the coupling ratio, g is the gain factor, y is the nonlinear coefficient, P, is the input power,
and L is the NALM-SA fibre length. Figure 2.18 presents the calculated power-dependent
transmittances of NALMs with different coupling ratios, revealing the saturable absorption and

the modulation depth behaviour of the NALM-SA.
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Figure 2.17 Idealised schematic for the nonlinear amplifying loop mirror (NALM).
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Figure 2.18 Simulated nonlinear transmission of the nonlinear amplifying loop mirror (NALM) with
different coupling ratio, calculated by equation (2.32).
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2.4 Lyotfilter

Lyot filters (LFs) introduce a periodic bandpass filtering effect using a birefringent material [162].
Figure 2.19 shows the simplest configuration of the free-space LF. A birefringent crystal is
employed between two polarisers, with a 45-degree offset between its optical (principal) axis and
the polariser direction. When the linearly polarised light is incident on the crystal, it couples into
polarisation basis states defined by the axes of the birefringent crystal. The transmitted light
experiences different phase delays for the respective polarisation states, which are wavelength
dependent. In combination with the output polariser, a bandpass filter effect can be created.

[163].
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Figure 2.19 Idealised schematic of Lyot filters with birefringence crystal and polarisers.

In the context of a fiberised system, a LF can be demonstrated with high-birefringence fibres, i.e.,
PM fibres. Fiberised LFs can be created in several configurations [164]. Figure 2.20 presents a
schematic of the fiberised LF used in experiments, facilitated by an offset-spliced method of PM
fibres in the connection between a PM output coupler (PM-OC) and a PMisolator (PM-ISO). A fast-
axis-blocked PM-OC is employed to ensure the linearly polarised light aligns with the slow axis. A
PM-SMF, with high birefringence, is spliced to the PM-OC output pigtail with a 45-degree offset
angle between their optical axes. Consequently, the linearly polarised light is coupled into both
polarised states of the PM-SMF. These propagating modes experience different phase delays that

are wavelength dependent. To compensate effects of possible polarisation-dependent dispersion
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and prevent temporal walk-off of oscillating pulses, a section of PM-SMF with an identical length
to the PM-isolator (PM-ISO) input tail is spliced with a 45-degree offset splice to the LF and a 90-
degree offset splice to the PM-ISO input tail [165, 166]. Subsequently, a filtering effect is observed
at the output of the fast-axis-blocked PM-ISO.
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Figure 2.20 Idealised schematic of the fiberised Lyot filter using polarisation maintaining (PM)
fibres. PM-OC: PM-output coupler; PM-ISO: PM-Isolator; SMF: PM single-mode fibre.

The transmission of the fiberised LF (T) can be calculated by [167, 168]:

nLAn
T =1 —sin?(20) sinz( )

(2.33)

where 8 represents an offset angle at the input of LF, L denotes the LF fibre length, An is
the fibre birefringence, and A is the wavelength. Figure 2.21 (grey curve) presents
wavelength-dependent transmission of the LF. This behaviour can be varied by adjusting
the parameters in equation (2.33). The maximum depth of LF can be varied by adjusting 6 as

presented in Figure 2.21. The filter period can be changed by adjusting fibre length L at a fixed

birefringence An, or vice versa (Figure 2.22).
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Figure 2.21 Lyot filter transmission behaviour with different input offset-angle, estimated by
equation (2.33) with8; = /4,0, = n/8,and 8; = i /16.
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Figure 2.22 Lyot filter transmission behaviour with different fibre length at a fixed birefringence
(and vice versa), estimated by equation (2.33).

The free-spectral range (FSR) of the LF can be estimated by [166]:

/12

-4 (2.34)
LAn

A
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The spectral bandwidth can be controlled by changing the LF fibre length. This experiment will be

explained later in chapter 5.
2.5 Operating regimes of mode-locked lasers

2.5.1 Conventional-soliton mode-locked lasers

The conventional-soliton fibre lasers were first demonstrated in 1984 using anomalous dispersion
fibres [169]. In conventional-soliton regime, the ML operation is generated based on the balanced
conservative effects between SPM and (anomalous) GVD, resulting in stable pulse properties. For
ML operation in the 2-um region where the typical SMFs provide anomalous dispersion,
conventional solitons are common ML pulse formation mechanisms that can be sustained in
cavities. Figure 2.23 presents an idealised schematic of oscillating pulse properties in
conventional soliton, revealing constant temporal and spectral properties. The amplitude varies
in response to optical gain/loss in the cavity. The general solution of this soliton can be expressed

in sech?-pulse shape as [170]:

T
P(T) = Ppeqy sech? (T_> (2.35)
0

where P(T) denotes the pulse profile at each temporal position T, Ppeak represents the peak
power, and T is the pulse duration. In this operating regime, ML operation can be maintained only
at pulse energies below the limit implied by nonlinear phase shift [23, 171]. Figure 2.24 presents
an output spectrum of the conventional soliton, revealing Kelly sidebands that result from the
resonant enhancement of dispersive waves into discrete resonant waves [21, 172]. These
sidebands are the unique behaviour of conventional solitons and need to be kept at low powers
to maintain the stable mode-locked operation [21, 173]. Due to these constraints, the
conventional soliton has a limited output pulse duration in hundreds of fs with pulse energy in the

pJ level.
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Figure 2.23 Idealised schematic presents dynamic spectral (top) and temporal (bottom)
behaviours of an oscillating pulse in a conventional-soliton mode-locked laser. WDM:

wavelength-division-multiplexer; SA: saturable absorber; OC: output coupler.
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Figure 2.24 Output spectrum of conventional-soliton mode-locked laser.

33



2.5.2 Dispersion-managed-soliton mode-locked lasers

The limitations in conventional soliton can be mitigated by introducing dispersion compensation
fibres (DCFs) in the cavity. In a cavity with the net dispersion close to zero, dispersion-
managed/stretched-pulse solitons can be achieved [174]. The oscillating pulse is periodically
stretched and compressed twice in each round-trip due to the comparable effect of normal and
anomalous dispersion fibres [21]. This ‘breathing’ behaviour results in the variation of the pulse
duration over an order of magnitude and can support pulse energies exceeding a few nJ [44, 45].
The output pulse chirp depends on the position of the output coupler. Furthermore, this output
pulse can be compressed to achieve an ultrashort pulse in the range of hundreds of
femtoseconds. Figure 2.25 represents an idealised schematic of pulse oscillation in the
dispersion-managed cavity. Due to the presence of a dispersion map, the Kelly sidebands are
suppressed [46]. Itis worth noting that the temporal and spectral shapes of dispersion-managed

pulses are close to Gaussian [23].
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Figure 2.25 Idealised schematic presents dynamic spectral (top) and temporal (bottom)
behaviours of an oscillating pulse in a dispersion-managed mode-locked laser. WDM:
wavelength-division-multiplexer; SA: saturable absorber; OC: output coupler.

2.5.3 Dissipative-soliton mode-locked laser

Unlike other soliton types, dissipative solitons rely heavily on a balanced conservative effects
(GVD and SPM) [58] and dissipative effects (spectralfilter, gain, and loss) [59]. Dissipative solitons
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have been demonstrated in both all-normal-dispersion cavities [175, 176] and net-normal
dispersion cavities [177]. Figure 2.26 presents an idealised schematic of oscillating pulse
behaviour in the dissipative-soliton regime. The spectral width expands due to nonlinearity in the
fibre, while the temporal width obeys optical fibre dispersion, i.e., broadened by normal
dispersion fibres. In each round trip, the temporal and spectral width are limited by a saturable
absorber and spectral filter, thus balancing these effects [21]. Due to the dissipative effect, this
soliton exhibits a steep edge and a flat-top profile [57, 178]. The typical spectral shape of the
dissipative soliton is presented in Figure 2.27. Dissipative solitons have high tolerance to the
accumulated nonlinear phase shift up to ~10m [57, 179]. Therefore, this soliton can generate
significantly higher pulse energies than other soliton types, and the pulse duration can be

compressed to achieve a pulse duration in the hundreds of fs level [59].
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Figure 2.26 Idealised schematic presents dynamic spectral (top) and temporal (bottom)
behaviours of an oscillating pulse in a dissipative-soliton mode-locked laser. WDM: wavelength-
division-multiplexer; SA: saturable absorber; OC: output coupler.

35



Signal (dB)

Wavelength

Figure 2.27 Output spectrum of dissipative-soliton mode-locked laser (from simulation).
2.6 Chirped pulse amplification

In this section, | explain chirped pulse amplification, which is an important technique to achieve

desired pulse energies and has been used to support several applications.

2.6.1 Introduction

In 1985, chirped pulse amplification (CPA) was demonstrated to prevent self-focusing during
pulse amplification with free-space setup [180]. This experiment achieved a high pulse energy of
2 mJ with a pulse duration of 1.5 ps. Thereafter, CPA became a promising technique that is
commonly used to mitigate optical damage or nonlinear distortion in amplifiers [68-70]. CPA has
recently been demonstrated to generate extremely high-power pulses, i.e., peak powers in the

petawatt (10"°W) level [181, 182].

The CPA system consists of three main components: the pulse stretcher, the amplifier, and the
pulse compressor [183]. Figure 2.28 presents an idealised schematic of the CPA system. At the
input of the system, an incident pulse passes through the pulse stretcher, thus broadening in the
temporal domain. Consequently, the peak power is reduced, mitigating an induced nonlinearity.
The stretched pulse can be safely amplified in the amplifier to achieve higher pulse energies.
Subsequently, the pulse is re-compressed to an ultrashort-pulse duration at the output end of the

CPA system.
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Figure 2.28 Idealised schematic of the chirped pulse amplification (CPA) system.

CPA systems can be built in a compact all-fiberised configuration. However, it requires careful
design due to the confined spatial distribution and an extended propagation distance in the fibres
[184, 185]. For example, an all-fiberised CPA system has been demonstrated to achieve a pulse

energy of 1.25 pJ with a pulse duration of 297 fs, equivalent to a peak power of 4.2 MW [72].

2.6.2 Pulse stretcher

The pulse stretcher is the first component in a CPA system. Usually, the output power of the seed
(mode-locked) cavity with a fixed optical bandwidth is controlled to have low power to minimise
the nonlinearity. Each frequency component in the pulse has different group velocities in fibre.
Hence, the pulse can be stretched by propagating through normal dispersive materials, i.e.,
dispersion compensation fibres, where the longer wavelengths travel faster than shorter

wavelengths. The stretched pulse width (A7) can be given by:

At = DAwL (2.36)

where D = —(2mc/A?)B, denotes chromatic dispersion, Aw is the spectral width, and L
represents the length of dispersive materials. In this thesis, experiments using the normal

dispersion fibres, as stretchers, are reported.

2.6.3 Pulse compressor

At the output of the CPA system, a negative dispersion is introduced to the amplified signal to de-
chirp the duration back to an ultrashort duration, i.e., close to the transform-limited value.
Typically, in CPA, the pulse has high energy in the compressor and a grating-based compressor is

a feasible solution for compressing high-energy pulse as it can prevent any possible nonlinearity.
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Figure 2.29 Idealised schematic of the grating-pair compressor.

Figure 2.29 presents a schematic of the grating-pair compressor in ‘Treacy configuration’[186]. In
this compressor, the input pulse is incident onto a transmission grating. Each frequency
component of the pulse diffracts through the first grating with different angles and spreads the
signal corresponding to the wavelength component. Another identical transmission grating is set
at a separationdistance (Lg) to stop the spreading. Areflective hollow roof mirroris used to reflect
this signal back to the grating pair at a slightly different position and reverse the spectral chirp of
the grating. The total optical path of each wavelength is different, i.e., longer wavelengths travel
further than shorter wavelengths. Consequently, negative second-order dispersion can be
induced, and the output pulse duration can be compressed. The group delay dispersion (GDD) of
the grating-pair can be calculated by [187]:
92-3/2
GDD = —% [1 - (_T — sin ei) ] (2.37)

where m denotes the diffraction order (normally = -1), A represents the grating period, and 6;
represents an incident angle at the first grating. The separation distance can be varied to achieve
the desired compressed pulse duration. This grating-pair configuration was used in the

experiments reported in this thesis.
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Chapter3 Mode-locked thulium-doped fibre laser
enabled by SESAM

In this chapter, | explain experiments undertaken to achieve ultrafast, high-energy pulses
operating at a wavelength below 1900 nm, to support application in biomedical imaging, which is

aligned with the aims of the InLightenUs project.

This chapter is comprised of four sections. The first section explains the background of mode-
locked thulium-doped fibre lasers and their current achievements. The second section details
relevant experiments to construct ML-TDFL enabled by a semiconductor saturable absorber
mirror. This section also includes the development of continuous-wave pump sources at
~1560 nm. The third section discusses an improvement of the ML-TDFL to achieve a pulse energy
exceeding 10 nJ. Additionally, the numerical simulation, to predict dynamic pulse behaviours, has

also been explained in this section. The final section gives a summary of this chapter.

3.1 Background

High-energy (in tens of nJ level), ultrafast pulses at the short-wavelength infrared (SWIR) window,
ranging from 1650-1900 nm, are preferred for deep-layer multi-photon biomedical imaging [10]
due to the low attenuation and scattering in biomedical samples for this spectral region [11]. ML-
TDFLs are promising for generating ultrafast pulses with a central wavelength extending from

1650-2100 nm [19, 20, 188], covering the SWIR window.

As discussed in Section 2.5, dissipative solitons are generated in ML cavities with net normal
dispersion [59], offering high tolerance to nonlinear phase shifts [56]. These cavities are capable
of generating a positively chirped pulse with a ps-pulse width and energy at the nJ-level [189].
Dissipative-soliton ML-TDFLs have been demonstrated using several saturable absorption
techniques, including nonlinear polarisation rotation [62, 63, 66], carbon nanotubes [54, 55],
graphene [47], and SESAM [53, 61, 190]. An outstanding net normal dispersion ML-TDFL has been
demonstrated by Tang et.al. in 2015, generating a pulse energy of 8 nJ at a central wavelength of
1925 nm [60], with the temporal pulse width be compressed to 130 fs. However, this cavity only
operates in a stable ML regime at wavelengths beyond 1900 nm, close to the water absorption
peak [111]. Hence, it might not be suitable for biomedical imaging experiments. Moreover, the
cavity consists of free-space optics, which might cause difficulties in improving its compactness
for practical applications. A similar design was demonstrated in an all-normal-dispersion cavity
with fluoride fibres (ZBLAN). This laser achieved stable ML operation with a pulse energy of 1 nJ at
a central wavelength of 1833 nm [67]. However, fluoride-glass fibres are difficult to splice with

standard silica-glass fibre. Hence, it is hard to develop this cavity for an all-fiberised design.
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A ML-TDFL has been demonstrated in a fully-fiberised design using an in-house fabricated single-
wall carbon nanotubes (SWNTs) SA, achieving a pulse energy of 4.8 nJ at a central wavelength of
1865 nm [191]. However, it might be challenging to be further developed this system for higher
pulse energies due to the limited damage thresholds of the CNT-based SA [76]. Recently, our
group have reported a fully-fiberised ML-TDFL laser demonstrated an outstanding performance in
biomedicalimaging experiments [17]. However, this 1-nJ pulse at a central wavelength of 1840 nm
needs to be amplified through multi-stage amplifiers in a CPA system to achieve pulse energy of
105 nJ with a compressed pulse duration of 416 fs (peak power of ~252 kW), sufficient peak power
for biomedicalimaging experiments. The CPA needs to be carefully designed to efficiently amplify
the pulse [72, 74]. It is still challenging to achieve high-energy pulses at short wavelengths
<1900 nm directly from the cavity due to the quasi-three-level nature of the TDF [112]. The cavity
needs to be optimised to provide the appropriate nonlinearity, dispersion, and filtering effects [59,
65]. The following sections in this chapter will discuss the detailed information of the experiment
and numerical simulation of ML-TDFL to achieve high-energy, ultrafast pulses at short

wavelengths using an all-fiberised cavity design.

3.2 SESAM-based thulium mode-locked fibre laser

In this section, | explain relevant experiments to study dissipative-soliton ML-TDFL. This section
also includes the development of pump sources at wavelength ~1560 nm, which will be used in

experiments through my PhD study.

3.2.1 Develop of continuous wave pump source

This section explains the development of CW laser sources that provide efficient output signals

near 1560 nm which can be used as a pump source to enable SWIR emission in ML-TDFL.

3.2.1.1 Erbium-doped fibre laser

At the start of my PhD, there was an existing erbium-doped fibre laser (EDFL) in our laboratory.
This laser was constructed by a former PhD student in the research group. The schematic of the
EDFL is presented in Figure 3.1. The EDFL was pumped by two multimode-CW laser diodes (L3-
PUA41, JSDU) operating at 915 nm. The pump was coupled into the EDFL through a (2+1) x 1
pump-signal combiner, providing the maximum combined power of 13 W. The signhal input pigtail
of this combiner was connected to a fibre Bragg grating (FBG) with a high reflectivity of ~99% at
~1560 nm. The output pigtail of this combiner was connected to a 5-m length of doubled-clad
erbium/ytterbium co-doped fibre (EDF), which provides optical gain around 1560 nm. The EDF

core/cladding size is 12/130 pm with a numerical aperture (NA) of 0.2/0.46. An output coupler
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(OC) was connected at the EDF end, providing a reflectivity of ~6% at ~1564 nm with a FWHM of

1.2 nm and creating a complete round-trip oscillation in this fiberised laser cavity.

Combiner EDF oC

Figure 3.1 Schematic of the erbium-doped fibre laser (EDFL). FBG: fibre Bragg grating; OC: output
coupler; EDF: erbium/ytterbium co-doped fibre; LD: laser diode.

Figure 3.2(a) presents an amplified spontaneous emission (ASE) spectrum of the EDF. The ASE
reveals its spectral gain bandwidth, extending from 1540 to 1640 nm with a peak near 1560 nm.
The EDFL laser threshold was found at pump power of 2W. Figure 3.2(b) shows an output
spectrum of the EDFL at ~1563 nm with the optical signal-to-noise ratio (OSNR) of ~50 dB. The
slope efficiency of this EDFL was 22.7%, as presented in Figure 3.2(c), yielding a maximum output

power of 2.8 W.

42



(a) (b)
200
€ B
[ o0
© =
= =40}
© (]
= =
2 o0
(%, ] (%]
-60 L\..‘ ) i
1 1 1 | 1 _80 M 1 1 ‘m
1410 1460 1510 1560 1610 1660 1710 1540 1560 1580 1600 1620 1640
Wavelength (nm) Wavelength (nm)
3.0 ‘ . T T T T
(c) ] (d) Ktromix TDS 2012 58 couoscore 1580%
25}

N
=)

I Slope efficiency: 22.2%

Output power (W)
= =
=) tn

5 Qutput power |
Linear fit

e
(%2}
T

o
o
n

0 2 ) 6 8 10 12 14

Pump power (W)

Figure 3.2 (a) Amplified spontaneous emission (ASE) spectrum of the erbium/ytterbium co-doped
fibre (EDF), (b) output spectrum of the erbium-doped fibre laser (EDFL), (c) output power of the
EDFL, and (d) the oscilloscope trace of the EDFL output signal with the pump powers below 3 W

The EDFL was capable of providing a stable CW signhal at 1563 nm with high output power.
However, self-pulsing behaviour was observed from this EDFL while operated with pump powers
below 3 W, detected using a 10-GHz InGaAs photodiode (ET-5000F, EOT), as observed on an
oscilloscope shown in Figure 3.2(d). This behaviour might hinder the capability of ML-TDFL study,
especially once operating at low pump powers. | resolved this issue by changing to a master

oscillator fibre amplifier (MOFA) design, which is explained in the next section.

3.2.1.2 Erbium-doped master oscillator fibre amplifier

An erbium-doped master oscillator fibre amplifier (EDFA) was built by modifying previously
presented EDFL. The FBG was replaced by a fiberised isolator connected to a seed laser. The CW
seed signal at a central wavelength of ~1563 nm with a low power of ~10 mW was provided by a
multi-channel fibre optical mainframe (7900B system, ILX Lightwave). The OC at the output end
of the system was replaced by an isolator and a fibre output patch chord. A schematic of the EDFA

is shown in Figure 3.3.
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Figure 3.3 Schematic of erbium-doped master oscillator fibre amplifier (EDFA). EDF:
erbium/ytterbium co-doped fibre; LD: laser diode.

The CW seed laser spectrum is illustrated in Figure 3.4(a), presenting a signal at a central
wavelength of ~1563 nm with an OSNR of 50 dB. This low-power (~10 mW) CW signal was
amplified through the EDFA and achieved a high-power signal at a central wavelength of ~1563 nm
with an OSNR of 45 dB, as presented in Figure 3.4(b). The output efficiency of the EDFA is depicted

in Figure 3.4(c) with a slope efficiency of 17.8% and achieved the maximum output power of ~2 W.

The EDFA has a lower slope efficiency and maximum output power compared to the previous
EDFL. However, this EDFA provides a stable CW output without any self-pulsing behaviour. Figure

3.4(d) shows an oscilloscope trace at low pump powers, indicating a stable CW output signal.
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Figure 3.4 (a) Spectrum of the seed laser, (b) output spectrum of the erbium -doped master
oscillator fibre amplifier (EDFA), (c) output power of the EDFA, and (d) oscilloscope trace of the
EDFA at pump powers below 3W

3.2.2 Mode-locked thulium-doped fibre laser

A schematic of an all-fiberised ML-TDFL is presented in Figure 3.5(a). The CW-seeded pump was
provided by the EDFA, developed in the previous section. The pump was coupled into the TDF
through a 1560/1960 nm wavelength-division-multiplexer (WDM). A 0.95-m length of the ORC
fabricated TDF was utilised to enable the SWIR emission. This gain fibre was specially designed
with a core/cladding diameter of 8.3/100 pm, 0.2 NA, matched well with commercially available
single-mode fibres (SMF; 8, = —0.056 ps?/m at 1.9 ym) [191], and had high pump absorption (~20
dB/m at 1580 nm) [192]. An output coupler (OC) was connected to extract 75% of the oscillating
energy as a laser output. The residual pigtail was spliced to an in-line polarisation controller (PC)
to adjust the polarisation of the oscillating pulses. A circulator (CIR) was employed to ensure a
unidirectional oscillation in this cavity. A SESAM (SAM-1920-36-10ps-1.3-0, Batop) was attached
to the flat fibre-end facet thus providing a non-saturable reflection of 60% and a modulation depth
of 20%. This SESAM has limited reflectivity wavelengths ranging from ~1850-2000 nm [152]. The
net cavity dispersion can be controlled by employing a 4.7-m length of dispersion compensation

fibre (DCF; UHNA4, Coherent; 8, = 0.12 ps?/m at 1.9 um) [193]. This cavity has a total cavity length
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of 11.1 mwith a net dispersion of 0.2 ps?. The cavity was seton a 45x 45 cm breadboard, as shown

in Figure 3.5(b).

Figure 3.5 (a) Schematic of the mode-locked thulium-doped fibre laser (ML-TDFL), and (b) picture
of the ML-TDFL. WDM: wavelength-division multiplexer; TDF: thulium-doped fibre; OC: output
coupler; PC: polarisation controller; DCF: dispersion compensation fibre; CIR: circulator; EDFA:
erbium-doped master oscillator fibre amplifier; SESAM: semiconductor saturable absorber
mirror.

Output spectra at different powers are presented in Figure 3.6(a), exhibiting a sharp-edge, flat-top
shape as typical for the dissipative soliton [21, 175]. The spectral bandwidth increased with higher
output powers and achieved a 3-dB bandwidth of 35.1 nm with a central wavelength of 1875 nm
at the maximum power. The ML laser threshold was found at the pump (EDFA) power of 709 mW,
generating an output power of 45.7 mW, as presented in Figure 3.6(b). The output power increased
with pump power and reached the maximum output power of 119.3 mW at a pump power of
946 mW, yielding a slope efficiency of 34.5%. The ML became unstable with higher pump powers

beyond this point.
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Figure 3.6 (a) Output spectra with different output powers, and (b) output power efficiency of the
cavity.

An oscilloscope trace of output pulses was acquired using a 10-GHz InGaAs photodiode (ET-
5000F, EOT) with a 200-MHz oscilloscope (DSO-X- 2024A, Agilent). Figure 3.7(a) presents the

46



result, revealing the stable pulse train with a round-trip time of 54.2 ns, corresponding to the
repetition rate of 18.45 MHz. This result is consistent with the estimated value calculated from the
total cavity length. Figure 3.7(b) presents a 40-kHz span of a radio frequency (RF) spectrum
acquired by an RF spectrum analyser (E4446A, Agilent) with a resolution bandwidth of 3 Hz. The
RF spectrum had a high signal-to-noise ratio (SNR) of ~66 dB at the fundamental frequency near
18.44 MHz, indicating stable single pulse ML operation without noise. The sideband peaks of the
RF spectrum can be attributed to an effect of relaxation oscillation [194]. Figure 3.7(c) presents a
1-GHz span range spectrum without any notable parasitic oscillation in the cavity. Hence, the

output pulse energy was 6.5 nJ.
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Figure 3.7 (a) Oscilloscope trace of the output pulses, (b) radio frequency (RF) spectrum of the
output with the span range of 40 kHz and the resolution bandwidth 3 Hz, and (c) the RF spectrum
for 1 GHz spanning range with resolution bandwidth 3 kHz.

The temporal pulse width was characterised by an autocorrelator (pulseCheck NX-150, APE).
Figure 3.8(a) presents an autocorrelation (ACF) trace of uncompressed pulses. The ACF pulse had
a width of 12 ps, equivalent to an actual pulse duration of 8.5 ps based on a Gaussian-shape
assumption. The pulse was compressed by a home-built grating-pair compressor, as shown in
Figure 3.9. ASMF patch chord was connected to deliver the output signal from the cavity to a fibre
connector, set on a 3-axis stage, along with an aspherical lens (C220TMD-C, Thorlabs; focal
length = 11 mm) to collimate the output beam. The beam was reflected by a gold-coated mirror
(PF10-03-M01, Thorlabs) to a pair of 900 line/mm transmission gratings. The first grating was set
at the optimum angle of ~54.1° to the incident beam, while the second grating was mounted

parallel to the first on a translational stage. Therefore, the separation distance between these
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gratings could be adjusted to achieve the shortest compressed pulse duration. It is worth noting
that a half-waveplate was employed in front of the gold-coated mirror to optimise the grating
transmission. This compressor was set on a 30 x 60 cm breadboard, as presented in Figure 3.9(b).

Figure 3.8(b) presents a compressed ACF trace with a width of 364 fs, equivalent to the Gaussian-

shape pulse duration of 258 fs.
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Figure 3.8 (a) Uncompressed pulse duration, and (b) compressed pulse duration of the output
pulse.
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Figure 3.9 (a) Schematic of the grating-based pulse compressor, and (b) picture of the pulse
compressor (white solid line shows the input signal path in the compressor; red dash line shows
the reflected signal path with fixed elevation; HWP: half-waveplate.

By adjusting the PCs, the central wavelength can be varied within a range from 1866-1875 nm.

Figure 3.10 presents the ML output spectra with various PC positions at a fixed pump power.
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Figure 3.10 Output spectra show the capability of wavelength tuning by adjusting the polarisation
controller in the cavity. This experiment was undertaken with the pump power of ~760 mW

The influence of the net cavity dispersion on the mode-locking was explored by varying the DCF
length while the rest of the cavity was kept unchanged. Figure 3.11(a) presents the output spectra
at different net cavity dispersions, operating at a fixed pump power. The spectrum was narrowing

with increasing dispersions, shown in Figure 3.11(b), as expected for the dissipative-soliton

behaviour [55].
0 ( ) T T {b) T T T
a 2 45+ = 4
—0.22
-10 - 0 psz i
—0.24 ps — a0t - ]
-20 ——0.25ps® T €
€ P S350 . 1
@ 30 =
‘% T30} ]
g -40 3 .
2 S5t .
50 ©
@ 20+ - 1
-60 . .
15 .
_70 I 1 L 1 L 1
1825 1850 1875 1900 1925 0.20 0.22 0.24 0.26 0.28
Wavelength (nm) Net dispersion (ps?)

Figure 3.11 (a) Output spectra with different net dispersions, and (b) the 10 dB bandwidth with
different net dispersions. The experiment was undertaken with the pump power ~760 mW.
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3.3 High-pulse-energy thulium mode-locked fibre laser enabled by
SESAM

In this section, | explain an experiment to optimise the SESAM-based ML-TDFL to achieve high
pulse energies. This section also includes a numerical simulation to predict the dynamic pulse

behaviour of the oscillating pulses.

3.3.1 High pulse energy mode-locked thulium-doped fibre laser

A schematic of a 10-nJ-level, ML-TDFL is presented in Figure 3.12(a). Compared to the cavity in
previous section, the TDF length in this cavity was shortened to 0.65 m to prevent longer
wavelength generation through the re-absorption process [112] and to support the generating of
higher pulse energies [65]. It is worth mentioning that the ML operation cannot be achieved with
shorter TDF lengths. A fast-axis-blocked PM isolator was employed to function as a polariserin a
Kerr shutter, utilising the NPR as explained in Section 2.3.2.3 [156].This configuration supports a
combined SA methods that would help to initiate and stabilise the ML operation by tuning the PCs.
The net cavity dispersion was controlled by a 5-m length of the DCF. This cavity, constructed on
the breadboard as presented in Figure 3.12(b), has a total length of 11.6 m and a dispersion of

0.24 ps?.

Figure 3.12 (a) Schematic of the high-pulse-energy, mode-locked cavity, and (b) picture of the
cavity WDM: wavelength-division multiplexer; TDF: thulium-doped fibre; OC: output coupler; PC:
polarisation controller; PM-Isolator: polarisation-maintaining isolator; DCF: dispersion
compensation fibre; CIR: circulator; EDFA: erbium-doped master oscillator fibre amplifier;
SESAM: semiconductor saturable absorber mirror.

Stable ML operation was achieved at a pump power of 1 W, generating an output power of
102.6 mW. The output power increased at higher pump power with a slope efficiency of 24.8%,
and provide a maximum output power of 180.8 mW, as presented in Figure 3.13(a). The output

spectrum was gradually expanding at higher output power and had a central wavelength of
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1875 nm with a 10-dB bandwidth of 26.9 nm (3-dB bandwidth of 15.1 nm) at the maximum output

power as presented in Figure 3.13(b).
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Figure 3.13 (a) output power efficiency of the cavity, and (b) output spectra at different powers.

The RF spectrum, acquired with a span of 50 kHz at a resolution bandwidth of 3 Hz, is presented
in Figure 3.14(a). The spectrum reveals the fundamental repetition frequency near 17.57 MHz with
an SNR of 85 dB. The result indicates a stable, single-pulse ML operation. Moreover, the repetition
rate agrees with the estimated value, calculated based on the total cavity length. Figure 3.14 (b)
presented a 1-GHz spanning RF spectrum without any parasitic instability. Hence, the output

pulse energy can be calculated to be 10.3 nJ.
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Figure 3.14 (a) radio frequency (RF) spectrum of the output with the span of 50 kHz and a
resolution bandwidth of 3 Hz, and (b) the RF spectrum for 1 GHz spanning range with a resolution
bandwidth of 3 kHz.

Figure 3.15(a) presents an ACF trace of uncompressed pulses with a width of 17.5 ps, equivalent
to a Gaussian-shaped pulse width of 12.4 ps. The pulse could be compressed by the grating-pair

compressor to 548 fs as shown in Figure 3.15(b). It is worth mentioning that the time-bandwidth
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product (TBP) of the compressed pulse is 1.59 times larger than the Fourier transform limit, which
might be caused by a nonlinear chirp that cannot be compensated by the compressor [195]. The

pulse compressibility can be improved by managing higher-order dispersion in the cavity [49, 64].
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Figure 3.15 (a) Uncompressed pulse duration, and (b) compressed pulse duration of the output
pulse.

3.3.2 Simulation of the dynamic pulse behaviour

Detailed information of the fibres/components from the experiment were considered as boundary
conditions in a simulation model. Oscillating pulses in the cavity were theoretically predicted
using a commercial simulation software (Fiberdesk), with the pulse behaviour determined using
the nonlinear Schrddinger equation, solving through a split-step Fourier method. In the
simulation, the TDF was assumed to provide a Gauss-shaped gain profile with a central
wavelength of 1900 nm with a bandwidth of 150 nm. The PM-isolator was also assumed to induce
an NPR with a modulation depth of 20% and a saturation power of 1kW, i.e., maximum
transmission (assumed to be 100%) is achieved once interacting with pulses at the saturation
power. The SESAM provided an unsaturated reflectivity of 60%, a modulation depth of 20%, a
saturation fluence of 50 pJ/cm?, and a temporal response of 10 ps. This SESAM has a limited
reflection bandwidth. Hence, we assumed that the pulse experiences Gaussian-shaped filtering

at a central wavelength of 1871 nm with a bandwidth of 35 nm.

The seed pulse was defined to have an initial pulse energy of 10 pJ and a pulse duration of 1 ps. In
the simulation, a seed pulse makes several round-trips through the modelled cavity and
experiences the effects of dispersion, nonlinearity, gain, and loss from the various sections.
Stable ML results were recorded once the simulation model has returned steady state output

pulse properties. When it converges, the oscillating signal achieves a stable dissipative-soliton
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pulse behaviour, exhibiting a flat-top, sharp-edge spectrum [175]. The modelled output spectrum
has a bandwidth of 23.9 nm and is comparable to the experimental result, as presented in Figure
3.16. The red curve in Figure 3.17(a) presents dynamic variation for the spectral width while the
pulse is oscillating inside the cavity. It reveals a balanced spectral gain-loss mechanism that is
crucial for the dissipative-soliton operation. The spectrum is broadening in the passive and gain
fibres, dependent upon the nonlinearity and optical gain, respectively. It is worth mentioning that
the spectrum is greatly expanded in the DCF, which has a relatively small core compared to
normal SMF fibres, resulting in higher induced nonlinearity inside this fibre. Once the pulse
interacts with SAs (NPR and SESAM), the spectrum is narrowed corresponding to their saturable
absorption mechanismes, i.e., low-power parts of the oscillating pulse are blocked due to the SA
effect [75]. The spectrum is also further limited at the Gaussian filter function, employed at the
SESAM in this simulation model, fulfilling the balanced dissipative effect. The oscillating pulse
duration is presented as the blue curve in Figure 3.17(a). The duration is gradually compressed in
anomalous-dispersion fibres (SMF and TDF) and is stretched in the normal-dispersion DCF
section. This behaviour indicates that the oscillating pulse has positively chirped as expected for
the dissipative soliton [21]. The pulse duration is also shortened at SAs and filters, where low-
intensity parts (especially at the pedestal) of pulses are eliminated. In the steady state, the
oscillating signal has a pulse duration of 13.2 ps at the OC, comparable to the measured value in
the experiment (12.4 ps). The difference in these values might be caused by the negative-
dispersion SMF fibre connections that compressed the pulse, while delivering it for
autocorrelation measurement. Oscillating pulse energy is presented in Figure 3.17(b), showing
high power amplification in the TDF gain section and sharply reduced at the OC, where 75% of
oscillating energy was extracted to be delivered as a laser output. The oscillating pulse has a
maximum power of 19.1 nJ, equivalent to an output pulse energy of 14.3 nJ. It is worth mentioning
that the difference between simulated and measured results might possibly be caused by extra

splice losses or component insertion losses that are not precisely factored into the model.
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Figure 3.16 Comparison of (solid line; black) measured and (dotted line; red) simulated spectrum
of the mode-locked cavity.
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Figure 3.17 Simulated dynamic pulse behaviours of (a) (red curve) spectral bandwidth and (blue
curve) pulse duration, and (b) oscillating pulse energy. DCF: dispersion compensation fibre; TDF:
thulium-doped fibre; OC: output coupler; NPR: nonlinear polarisation rotation; SESAM:
semiconductor saturable absorber mirror.
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3.4 Summary

In summary, | presented my work on the development a light source to supply CW signal at a
central wavelength of ~1560 nm, which can be used as a pump for ML-TDFL. Systems with these

configurations (EDFL and EDFA) were employed for the subsequent sections of the thesis.

Additionally, | demonstrated the development of SESAM-based, all-fiberised ML-TDFL that
achieves 10nJ-pulse energy at wavelengths below 1900 nm. This was achieved by using an ORC
fabricated TDF and | showed that this laser has excellent potential to support biomedical imaging
applications. Mode-locking was enabled by the combined SA effect between NPR and SESAM,
providing a maximum pulse energy of 10.3 nJ at a central wavelength of 1875 nm. The output pulse
has a Gaussian-shape pulse duration of 12.4 ps and can be compressed down to 548 fs. The
dynamic pulse behaviours of the oscillating pulses were also predicted with a simulation model,

based on the nonlinear Schrodinger equation.
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Chapter4 Mode-locked thulium-doped fibre laser
enabled by CNT saturable absorber

In this chapter, | explain experiments to study a mode-locked thulium-doped fibre laser enabled
by carbon nanotube saturable absorber. This all-fiberised cavity is expected to provide a stable
ML operation at a short SWIR wavelength, which can be used as a seed in the imaging laser system

to support biomedical imaging experiments.

The CNT-SAs, studied in this chapter, were fabricated by a research group at Cambridge Graphene
Centre (CGC), University of Cambridge, led by Professor Andrea C. Ferrari. Under the research
collaboration, the samples were delivered to our group. | characterised the optical properties of

these samples and implemented them in the cavity to enable ML operation.

This chapter is structured into four sections. The first section discusses the background of
material-based SA in ML-TDFL. In the second section, experiments to characterise the optical
properties of provided CNT-SAs including linear and nonlinear transmission, are detailed. The
development of a CNT-based ML-TDFL, as a new seed laser for biomedical imaging laser, is

explained in the third section of this chapter. A summary is given in the final section.

4.1 Background

In passive mode-locking, SAis a key element to enable pulse-mode operation by enhancing high-
power pulses and eliminating low-power noise [75]. As discussed previously, SA can be
essentially categorised into two types: material-based SA (using material absorption) and fibre-

based SA (using Kerr-nonlinearity) [77], as explained in Section 2.3.2.

ML-TDFLs have been widely demonstrated utilising several material-based SAs, for example,
semiconductor saturable absorber mirror [53, 61, 190], graphene [28, 47], and carbon nanotubes
[55]. In the previous chapter, | have reported the demonstration of an all-fiberised ML-TDFL
generating SWIR pulses with energy exceeding 10 nJ. The ML-cavity was enabled by a SESAM,
which provides an efficient saturable absorption mechanism and has high damage threshold.
However, the SESAM has limited reflection bandwidth [79], i.e., covering from 1850-2000 nm.
Therefore, the development of the SESAM-based ML-TDFL at wavelengths below this window is
challenging. Moreover, there were no commercially available SESAMs that could support ML
operation at shorter wavelengths, i.e., 1800 nm, at the time of the experiment. Having contacted
the supplier to find a possible solution, it became apparent that it might not be straightforward to

solve thisissue in a short-time period. Alternatively, | investigated another material-based SA, i.e.,
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CNTs, which could be specifically designed for the desired wavelengths and fabricated at the

CGC.

CNT-based ML cavities have been demonstrated in several wavelength ranges, e.g., 1-uym [154],
1.5-um[78, 153], and 2-um [54] thanks to their broad spectral resonances. Moreover, the spectral
response of CNTs can be controlled by varying their physical property [78]. In the context of the
ML-TDFL, CNT-SAs have demonstrated their capability for controlling saturable absorption
properties [32] or providing broad spectral bandwidth [188]. With a proper design, the CNT has a

high potential to support ML operation at SWIR wavelengths too, i.e., toward 1800 nm.

4.2 Carbon nanotubes saturable absorbers characterisations

The CNT-SAs, discussed in this chapter, were fabricated by a research group at the CGC,
University of Cambridge. The information of CNT-SA fabrication can be found in ref [196]. The
samples were deposited onto polymer films that can be cut into small pieces and attached on a
fibre-end facet. Under the research collaboration, CGC provided these samples with six different
labels: ADSWNT, DWNT, RN220, ADCNT, Hipco-spray, and HEC-DWNT. Once these samples have
arrived our group, | characterised their relevant optical properties to understand their

functionality.

4.2.1 Wavelength dependent transmission

Wavelength-dependent transmission was measured to identify supporting wavelengths of CNT
samples. Figure 4.1(a) presents a schematic of the experimental setup to measure the
wavelength-dependent transmission. A low-power, continuous wave (CW) signal with a
wavelength ranging from 0.45-5.5 ym was provided by a broadband light source (SLS202L,
Thorlabs). This signal was utilised as an incident signal in this experiment, which was delivered
through multimode fibres (MMFs) connected by a fibre uniter. The CNT-SA samples were cut into
small pieces and can be attached to fibre-end facets, as shown in Figure 4.1(b). The sample was
attached between two MMF facets that are connected at a uniter. Therefore, wavelength-
dependent transmission can be measured by an optical spectrum analyser (OSA; AQ6375,

Yokogawa) with wavelengths covering from 1200-2400 nm.
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Figure 4.1 (a) Schematic of wavelength-dependent transmission measurement setup, (b) Picture
of a CNT-SA on a fibre-end facet. MMF: multi-mode fibre; CNT SA: carbon nanotubes saturable
absorber; OSA: optical spectrum analyser.

Figure 4.2 presents the wavelength-dependent transmission of each CNT sample, revealing
different spectral responses. This behaviour is an important factor to control the operating
wavelength in the ML cavity. For example, the DWNT (red line) demonstrates higher transmission
at shorter wavelengths <1830 nm, compared to its longer wavelength region. Consequently, this
sample has a high potential to support ML operation at short wavelengths. However, the intensity-
dependent transmission must be characterised to assess their functioning as an SA. This

experiment is explained in the following section.
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Figure 4.2 Wavelength-dependent transmission of the carbon nanotube saturable absorbers.
4.2.2 Intensity dependent transmission

Intensity-dependent transmission of the CNT samples was measured to characterise their
modulation depths and saturation fluences. This information is essential for estimating the SA
performance of the CNTs. A schematic of this experiment is presented in Figure 4.3. A home-built
ML-TDFL was used as a seed laser to provide short pulses at a central wavelength of 1870 nm. The

seed signal was amplified through a thulium-doped fibre amplifier (TDFA) to achieve sufficient
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output powers for the characterisation. A 1560/1960-nm wavelength-division-multiplexer (WDM)
was connected at the TDFA output to eliminate any residual pump and avoid high-power CW
signal incidents on the samples. An in-line attenuator was employed to adjust the power of the
signal. Subsequently, the signal was coupled through a 0.75/0.25 fiberised beam splitter, where
25% of the signal was to be measured as a reference power. The second fibre tail (with 75% of the
power) was connected to a uniter. The CNT sample can be attached between two fibre facets at
this uniter. The transmitted signal can be measured with the optical power meters (SC148C,

Thorlabs). It is worth noting that the pulse duration has measured to be ~600fs at the CNT

position.
CNT SA
. Transmitted
\ power

Reference
power

Splitter
Home-built

ML-TDFL TDFA

WDM Attenuator

Figure 4.3 Schematic of the intensity-dependent transmission setup. ML-TDFL: mode-locked
thulium-doped fibre laser; TDFA: thulium-doped fibre amplifier; WDM: wavelength-division-
multiplexer; CNT SA: carbon nanotubes saturable absorber.

The intensity-dependent transmission of the CNT samples is presented in Figure 4.4 (symbols).
The results show that most CNT samples provide saturable absorption characteristics, where the
transmission increases at higher incident pulse fluence. From the results, different saturable
absorption can be observed corresponding to the sample types. However, the sample labelled

HEC-DWNT does not provide saturable absorption behaviour.
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Figure 4.4 (symbols) Measured intensity-dependent transmission of carbon nanotubes saturable

absorbers with labelled (a) ADSWNT, DWNT, and ADCNT, and (b) RN220, HEC-DWNT, and Hipco-
spray. (Solid line) Theoretical fit.
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The modulation depth and saturation fluence for each sample were acquired by fitting the
experimental result to a fast saturable absorption model, equation (2.31) (see also Section 2.3.2).
Solid lines in Figure 4.4 represent the theoretical fit results of each sample. The modulation
depths and saturation fluences of CNT samples are presented in Table 4.1. As expected, the
respective CNT samples have different modulation depths and saturation fluences, which vary
depending on their characteristics. It is worth mentioning that the response of the HEC-DWNT
does not fit the model as it does not show saturable absorption behaviour. For the CNT-SAs in this
measurement, ADSWNT provides the highest modulation depth at 23.1%, while the Hipco-spray
shows the lowest modulation depth at 2.8%. It is worth nothing that the DWNT, which has high
potential to support short operating wavelengths (as mentioned in the previous experiment),
provides a modulation depth of 12.3%, with a saturation fluence of 88.9 pJ/cm?, indicating a good
potential to effectively provide saturable absorption in a cavity.

Table 4.1 Modulation depth and saturation fluence from fitting the intensity-dependent
transmission.

Sample Modulation depth (%) Saturation fluence (4J/cm?)
Hipco-spray 2.8 169.7
RN220 4.7 74.4
ADCNT 11.0 28.6
DWNT 12.3 88.9
ADSWNT 23.1 56.1

4.3 CNT-based thulium mode-locked fibre laser

In this section, | report the demonstration of a ML-TDFL enabled by the CNT-SA (DWNT) that has
been characterised in the previous section. This laser was aimed to be utilised as a seed in
biomedical imaging MOFA. Therefore, the cavity was expected to provide a stable ML operation at

a wavelength of ~1850 nm with low ML threshold (<200 mW) to achieve a compact system.

A schematic of the CNT-based ML-TDFL is illustrated in Figure 4.5. A 1563-nm CW laser signal
with a maximum power of 2 W was provided by the EDFA (explained in Section 3.2.1). The pump
signal was coupled into the cavity through a WDM. A 0.5-m length of commercially available TDF
(TmDF200, OFS; 5, = —0.02 ps?/m at 1.9 ym) was employed to enable the SWIR wavelengths.
An output coupler was employed to extract 25% of the oscillating power as a laser output.
Unidirectional oscillation was ensured by an isolator (ISO), connected to the 75% residual section
of the OC splitter. In-line polarisation controllers (PCs) were employed to tune the polarisation,

initiating the ML operation. The DWNT was inserted between two angled fibre patch chords,
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functioning as the SA. As mentioned earlier, this DWNT had a good potential to support ML
operation at short wavelengths, providing a modulation depth of 12.3%. A 4.5-m length of
dispersion compensation fibre (UHNA4, Coherent) was used to manage the net cavity dispersion.
Other sections are connected by single-mode fibres (SMFs; SMF-28, Corning). The total cavity

length was 10 m with a net dispersion of 0.25 ps?.

PC

[EDFA] >

WDM

oC

25% output

Figure 4.5 Schematic of the mode-locked thulium-doped fibre laser. EDFA: erbium-doped master
oscillator fibre amplifier; WDM: wavelength-division-multiplexer; TDF: thulium-doped fibre; OC:
output coupler; ISO: isolator; PC: polarisation controller; DCF: dispersion compensation fibre;
CNT: carbon nanotubes saturable absorber.

Stable ML operation was achieved at a pump power threshold of 190 mW with the appropriate PC
position. Therefore, the ML threshold was significantly reduced in this cavity compared to the
previous SESAM-based cavity. However, the cavity had a very low (~1 mW) output power. The
output signal has a sharp-edge, flat-top spectrum as the dissipative soliton. Figure 4.6(a) presents
the output spectrum at a central wavelength of 1847 nm with a 10-dB bandwidth of 30 nm. The
output pulse has a repetition rate of 20.37 MHz, corresponding to the estimated value from the
total cavity length. Due to the low output power, a temporal pulse width could not be directly
measured. Therefore, the output pulse was amplified by a home-built thulium-doped fibre
amplifier (TDFA) to achieve higher output powers. It is worth mentioning that the output spectrum
remained unchanged after the amplifier. Hence, the nonlinearity in the TDFA was negligible. Figure
4.6(b) presents an ACF trace of an uncompressed pulse, equivalent to an assumed Gaussian-

shape pulse duration of 5.1 ps.
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Figure 4.6 (a) output spectrum of the mode-locked thulium-doped fibre laser, and (b) the
uncompressed pulse duration after amplification.

| employed this cavity in a compact, protected space to minimise the effects of physical
perturbations. This laser exhibits a stable ML operation over an extended period before requiring
the PC adjustment, which was suitable for integrating into the imaging laser system. This laser
was handed over to Mr.lbrahim Abughazaleh, another PhD student in the research group, and the
cavity was utilised as a seed cavity in the imaging laser system. An idealised diagram of the
imaging laser system is presented in Figure 4.7(a). The output pulse was amplified through a CPA
system. The repetition rate of output pulses was controlled by an acousto-optics modulator
(AOM) (MHP250-6.6ADM-A1, Gooch & Housego). This laser provides the maximum output power
of 400 mW with the lowest repetition rate of 2 MHz. The output pulse duration could be
compressed using a grating-pair compressor. Figure 4.7(b) presents an ACF trace of the
compressed pulse duration, equivalent to a pulse duration of 381 fs, based on the Gaussian-
shape assumption. It is worth noting that the pedestal in the compressed ACF trace might be
caused by nonlinearity in the amplifiers that cannot be completely resolved by the grating-pair
compressor. This laser system was delivered to our project partner at the IfLS and has been used

as a pump source in biomedical imaging experiments.
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Figure 4.7 (a) Idealised schematic of the laser system, (b) compressed pulse duration of the
output pulse. This part of work was carried out by Mr.Ibrahim Abughazaleh (another PhD student
in the research group).

4.4 Summary

In this chapter, | detailed the experiments to characterise the CNT-SAs supplied by the research
collaboration with the CGC. The CNT samples have demonstrated their ability to support ML
operation at short wavelengths, i.e., toward 1800 nm with various modulation depths, depending
on the sample types. These CNTs will be further used to develop ML-TDFL, explained in the

following chapters of this thesis.

Additionally, | also demonstrated an all-fiberised ML-TDFL enabled by the CNT-SA. A cavity was
constructed to produce stable dissipative-soliton ML operation at a central wavelength of
1847 nm. The laser was employed as a seed in the imaging laser system. The work was done by
Mr.Ibrahim Abughazaleh, another PhD student in the research group supporting the generation of
an output power of 400 mW at a repetition rate of 2 MHz. The pulse could be compressed to a
pulse duration of 381 fs. This laser has been delivered to be utilised as the optical source in

biomedical imaging experiments at the IfLS, University of Southampton.
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Chapter5 All-PM mode-locked thulium-doped fibre
laser enabled by CNT saturable absorber

In this chapter, | present, to the best of my knowledge, the first demonstration of a nJ-pulse-
energy, all-polarisation-maintaining (all-PM) dissipative-soliton mode-locked thulium-doped
fibre laser, enabled by CNT-SAs. This chapter also explains the fiberised Lyot filter (LF), which is a
required component to facilitate dissipative-soliton operation. A splicing technique to optimise
the connection of PM dispersion compensation fibre (DCF) with passive PM single-mode fibres
(PM-SMFs) is also explained as an important element to achieve a net normal dispersion cavity in
an all-PM configuration. The all-PM dissipative-soliton cavity, developed in this chapter, provides
reliable output pulse properties that have great potential to be employed as a laser source for
multiphoton biomedical imaging applications. Self-starting ML operation was achieved with a
central wavelength of 1876 nm and a pulse energy of 1.1 nJ. The output pulse has a (compressed)

pulse duration of 391 fs.

This chapter is comprised of four sections. The first section discusses the background of all-PM
ML-TDFL. While the second section explains all-PM conventional-soliton ML-TDFLs using CNT-
SAs. Furthermore, an experiment to explore a fiberised LF is also discussed in this section. The
third section explains the development of all-PM dissipative-soliton ML-TDFL. This section also
includes the characterisation of PM-DCF and a technique to optimise its splicing with PM-SMF.
The summary of this chapter is given in the final section. It is worth noting that some contents in

this chapter have been published in [197], by Elsevier Ltd. under a Creative Common license.

5.1 Background

ML-TDFLs can generate ultrafast SWIR pulses corresponding to a broad emission bandwidth of
the TDF [18]. However, ML-TDFLs, constructed with non-PM fibres, are sensitive to environmental
or physical perturbations, resulting in the variation of output pulse properties, i.e., spectral
bandwidth, pulse duration, or energy [198]. Typically, non-PM cavities require polarisation
controllers (PCs) to initiate or maintain ML operation, even in laboratory environments [21]. In
contrast, ML lasers constructed using PM fibres, with high birefringence, demonstrate an
enhanced robustness and stability [86, 87]. Consequently, ML-TDFL based on PM fibres have
good environmental insensitivity and can maintain long-term stable operation [85]. Therefore, all-

PM ML-TDFLs are preferred as reliable sources in real-life applications.

In the context of all-PM configurations, ML-TDFLs have been demonstrated with different SAs,
including optical loop mirrors [199], graphene [28], carbon nanotubes [32], and semiconductor
saturable absorber mirror [200]. However, standard PM-SMFs exhibit anomalous dispersion in the
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2-um region, therefore, these cavities were constructed using all-anomalous dispersion fibres.
Consequently, these cavities support conventional solitons, and are limited to pJ-level pulse
energies [65]. To improve the output pulse properties, normal-dispersion DCFs are required for
managing the net-cavity dispersion, which enhances accumulated nonlinear phase shift
tolerance [21]. However, dispersion management of all-PM ML-TDFL is challenging due to the
limited availability of PM-DCFs [42, 47]. For instance, a dispersion-managed PM ML-TDFL has
been reported at a central wavelength of 1945 nm with a pulse energy of 220 pJ [47]. In that cavity,
a 1.5-m length of in-house-fabricated PM-DCF was employed, and ML operation was enabled by
a 35-layer graphene/poly(methyl methacrylate)-based SA. However, the output properties of
these pulses might not be suitable for biomedical imaging applications due to water absorption
of wavelengths beyond 1900 nm. Another dispersion-managed ML-TDFL has been demonstrated
using a 0.7-m length of commercial PM-DCF (PM2000D) and an arc-discharge, single-wall
nanotube (SWNT)-based SA [42]. The ML operation was centred at a wavelength of 1787 nm,
however, with very low pulse energy (~70 pJ). Despite utilising PM-DCFs, these cavities still have
anomalous dispersion [42, 47]. Therefore, the cavity operates in a stretched-pulse regime with
low pulse energies in the pl-level. In comparison, dissipative-soliton cavities with net-normal
cavity dispersions offer a larger tolerance to nonlinear phase shifts than other soliton types [56].
Consequently, the cavity can generate high pulse energies at the nJ-level [59]. However,
dissipative solitons require a balance of both conservative effects (dispersion and nonlinearity)
[58] and dissipative effects (spectral gain and loss) [59]. Therefore, it requires careful design of
dispersion maps and spectral filtering [21]. An all-PM dissipative-soliton ML-TDFL has
demonstrated utilising a 3-m length of in-house fabricated PM-TDF, serving as both gain fibre and
DCF [92]. The cavity achieves a stable ML operation, however, at a central wavelength of 1995 nm
and an output pulse energy of ~44 pJ due to high splicing loss between PM-TDF and standard PM-
SMF (~3 dB). Therefore, the development of nJ-pulse-energy dissipative soliton in all-PM ML-TDFL

can be challenging.

5.2 CNT-based all-PM conventional-soliton thulium fibre laser

In this section, | explain relevant experiments to develop a conventional-soliton ML-TDFL, using
PM fibres, enabled by a CNT-SA. Additionally, this section also presents an experiment to assess
the functionalities of CNT samples (explained in Section 4.2) as SAs. Moreover, this section
includes experiments to observe fiberised LFs, which are crucial for the development of the

dissipative soliton.
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5.2.1 Conventional-soliton cavity design

A schematic of a conventional-soliton, all-fiberised PM ML-TDFL enabled by CNT-SA is presented
in Figure 5.1. A 1563-nm continuous-wave (CW) seeded EDFA was employed as a pump with a
maximum power of 2W. The pump was coupled into the cavity through a 1560/1840 nm PM-
wavelength-division-multiplexer (PM-WDM). A 7-cm length of 5-pm-core PM-TDF (5um-PM-TDF;
PM-TSF-5/125, Coherent) was utilised to enable SWIR operation because this fibre has a high
pump absorption of 340 dB/m at 1560 nm. A PM-output coupler (PM-OC) was spliced into the
cavity to extract 90% of the oscillating energy as a laser output. A unidirectional oscillation was
ensured by a PM-isolator (PM-1SO). The CNT-SA (DWNT) was attached between two angled fibre
patch chords, connected with a uniter, at the output pigtail of the PM-ISO. All PM-SMFs used in
this cavity were PM-1550 fibres (PM1550-XP, Coherent; 8, = —0.059 ps?/m at 1.9 ym) [191]. This

cavity has a total length of 4.3 m with an estimated net cavity dispersion of -0.25 ps?.

CNT PM-ISO

0> > \

PM-WDM

5um-PM-TDF PM-OC

90% output

Figure 5.1 Schematic of an all-polarisation maintaining (PM), conventional-soliton thulium-fibre
laser. EDFA: erbium-doped master oscillator fibre amplifier; PM-WDM: PM-wavelength-division-
multiplexer; TDF: thulium-doped fibre; PM-OC: PM-output coupler; and CNT: carbon nanotubes.

Stable ML operation was generated once the pump power reached the mode-locking threshold,
without requiring any polarisation controller (PC). At a pump power threshold of 300 mW, a self-
start, ‘turnkey’ ML operation exhibits an output spectrum with Kelly sidebands, as presented in
Figure 5.2 (red line). The spectrum has a central wavelength of 1892 nm with a 3-dB bandwidth of
4.6 nm. The output signal exhibits a repetition rate of 47.48 MHz, which matches well with the
estimated value from a calculation based on the total cavity length. The pulse duration was

measured to be ~800 fs, based on the Sech?-pulse assumption. It is important to note that the
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cavity robustness has significantly improved compared to the previous non-PM cavities. Thus, ML

operation is sustained even in the presence of physical perturbations.

To mitigate re-absorption and enhance the cavity for short-wavelength operation, the gain fibre
length was shortened to 4.5 cm [112]. Consequently, the central wavelength was shifted to

1868 nm as shown in Figure 5.2 (black line). However, the ML threshold was increased to 370 mW.
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Figure 5.2 Output spectrum of the all-PM conventional-soliton thulium mode-locked fibre laser
with (red curve) 7-cm TDF, and (black curve) 4.5-cm TDF.

Various CNT samples, characterised in Section 4.2, were incorporated into this cavity to assess
their functioning as SAs, while other parts were kept unchanged. Therefore, different output pulse
characteristics were influenced by the properties of the CNT samples. Figure 5.3 (a)-(d) presents
the ML spectra with various CNT-SAs. In this experiment, there are four CNT samples that can

generate stable ML operation.
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Figure 5.3 Mode-locked spectrum of the conventional soliton using (a) RN220, (b) ADCNT, (c)
DWNT, and (d) ADSWNT as a saturable absorber.

The central wavelengths and ML thresholds vary across different CNT-SA types, indicating the
influence of their wavelength-dependent transmission. Table 5.1 presents an overview of the
output spectral properties and the ML threshold for different CNT-SAs. The results confirm that
these CNT-SAs have good potential to support ML operation at wavelengths ranging from 1800-
1900 nm, supporting the objective of this thesis. These CNT-SAs have therefore been used in other
ML-TDFLs reported in this thesis.

Table 5.1 Mode-locked output spectrum properties and its threshold with different carbon-
nanotubes saturable absorbers.

Sample Central wavelength (nm) Spectral bandwidth at 3dB (nm) Threshold (mW)

RN220 1859 4.7 540
ADCNT 1870 4.1 320
DWNT 1868 4.7 350
ADSWNT 1882 4.5 330

5.2.2 Fiberised Lyot filter experiment

The filtering effect is an important component of the dissipative-soliton ML operation. It serves

not only to control the output pulse at desired central wavelengths but also to balance the
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dissipative effect of spectral gain-loss in the cavity [59]. To facilitate demonstrating an all-fiberised
PM ML-TDFLs, a fiberised LF has been developed utilising PM-SMFs. The theoretical details of the
LF can be found in Section 2.4. A fiberised LF was implemented by using an offset-angle splice
method, in which the rotation angle offset between the slow axes of two PM fibres was controlled
at an appropriate value during the splicing process. Figure 5.4 presents an experimental setup to
demonstrate the fiberised LF effect, constructed on a fibre connection between PM-OC and PM-
ISO. A CW pump signal at 1563 nm, provided by a commercial EDFA, was coupled through a PM-
WDM into a PM-TDF to generate a broad ASE spectrum. This ASE signal was employed as an input
for the experiment. The ASE was coupled through a PM-OC with a fast-axis blocked function,
ensuring the transmitted ASE polarisation aligned with the slow-axis. A PM-SMF, functioning as a
birefringence material, was spliced to the PM-OC tail at a 45-degree offset angle between their
slow axes. Accordingly, the ASE signal was decomposed into two different polarisation
components and experienced different phase delays related to the refractive index in each optical
axis. Another PM-SMF fibre with an identical length to the input tail of the PM-ISO was employed
with a 45-degree offset splice to the LF and a 90-degree offset splice to the PM-ISO input tail. This
configuration effectively compensates for the effect of polarisation-dependent dispersion and
prevents any temporal walk-off of the oscillating pulse [165, 166]. Due to the wavelength-
dependent behaviour of the phase delays, the periodic filtering effect can be observed at the

output of the PM-ISO with a fast-axis blocked function.

Filter fibre length
-&Q < x vl

| 2 2 3%
PM-WDM PM-TDF PM-0OC \ PM-ISO
45° 45° 90°

Figure 5.4 Experimental setup to observe fiberised Lyot filter effect. EDFA: erbium-doped master
oscillator fibre amplifier; PM-WDM: PM-wavelength-division-multiplexer; PM-TDF: PM-thulium-
doped fibre; PM-OC: PM-output coupler; and PM-ISO: PM-isolator.

Figure 5.5 (a)-(e) presents a transmitted ASE spectrum of the LF (red curve), compared with the
input ASE (black curve). The periodic behaviour of transmitted ASE is more rapidly oscillating with
longer LF fibre lengths, resulting in narrower free-spectral range (FSR) and full width at half-
maximum (FWHM) values. Therefore, the LF bandwidth can be controlled by adjusting the fibre

length.
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Figure 5.5 (red curve) Measured transmitted spectra of the Lyot filter (LF) fibre length of (a) 0.5 m,
(b) 0.4 m, (c) 0.3m, (d) 0.2m, and (e) 0.1 m. (black curve) input amplified spontaneous emission.
FWHM: full width at half-maximum.

The LFs were integrated in the all-PM conventional-soliton ML-TDFL, as shown in Figure 5.6. The
ML spectra with various LFs are presented in Figure 5.7 (a)-(f), showing the influence of the LF on
the ML spectrum. The LF reduces the effect of Kelly sidebands, especially when its fibre length is
longer than 0.2 m, where the sidebands are completely eliminated. Table 5.2 gives an overview of
the output pulse properties of ML operation with various LF fibre lengths. The central wavelength
of ML operation varies according to the maxima of the LF transmission. Furthermore, the 3-dB

bandwidth is reduced with increasing LF fibre length, corresponding to a narrower filtering effect.
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Figure 5.6 Schematic of an all-polarisation maintaining (PM), conventional-soliton thulium-fibre
laser with Lyot filter. EDFA: erbium-doped master oscillator fibre amplifier; PM-WDM: PM-
wavelength-division-multiplexer; TDF: thulium-doped fibre; PM-OC: PM-output coupler; and
CNT: carbon nanotubes.

Table 5.2 Mode-locked output signal properties of all-polarisation maintaining cavity with
differentfilter fibre lengths.

Fibre length Central wavelength Spectral bandwidth at 3 Threshold (mW)

(m) (nm) dB (nm)
0.0 1882 4.5 330
0.1 1873 4.5 345
0.2 1868 3.7 340
0.3 1887 2.8 335
0.4 1861 2.2 340
0.5 1867 2.2 330
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Figure 5.7 Output spectrum from an all-PM of an all-polarisation maintaining (PM), conventional-
soliton thulium-fibre laser with Lyot filter length of (a) 0 m, (b) 0.1 m, (c) 0.2 m, (d) 0.3 m,(e) 0.4 m,
and (f) 0.5 m.

5.3 CNT-based all-PM dissipative-soliton thulium fibre laser

In this section, | explain experiments to develop an all-PM dissipative-soliton ML-TDFL enabled by
a CNT-SA. This laser is expected to provide stable, robust, turnkey ML operation with a pulse
energy exceeding 1 nJ. Furthermore, this section also includes an experiment characterising PM-
DCF (PM2000D, Coherent) and a splicing technique to optimise its connection with PM-SMF.

These studies are important for the development of the all-PM dissipative-soliton ML-TDFL.

74



5.3.1 Birefringence measurement of PM fibres

In the context of PM fibre, stress-applying areas are introduced in the fibre cladding at opposite
directions across the core area, introducing unequal stress along its aligned direction compared
to its orthogonal direction [84], therefore inducing birefringence in the fibre [201]. As explained in
the previous section, the Lyot filtering effect can be facilitated by the tilted-splice method, in
which the FSR can be controlled by varying the fibre length. With a similar setup, the birefringence
of PM fibres can be characterised by employing fibres with fixed lengths. Figure 5.8 depicts an
experimental setup for birefringence measurement. A 1563-nm CW-seeded EDFA was employed
to supply a pump at a fixed power. The pump was coupled through a WDM into an ORC fabricated
TDF, enabling a broad ASE spectrum corresponding to the TDF gain wavelengths. Anisolator (ISO)
was employed to prevent any possible back reflection. To ensure the linear polarisation of the
ASE, a PM-OC with a fast-axis blocked function was utilised in the system. Different PM fibres with
a length of ~1 m were spliced to the PM-OC oriented with a 45-degree rotation between their slow
axes. Another PM-SMF fibre with an identical length to the input tail of the PM-ISO was spliced
with a 45-degree offset splice to the 1-m PM fibre and a 90-degree offset splice to the PM-1SO

input tail. The fast-axis blocked PM-ISO functions as an output polariser.

TDF 1-m PM fibres
[EDFAI< = x ¢
WDM ISO PM-OC PM-ISO
45° 45° 90°

Figure 5.8 Experimental setup to characterise birefringence of polarisation maintaining (PM) fibre.
EDFA: erbium-doped master oscillator fibre amplifier; WDM: wavelength-division-multiplexer;
TDF: ORC fabricated thulium-doped fibre; PM-OC: PM-output coupler; and PM-ISO: PM-isolator.

The output ASE spectra passing through various PM fibres are presented in Figure 5.9. It is worth
mentioning that the additional loss in the measurement of PM2000D might have resulted from the
small core size of PM2000D and a free-space gap within the fibre setup, as this fibre was not
spliced during the experiment. The results reveal different FSR between maxima of the
transmitted ASE in these fibres, being narrower for PM1550 compared to PM2000D, indicating a
higher birefringence value. The FSR values were factored in to calculate for an approximated
birefringence value derived from equation (2.34) [202, 203]. The estimated birefringence value of
PM1550 is ~4.2 x 10, which is higher than the value of the PM2000D (~1.5 x 10). Consequently,
PM2000D can be predicted to have a lower tolerance to physical perturbation, hence requiring
special attention to fibre handling and splicing. The detailed information regarding to the splicing

method will be explained in the following section.
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Figure 5.9 Measured amplified spontaneous spectrum (ASE) of (black curve) input ASE, (red
curve) PM1550XP, and (blue curve) PM2000D.

5.3.2 Bridge-fibre splice method

To achieve a dissipative-soliton ML operation, it is essential to control the cavity dispersion to be
in a net normal dispersion regime [59]. Consequently, a section of the normal-dispersion DCF is
required. However, in the 2-ym regime, the options for PM-DCF are limited [42, 47]. During the
time of this experiment, | have found the only commercially available fibre supplying a normal
dispersion in PM configuration, which is PM2000D (Coherent). This fibre has previously been
reported in ML-TDFLs, however, those experiments encounter difficulties when splicing PM2000D
with other standard PM-SMFs [42, 199]. Due to a large core size mismatch (2.1-uym vs 8.5-um),
splicing between these two fibres will typically result in an unreliable PM performance and a high

splicing loss [204, 205].

Figure 5.10 presents an experimental setup to optimise PM2000D splicing. A fiberised ASE source,
with similar configuration to the previous section, was employed to provide a linearly polarised
signal, ensuring by the fast-axis-blocked PM-OC. Subsequently, the signal was delivered into
various experimental configurations to optimise the splicing of PM2000D. At the output end, a fast-
axis-blocked PM-ISO was incorporated to function as a polariser, delivering the signal to the OSA for

the spectrum observation.
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Figure 5.10 Schematic of experimental setup to optimise PM2000D splicing which (a) direct auto-
alignment splice between PM-OC and PM-ISO, (b) direct splice of PM2000D with auto-alignment,
(c) direct splice of PM2000D with manual alignment, and (d) bridge-splice of PM2000D with
manual alignment. EDFA: erbium-doped master oscillator fibre amplifier; WDM: wavelength-
division-multiplexer; TDF: ORC fabricated thulium doped fibre; PM-OC: PM-output coupler; and
PM-ISO: PM-jsolator.
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Figure 5.11 Measured output amplified spontaneous emission (ASE) for (black curve) reference
ASE, (red curve) direct splice with auto alignment, (blue curve) direct splice with manual
alignment, and (green curve) bridge-splice with manual alignment.
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Several configurations were investigated to optimise the splicing performance of PM2000D. Figure
5.10(a) shows the experimental setup to acquire the reference ASE. The PM-OC was directly
connected to the PM-ISO. The alignment of the optical axes of these PM1550 fibres was performed
using the auto-aligning function of the splicer (ARCMaster FSM-100P, Fujikura). The reference ASE
is presented as a black curve in Figure 5.11, which reveals a smooth ASE curve with a wavelength
ranging from 1800-2100 nm. The result indicates optimal splicing performance between these PM

fibres, where the optical axes were perfectly alighed.

Figure 5.10(b) presents an experimental setup for the splicing of PM2000D. A section of PM2000D
was directly spliced to PM1550 pigtails of PM-OC and PM-ISO. The alignment of the optical axes at
both splice points was conducted using the auto-aligning program of the splicer. The red curve in
Figure 5.11 illustrates a measured transmitted ASE from this experiment. Compared to the
reference ASE, the transmitted ASE has a high insertion loss due to the core-size mismatch between
PM1550 and PM2000D. Additionally, the transmitted ASE exhibits ripples that indicate an unreliable

PM performance in this splice configuration.

Figure 5.10(c) shows an approach of directly splicing PM2000D using the manual alignment
method. In this configuration, the alignment of the optical axes between PM1550 and PM2000D was
adjusted manually while the output ASE was simultaneously monitored. The blue curve in Figure
5.11 presents the best achieved output ASE spectrum resulting from this method. The spectrum
exhibits a decrease in ripples compared to the auto-alignment method result (red curve). This result
indicates an improvement in the PM performance. However, splicing loss remains comparable to

the previous method due to the core size mismatch.

Figure 5.10(d) depicts a configuration to optimise the splicing of PM2000D with the bridge-fibre
splice method. To minimise splice loss associated with the core size mismatch, short (<10 cm)
sections of PM1950 (Coherent) with an intermediate core size (7 ym) have been incorporated at
both ends of the PM2000D to function as bridge fibres. The alighment between PM1950 and
PM2000D was manually conducted, while monitoring the transmitted ASE signal. The green curve
in Figure 5.11 reveals the transmitted ASE spectrum resulting from the bridge-fibre splicing method.
The spectrum exhibits a reduction in splicing loss and resolves ripples, indicating optimal splicing
performance between these fibres. The bridge-splice method is used in subsequent experiments to
ensure optimal splicing performance of PM2000D with passive fibres. This method is crucial for the
development of dissipative-soliton ML-TDFLs in all-PM configurations, which are explored in the

following sections of this thesis.
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5.3.3 CNT-based all-PM dissipative soliton

A schematic of the all-fiberised PM ML-TDFL is presented in Figure 5.12. A 1563-nm CW-seeded
EDFA (EDFA; EAD-5K-C, IPG Fibertech) was used as a pump, offering the maximum power of 7 W.
This pump was coupled into a short (8 cm) section of PM-TDF (TDF; PM-TSF-5/125, Coherent)
through a PM-WDM to enable the SWIR operation. To eliminate the residual pump, another PM-
WDM was employed at the output of the PM-TDF. A fast-axis-blocked PM-OC was utilised to
extract 90% of oscillating energy for a laser output, while maintaining a single polarisation of
transmitted light aligned with the slow axis. Unidirectional oscillation was ensured by integrating
a fast-axis-blocked PM-ISO, which also functions as a linear polariser. To facilitate dissipative-
soliton ML operation, a fiberised LF was integrated at the fibre connection between the PM-OC
and the PM-ISO. A 11-cm length of PM-SMF was spliced using an offset-splice method, with the
configuration as detailed in Section 5.2.2. The inset of Figure 5.12(a) presents a schematic of the
fiberised LF structure. The filtering effect of the fiberized LF is illustrated in Figure 5.13 (red line),
revealing a periodic transmission characterisation compared with the input ASE signal. The
maximum transmission peak is found at a central wavelength around 1876 nm with a FSR of
72 nm and a FWHM of 36 nm, corresponding to the estimated FWHM value of 37.7 nm [202, 203].
The LF insertion loss at the peak wavelength is ~0.4 dB. The ADSWNT CNT sample, detailed in
Section 4.2, was attached between two angled fibre patch chords at the output of the PM-ISO,
functioning as a SA. The ADSWNT provides saturable absorption with a modulation depth of
23.1% and a saturation fluence of 56.1 pJ/cm?. A 4-m length of PM-DCF (PM2000D, Coherent) was
spliced in the cavity to manage the net cavity dispersion. The splice points of the PM-DCF were
accompanied by the bridge-splice method, as explained in Section 5.3.2, resulting in a total splicing
loss of ~1.7 dB. The total cavity length was 10.6 m with an estimated net dispersion of 0.01 ps? (TDF:
B2=-0.02 ps?/m; SMF: B,=-0.059 ps?m; PM1950: B,=-0.02 ps*/m DCF: B,=0.098 ps?/m at 1.9 ym)
[191, 206]. Figure 5.12(b) presents a picture of the all-fiberised-PM cavity.
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Figure 5.12 (a) Schematic of an all-fiberised, polarisation maintaining (PM) dissipative-soliton
thulium-doped mode-locked cavity with carbon nanotube saturable absorber, and (b) picture of
the cavity. EDFA: erbium-doped master oscillator fibre amplifier; PM-WDM: PM-wavelength-
division-multiplexer; PM-TDF: PM-thulium-doped fibre; PM-OC: PM-output coupler; and PM-ISO:
PM-isolator. The content in this figure was reproduced from my own publication [197], published
by Elsevier Ltd. under a Creative Common license.
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Figure 5.13 Measured amplified spontaneous emission (ASE) signal at (black curve) input, and

(red curve) transmitted ASE after the Lyotfilter. The contentin this figure was reproduced from my
own publication [197], published by Elsevier Ltd. under a Creative Common license.

Self-start ML operation was achieved at a pump power of 870 mW, without requiring any PCs or
adjustment mechanisms, generating an output power of 7.2 mW. The single-pulse ML operation
was stably maintained with increasing pump powers and provided a maximum output power of
21.5 mW. Unstable operation was observed for higher pump powers. Figure 5.14(a) presents the
output power efficiency of this laser, demonstrating a slope efficiency of 17.9%. The output
spectra were recorded at various output powers using an OSA (AQ6375, Yokogawa), revealing a
sharp-edge spectral shape as typical of dissipative solitons [21, 175], as shown in Figure 5.14(b).
The spectrum bandwidth expands with increasing output power. At the maximum power, the

spectrum has a central wavelength of 1876 nm with a 3-dB bandwidth of 26 nm.
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Figure 5.14 (a) output power efficiency of the mode-locked cavity, and (b) output spectra at
different powers. The content in this figure was reproduced from my own publication [197],
published by Elsevier Ltd. under a Creative Common license.
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The ML stability was characterised by the recording of RF spectra using an InGaAs photodiode (ET-
5000F, EQT) and a RF spectrum analyser (RSA3303A, Tektronix). The RF spectrum, measured at a
resolution of 200 Hz, is presented in Figure 5.15(a). The result reveals a fundamental frequency of
19.2 MHz with a signal-to-noise ratio (SNR) of ~71 dB. The measured frequency is in good
agreement with the estimated value calculated from the cavity length. Additionally, the high SNR
indicates stable single-pulse ML operation. Figure 5.15(b) presents the RF spectrum, recorded
with a wide span range across a 1-GHz bandwidth, without any parasitic instabilities.

Consequently, the maximum calculated pulse energy is 1.1 nJ.
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Figure 5.15 Radio frequency (RF) spectrum of the output signal with (a) 100 kHz span at the
fundamental frequency and (b) 1 GHz span. The content in this figure was reproduced from my
own publication [197], published by Elsevier Ltd. under a Creative Common license.

An output pulse duration was measured using an autocorrelator (pulseCheck NX150, APE). The
autocorrelation function (ACF) curve of the output pulse is presented in Figure 5.16(a), exhibiting
awidth of 5.9 ps, which corresponds to the actual pulse duration of 4.2 ps based on the Gaussian-
shape assumption. The pulse can be compressed using a home-built, grating-pair compressor
consisting of two transmission gratings with a density of 900 line/mm. Figure 5.16(b) presents the
shortest compressed pulse duration of 391 fs under the Gaussian-shape assumption. It is worth
mentioning that the compressed pulse duration is 1.96 times larger than the calculated
transform-limited pulse. This might be caused by a nonlinear chirp that could not be
compensated by the grating-pair compressor, which could possibly be improved by further

management of higher-order dispersion in the cavity [64, 195].
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Figure 5.16 (black curve) Autocorrelation function (ACF) trace along with (red curve) Gaussian fit
of (a) uncompressed pulse duration, and (b) compressed pulse duration. The contentin this figure
was reproduced from my own publication [197], published by Elsevier Ltd. under a Creative
Common license.

The output power stability was further characterised by monitoring the output power and
spectrum over a 6-hour duration in a laboratory environment. Figure 5.17(a) presents the recorded
output power over this experiment session, revealing good power stability with a small fluctuation
of +1%. This fluctuation might possibly be attributed to the fluctuations of pump power during the
experiment. Furthermore, the output spectrum was acquired at 1-hour intervals, exhibiting good

repeatability of the output spectrum, as presented in Figure 5.17(b).
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Figure 5.17 (a) Power stability measurement of (black curve) output signal (red curve) pump
signal, and (b) Output spectrum with 1-hour interval time for 6 hours. The content in this figure
was reproduced/adapted from my own publication [197], published by Elsevier Ltd. under a
Creative Common license.

The net dispersion of the cavity was varied to examine the effect of dispersion variation. By
adjusting the length of the PM-SMF to achieve a total cavity length of 10.2 and 9.7 m, the

estimated net dispersion was determined to be 0.03 and 0.06 ps?, respectively. Consequently, the
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repetition rate of the cavity shifts to 20 and 21.1 MHz, corresponding to the total cavity length. As
presented in Figure 5.18, output spectra were recorded at different net dispersions. As expected,
a spectral bandwidth decreases with a larger net dispersion [55]. Furthermore, the cavity can
tolerate higher pump powers and generates higher output powers [21]. For example, the cavity
with a net dispersion of 0.06 ps? can maintain ML operation until the pump power reaches 1.2 W,
resulting in a maximum pulse energy of 3.2 nJ. However, this configuration yields a longer
compressed pulse duration of 566 fs compared to the cavity with lower net dispersions. Figure
5.19(a) presents the trend for the maximum pulse energy and the shortest compressed pulse
duration across various net dispersions, confirming the influence of dispersion variation in this
dissipative-soliton cavity. Additionally, ACF traces of compressed pulse durations at pulse

energies of 2.4 nJ and 3.2 nJ are presented in Figure 5.19 (b) and (c), respectively.
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Figure 5.18 Output spectra with different net-cavity dispersions.
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Figure 5.19 (a) output pulse properties with different net-cavity dispersions showing (black curve)
compressed pulse duration and (red curve) maximum pulse energy, autocorrelation trace along
with Gaussian fit for (b) 2.4 nJ and (c) 3.2 nJ. The content in this figure was reproduced from my
own publication [197], published by Elsevier Ltd. under a Creative Common license.
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5.4 Summary

| reported the development of an all-fiberised, all-PM ML-TDFL, enabled by CNT-SA. To achieve
the goal of generating dissipative solitons, this chapter also discusses the study of a fiberised Lyot
filter and, more importantly, a technique to improve the splicing of PM-DCF with PM-SMF reducing
the intra-cavity losses. This knowledge will be further implemented in other PhD work, which will

be explained later in the following chapters.

In this chapter, a robust, fully fiberised PM dissipative-soliton ML-TDFL operating at 1876 nm is
presented. The ML cavity, with a net dispersion of 0.01 ps?, provides a maximum output pulse
energy of 1.1 nJ at a repetition rate of 19.2 MHz. The pulse duration was 4.2 ps and can be
compressed down to 391fs with a grating-pair compressor, under the Gaussian-shape
assumption. To the best of my knowledge, this cavity is the first demonstration of a nJ-energy-
level, all-PM dissipative-soliton ML-TDFL utilising commercially available PM-DCF and a CNT-SA.
The net-cavity dispersion can be further varied to generate a higher pulse energy of 3.2 nJ.
However, this results in a longer compressed pulse duration of 566 fs. This stable, ‘turnkey’ ML-
TDFL has demonstrated good stability for a long-run experiment in the laboratory environment. |
believe that this cavity design has high potential to be further improved and to serve as a reliable

seed cavity for a laser used in biomedical imaging applications.
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Chapter6 1840 nm all-PM mode-locked laser system

In this chapter, | present an all-fiberised polarisation-maintaining mode-locked thulium-doped
fibre laser, along with a chirped-pulse amplification system and a grating-pair compressor, as a
portable laser system. | developed an all-fiberised PM ML-TDFL that generates ultrafast pulses at
1840 nm. This cavity was utilised to provide a seed signal in a CPA system, where the pulses are
effectively stretched and amplified to achieve the desired output power. To facilitate the
compression of the pulses, a grating-pair compressor was constructed at the output end of the
CPA system. The laser can produce output pulses with average power of ~600 mW. The laser
exhibits single-pulse operation with a fundamental repetition rate of 15.15 MHz, matched with the
calculated value based on the pulse round-trip time in the cavity. The laser has an output pulse
energy of ~40 nJ with a shortest compressed pulse duration of 493 fs, assuming a Gaussian pulse
shape. This laser system is designed to be a robust, turnkey light source that can be easily
operated by non-specialist users in biomedical imaging experiments, as part of the InLightenUS
project. The advancements explored in previous chapters have been incorporated into this laser
system. The development of this laser was carried out at the ORC by myself and Dr Lin Xu. The
laser has been delivered to our external project partner at the University of Nottingham, where the
research group, led by Professor Amanda Wright, is conducting biomedical imaging experiments

utilising adaptive optics.

This chapter is outlined in four sections. The first section discusses the background of ML-TDFL
lasers for biomedical imaging applications. The second section explains the development of a
reliable EDFA pump source. The third section explains the development of the all-PM laser
system, including the seed cavity, the pulse stretcher, the amplifiers, and the compressor. The

summary of this chapter is given in the final section.

6.1 Background

As previously stated in Section 1.2, ultrafast SWIR pulses have the potential to be used as light
sources in biomedical imaging applications. Ultrafast pulses with a central wavelength of
1820 nm and a pulse duration of 150 fs have demonstrated 3-photon biomedical imaging [16].
However, that laser was developed using fluoride-glass fibres, which require free-space
components due to the challenge of splicing to standard silica-glass fibres. This would pose
difficulties in the practical application of the laser. Previously in our research group, we have
demonstrated an all-fiberised ML-TDFL at a central wavelength of 1840 nm with a pulse energy of
105 nJ, and a pulse duration of 416 fs [17]. This laser has exhibited outstanding performance in

revealing detailed information from complex biomedical samples through nonlinear multiphoton
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imaging. However, the laser was based on non-PM fibres, which are sensitive to physical
perturbations. Moreover, this can lead to variations in laser output properties [198]. Therefore, all-

PM ML-TDFL are preferred for reliable sources in biomedical imaging experiments.

6.2 Development of stable continuous-wave pump source

Areliable pump source is an essential component in a laser system. As discussed in the previous
chapter, the output power of an all-PM ML-TDFL can vary in response to the fluctuation in pump
power. In this section, | explain the development of a reliable EDFA that delivers a continuous-
wave (CW) signal at ~1560 nm with minimal output power fluctuations. Additionally, this EDFA

needs to have a robust and compact design for practical applications.

A schematic of the EDFA is presented in Figure 6.1(a). A wavelength-stabilised laser diode (976-
nm LD; M976+0.5-9-F105/22-T1-P, Photontec Berlin GmbH) was utilised to generate a high-power
CW pump signhal at a central wavelength of 976 nm. The pump signal was coupled through a
(2+1)x1 pump-signal combiner into a 2-m length of double-clad erbium-doped fibre (EDF;
TC1500Y(11/125)HD, Fibercore). A CW seed signal at 1561 nm was provided by a compact laser
diode with an output power of 10 mW. The seed was connected at the signal input pigtail of the
combiner. Isolators were employed to mitigate any possible back reflection within the EDFA.
Additionally, thermoelectric coolers (TECs) were incorporated to improve thermal stability of the
976-nm LD and the EDF. The EDFA was packaged into a compact enclosed box as presented in

Figure 6.1(b).
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Figure 6.1 (a) Schematic of 1-LD erbium-doped master oscillator fibre amplifier (EDFA), and (b)
picture of the EDFA in a final enclosure package. LD: laser diode; EDF: erbium-doped fibre; TEC:
thermoelectric cooler.

The output power curve of the 976-nm LD is depicted in Figure 6.2(a). The laser threshold was
found at a pump current of 0.5 A, which produced an output power of 0.06 W. The output power
increased with the pump current and achieved the maximum output power of 7.13 W at a pump
current of 8.5 A. The output spectra at various power levels are presented in Figure 6.2(b), which

reveals stabilised signals at a central wavelength of 975.8 nm with a 3-dB bandwidth of 0.2 nm.
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Figure 6.2 (a) Output power curve of the 976-nm pump laser diode (LD), and (b) output spectra of
the 976-nm LD at different pump currents

The output power efficiency of the EDFA is depicted in Figure 6.3(a) (grey line). In the forward-
pump scheme, the EDFA exhibits a slope efficiency of 10.8% and achieves a maximum output
power of ~480 mW. Unfortunately, the power is not sufficient to initiate ML operation of the seed
cavity. To achieve higher output powers, the components of the EDFA were reorganized into a
backward-pump scheme configuration as depicted in Figure 6.4. Figure 6.3(a) (red line) presents
an output slope efficiency of 23.6% with the backward-pump scheme and reaches the maximum
output power of ~960 mW. Figure 6.3(b) presents an output spectrum of the EDFA at 850 mW,
revealing a central wavelength of 1561 nm with a 3-dB bandwidth of 0.07 nm. The signal has a high

optical signal-to-noise (OSNR) of 97 dB above the noise level.
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Figure 6.3 (a) Output efficiency of the erbium-doped master oscillator fibre amplifier (EDFA) with
different pump scheme, and (b) output spectrum of EDFA at output power of 850 mW
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Figure 6.4 Backward-pump scheme of the erbium-doped master oscillator fibre amplifier (EDFA).
LD: laser diode; EDF: erbium-doped fibre.

The stability of output power from this EDFA was evaluated for 1.5 hours within a laboratory
environment. Figure 6.5 presents a comparison of the power stabilities of various EDFAs in our
laboratory, highlighting the outstanding performance of this EDFA. Table 6.1 concludes the
fluctuations observed in these EDFAs. The developed EDFA exhibits high power stability with a
minimal fluctuation of 0.14%. This stability makes it suitable for using as a pump source for the
1840-nm all-PM ML-TDFL. The detailed information of this cavity will be explained in the following

section.
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Figure 6.5 Output power stability of the developed erbium-doped master oscillator fibre amplifier

(EDFA), compared to previous in-house built EDFA and commercial EDFAs. This experiment was
observed in a normal laboratory environment.

Table 6.1 Stability comparison of the erbium-doped fibre amplifiers

EDFA Average power (mW) SD Fluctuation (%)
In-house built EDFA 609.5 50.5 8.29
AEDFA-33-B-FA, Amonics 615.4 21.9 3.56
EAD-5K-C, IPG Fibertech 579.6 3.14 0.54
This EDFA 799.4 1.14 0.14
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6.3 1840 nm all-PM mode-locked laser system

In this section, | explain the development of an 1840 nm all-PM ML laser system, which has been
designed to be a portable light source for biomedical imaging experiments. This laser is expected
to deliver high-energy, ultrashort pulses in the SWIR and exhibits a robust, turnkey operation. All
technical advancements explored in the previous chapter have been incorporated into this laser

to enhance its reliability.

6.3.1 1840 nm all-PM mode-locked cavity

A schematic of an all-fiberised PM ML-TDFL is depicted in Figure 6.6(a). The CW pump signal at a
wavelength of 1561 nm was provided by the compact EDFA, as explained in the previous section.
The pump signal was coupled into the cavity through a 1560/1840 nm PM-WDM. To enable the
generation of the SWIR, a 1-m length of the PM-thulium-doped fibre (PM-TDF; PM-TSF-9/125,
Coherent) was employed. Another PM-WDM was connected at the end of the TDF to filter any
residual pump. A PM-OC was employed to extract 30% of the oscillating power for laser output.
Additionally, a fiberised LF, as explained in Section 2.4, was introduced by the offset-splice
method of a 11-cm length PM-SMF. The LF was optimised to achieve a maximum transmission at
~1840 nm. APM-ISO was used to ensure unidirectional oscillation in the cavity. A CNT (ADSWNT),
used as a SA, was attached between two angled-fibre-end facets. The net cavity dispersion was
controlled by a 4.5-m length of PM2000D, which was carefully integrated into the cavity with the
bridge-fibre splice method (explained in Section 5.3.2). Other pigtails were connected by the PM-
SMFs. The total length of this cavity was measured to be ~13.5m with a net dispersion of
~0.02 ps?. The cavity was securely assembled in a compact enclosure, as presented in Figure

6.6(b), to be employed as a seed cavity for the laser system.
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Figure 6.6 (a) Schematic of a 1840-nm all-fiberised all-polarisation-maintaining (PM) thulium-
doped mode-locked cavity, and (b) picture of the cavity in a final laser setup package. EDFA:
erbium-doped master oscillator fibre amplifier; PM-WDM: PM-wavelength-division-multiplexer;
PM-TDF: PM-thulium-doped fibre; PM-OC: PM-output coupler; and PM-ISO: PM-isolator; CNT:
carbon nanotubes saturable absorber; LF: Lyot filter.

At the ML threshold power of ~700 mW, the cavity exhibited a dissipative-soliton ML operation at
a central wavelength of 1840 nm with a 3-dB bandwidth of 17.4 nm, as presented in Figure 6.7(a).
This cavity is designed for a turnkey operation and demonstrates a self-start without requiring any
PC in the cavity. Furthermore, ML operation was stable and persistent, resistant to physical
perturbations. The average output power of the cavity is measured to be 1.5 mW. The radio
frequency (RF) spectrum, acquired with a span range of 100 kHz and a resolution bandwidth of
200 Hz, presents a fundamental frequency at 15.15 MHz as shown in Figure 6.7(b). This
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fundamental frequency corresponds to the estimated value based on the cavity length. The RF
spectrum exhibits a signal-to-noise ratio (SNR) of 66 dB, indicating stable single-pulse operation.
The 1-GHz span RF spectrum is presented in Figure 6.7(c), revealing no sign of parasitic lasing.
Accordingly, the pulse energy was calculated to be 0.1 nJ. The uncompressed pulse duration was
measured by an autocorrelator. The autocorrelation (ACF) trace of the output pulses is presented
in Figure 6.7(d), revealing a width of ~6 ps, which is equivalent to the pulse duration of ~4.3 ps,
based on the Gaussian-pulse assumption. This output pulse can be further amplified in a CPA

system, which will be explained in the next section.
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Figure 6.7 (a) Output spectrum of the mode-locked cavity, (b) frequency (RF) spectrum at the
fundamental frequency acquiring with 100-kHz span range (resolution bandwidth 200 Hz), (c) RF
spectrum with 1-GHz span range (resolution bandwidth 20 kHz), and (d) uncompressed pulse
duration of the output pulses.

6.3.2 Amplifiers and pulse compressor

6.3.2.1 Pulse stretcher

The temporal width of the output pulse was expanded using a pulse stretcher to mitigate
undesired nonlinearity in the amplifiers. A PM-ISO was employed at the laser output to prevent
any potential back reflection into the cavity. Initially, the stretcher was intended to be constructed
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by using a chirped fibre Bragg grating (CFBG). The CFBG has a positive chirp of ~3 ps?with a single
reflection. However, the CFBG was not manufactured with a conventional PM-SMF and exhibited
a reflectivity of only 15%. Consequently, the insertion loss of this CFBG was very high when used
as a stretcher. Instead, a 26-m length of PM2000D was employed as the pulse stretcher. The
bridge-fibre splice method was incorporated to minimise the insertion loss. The output power,
measured after the stretcher, was ~0.8 mW. An ACF trace of the stretched pulses is presented in
Figure 6.8, which corresponds to the Gaussian-shaped pulse duration of 28.2 ps. Subsequently,

the stretched pulse can be efficiently amplified.
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Figure 6.8 Stretched pulse duration using the 26-m length PM2000D.

6.3.2.2 First-stage amplifier

The first-stage amplifier was employed to pre-amplify the stretched pulse. This amplifier enables
higher powers and improves the efficiency of the final amplifier. A schematic of the first-stage
amplifier is presented in Figure 6.9(a). A 2-LD EDFL was constructed with the configuration
explained in Section 3.2.1. This EDFL produced a CW laser signal at a wavelength of ~1560 nm
and a maximum output power of 1 W. This signal was delivered as a pump for the amplifier through
a PM-WDM into a 2-m length of 9-uym core PM-TDF (PM-TSF-9/125, Coherent), facilitating optical
gain for the SWIR. A PM-ISO was spliced to the output of the PM-TDF to prevent any possible back
reflection. The pre-amplifier system and the 2-LD EDFL were mounted on a compact, thermally
stabilised platform, as depicted in Figure 6.9 (b). The output efficiency of the first-stage amplifier
is presented in Figure 6.10. The amplified output power increased with the pump power, yielding
a slope efficiency of 2.7%. The maximum output power was measured to be ~22 mW. Despite the
low slope efficiency, this amplifier generated sufficient output power for further amplification in

the second-stage amplifier.
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Figure 6.9 (a) Schematic of the first stage amplifier, and (b) picture of the first stage amplifier set
on the same platform with the erbium-doped fibre pump laser (EDFL) (the stretcher was setin the
green fibre spool). PM-DCF: polarisation-maintaining dispersion compensation fibre; TEC:
thermoelectric coupler; PM-WDM: polarisation-maintaining wavelength-division-multiplexer;
PM-TDF: polarisation-maintaining thulium-doped fibre; LD: laser diode; PM-ISO: polarisation-
maintaining isolator.
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Figure 6.10 Output power efficiency of the first stage thulium-doped fibre amplifier.
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6.3.2.3 Second-stage amplifier

The second-stage amplifier was employed to amplify the signal to the desired 1-W output power.
A schematic of the second-stage amplifier is presented in Figure 6.11(a). A 6-LD EDFL was
constructed with the configuration as explained in Section 3.2.1. to provide a pump signal at a
wavelength of 1560 nm with a maximum power of ~5.5 W. The pump signal was coupled through
a PM-WDM into the amplifier. To minimise the nonlinearity in the amplifier, a short section (15 cm)
of double-clad PM-TDF (PM-TDF-10P/130-HE, Coherent) was selected as a gain fibre. It is worth
noting that this TDF was measured to have high pump absorption (~99% of pump power was
absorbed). This fibre has a large core size of ~10 ym and provides high pump absorption.
Therefore, the SWIR signal can be efficiently amplified. A short section of angled pigtail was
spliced as an output end. Free-space optics were employed at the output of the amplifier. An
aspheric lens was set on a 3-axis translational stage to collimate an output beam, delivered from
the fibre patch chord. A dichroic mirror was utilised to filter the residual pump. Figure 6.12
presents the output power efficiency of the second-stage amplifier, exhibiting an increasing
output power with a slope efficiency of 31.4%. The amplifier generates an output power of 1 W at
the pump power of 3.8 W. It is worth mentioning that the output power was limited to 1 W to
prevent possible damage to the fibre patch chord, which might cause difficulties for laser delivery
and maintenance in practical applications. The 6-LD EDFL and the second-stage amplifier were

set on a compact, thermally stabilised-platform, as shown in Figure 6.11(b).
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Figure 6.11 (a) Schematic of the second stage amplifier, and (b) picture of the second stage
amplifier set on the erbium-doped fibre pump laser (together with the grating-pair compressor as
a free-space optical setup). HWP: half-waveplate; PM-WDM: polarisation-maintaining
wavelength-division-multiplexer; PM-TDF: polarisation-maintaining thulium-doped fibre; LD:
laser diode; PM-ISO: polarisation-maintaining isolator.
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Figure 6.12 output efficiency of the second stage thulium-doped fibre amplifier.
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Output spectra at each positionin the laser system are presented in Figure 6.13. The results reveal
that there is no notable nonlinearity distortion in the amplifiers. The final output spectrum of this

laser has a high OSNR of ~30 dB.
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Figure 6.13 Comparison of output spectrum at each stage in the laser system

6.3.2.4 Pulse compressor

The output pulse duration can be de-chirped to the hundreds-of-fs level by using a grating-pair
compressor, setting with free-space optics components after the amplifier, as shown in Figure
6.11 (b). An isolator was employed to ensure the directional transmission of the signal and to
prevent any potential back reflection. A half-waveplate (HWP) was placed at the entrance of the
isolator to optimise the transmitted power regarding to its polarisation-dependent loss. Gold-
coated mirrors were used to guide the transmitted light to incident onto the transmission grating
with a density of 900 lines/mm. The grating transmission was optimised by adjusting another HWP
employed at the output of the isolator. Another identical grating was mounted in parallel to the
first grating. The separation distance between these gratings can be adjusted to achieve the
shortest compressed pulse duration. A reflective hollow roof mirror is used to reflect this signal
back to the grating pair at a slightly different position and complete double-pass propagation as
the ‘Treacy configuration’ compressor (Section 2.6.3). Figure 6.14 depicts the ACF trace of the
shortest compressed pulse duration, equivalent to the pulse duration of ~493 fs, with Gaussian-
pulse assumption. Due to the insertion loss of guided-optics components in the compressor, the
average power of the compressed pulse was ~600 mW, equivalent to the pulse energy of ~40 nJ

(with an estimated peak power of ~81 kW).
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Figure 6.14 Compressed pulse duration at the output pulses.

The schematic of the laser system is presented in Figure 6.15(a). Each stage of the system was
mounted on a 30 x 60 cm optical breadboard and placed in a stacked configuration, as shown in
Figure 6.15(b). The total height of this laser was 50 cm. The laser has been delivered to our external
project partner laboratory at the University of Nottingham, where it is employed as a reliable light
source in biomedical imaging experiments with adaptive optics. The laser has provided consistent

output pulse properties, confirming the robustness of this system.
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Figure 6.15 (a) Schematic of the 1840-nm all-polarisation-maintaining laser system, and (b)
picture of the laser system.

6.4 Summary

In this chapter, | have demonstrated the development of a 1840-nm all-PM laser system, which
can be employed for functioning as areliable light source in biomedical imaging experiments. The
laser is robust and can be operated as a ‘turnkey’ light source. The laser generated output pulses
at a central wavelength of 1840 nm with a pulse energy of 40 nJ and a pulse duration of 493 fs. The
The laser has been delivered to our external project partner at the University of Nottingham. The

biomedical imaging experiments are still ongoing by the time of the thesis submission.
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Chapter7 All-PM dissipative-soliton mode-locked
fibre laser enabled by NALM

In this chapter, | present an experiment to develop an all-fiberised PM dissipative-soliton ML-
TDFL, enabled by a nonlinear amplifying loop mirror saturable absorber. To the best of my
knowledge, this is the first demonstration of the nJ-level dissipative soliton with an all-fibre, all-
PM ML-TDFL at the SWIR, enabled by NALM-SA. Various advanced techniques have been
incorporated to achieve the desired pulse properties. Single-pulse ML laser operation with a
central wavelength of 1860 nm and a pulse energy of 1.5 nJ was demonstrated. The output pulse
duration was compressed to a pulse duration of 539 fs. This cavity design also has great potential
to be developed for biomedical imaging applications, with the advantages of having wide spectral

wavelengths, high power handling, and less degradation.

This chapter consists of three sections. The first section explains the background of the NALM-
based ML-TDFL. Detailed information on ML cavity development is given in the second section.
This chapter is summarised in the final section. It is worth noting that the contents in this chapter

have been published in [207] © 2025 Optica Publishing Group. (Creative Commons Attribution 4.0

License) Further distribution of this work must maintain attribution to the author(s) and the

published article's title, journal citation, and DOI.

7.1 Background

A saturable absorber is one of the key elements in passively mode-locked fibre lasers. In the
previous chapters of this thesis, | have reported on ML-TDFLs using material-based SAs, i.e.,
SESAM (Chapter 3) and CNTs (Chapter 4). These SAs offer the advantage of controllable optical
properties through the material structure design [76] and fabrication process [32]. However, the
material-based SAs may encounter several potential technical problems, i.e., limited operating
bandwidth [79], low damage threshold [76], or short lifetime [80]. To resolve these issues, fibre-
based SAs can be utilised [81]. The saturable loss of fibre-based SAs depend on Kerr nonlinearity
in opticalfibres [25, 208, 209]. Therefore, fibre-based SAs offer significant improvements in power
handling, wavelength limitations, and lifetime [82]. ML-TDFLs have been demonstrated using
various fibre-based SAs, including nonlinear polarisation rotation [49, 60, 210], nonlinear optical

loop mirror (NOLM) [37, 211], and nonlinear amplifying loop mirror (NALM) [35, 160, 212].

Net cavity dispersion is another important factor that controls the output pulse properties of ML
lasers. Typically, single-mode fibres provide anomalous dispersion at 2-um wavelengths [22].
Several all-fiberised PM ML-TDFLs have been demonstrated using all-anomalous dispersion
fibres [25, 35, 37]. However, these cavities operate in the conventional-soliton regime, which
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limits pulse energy to the plJ-level. To achieve higher pulse energies, dispersion management is
required [21]. Stretched pulse ML cavities can be achieved by managing the net cavity dispersion
to be close to zero [21]. In this regime, the oscillating pulses are periodically stretched and
compressed, resolving the limitations of conventional soliton [174]. All-PM stretched-pulse ML-
TDFL has been demonstrated in afigure-of-nine NALM cavity [213]. A near-zero net dispersion was
satisfied by employing a 0.6-m length of PM dispersion compensation fibre (PM-DCF). This cavity
generates ML operation at a wavelength of 1990 nm with a high repletion rate (121.3 MHz), and a
low output pulse energy (0.3 nJ). The net cavity dispersion can be further increased into nhormal
dispersion to achieve a dissipative soliton [21]. An all-PM dissipative-soliton ML-TDFL has been
reported in a figure-of-eight configuration with a net dispersion of 0.14 ps? [205]. This cavity
generates ML operation at a central wavelength of 1950 nm. However, the output power was only
0.12 mW at a repetition rate of 16.52 MHz, consequently, the output pulse energy was calculated
to be only ~7 pJ. This issue might be caused by a high splice loss between the PM-DCF and other

SMFs due to a large mode field diameter (MFD) mismatch.

7.2 NALM-based all-PM mode-locked fibre laser

In this section, | explain the development of an all-fiberised PM dissipative-soliton ML-TDFL,
enabled by NALM-SA. This cavity was designed to demonstrate a pulse energy exceeding 1 nJ. The
cavity includes one of the solutions to overcome the limitations of material-based SAs, namely a
NALM-SA, in this experiment a 2x2 tuneable coupler (TC; FTDC-P-155-NO, Phoenix Photonics)
was used. Figure 7.1(a) shows the image of the TC, allowing the manual adjustment of the
coupling ratio via a calibrated tuning knob. The coupling ratio at different knob positions is
presented in Figure 7.1(b). The effective transmission and the modulation depth of the NALM-SA
can be controlled by changing the coupling ratio, according to the formula as stated in equation
(2.32) (see Section 2.3.2.4). Figure 7.1(c) presents the calculated power-dependent
transmittance derived from the equation. With varied coupling ratios, the results reveal different
behaviours of saturable absorption and modulation depth in the NALM-SA. It exhibits a larger
modulation depth at a smaller coupling ratio, indicating more favourable SA properties that assist
ML initiation. However, higher powers are required to achieve the maximum transmission. In
contrast, a larger coupling ratio results in a higher transmission, especially at powers below the
“overdriven fluence regime”, where the transmission decreases with higher power [208].
Accordingly, NALM-SA associated with the TC can be configured to enhance the ML initiation and

optimise the transmission for high output powers.
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Figure 7.1 (a) Picture of the 2x2 tuneable coupler, (b) transmittance of the tuneable coupler at
different knob positions, and (c) transmittance of the NALM-SA at different pump powers with
various coupling ratio (r). AT represents the modulation depth. The content in this figure was
reproduced from my own publication [207]. © 2025 Optica Publishing Group (Creative Commons
Attribution 4.0 License)

Figure 7.2 presents a schematic of the NALM-based all-PM ML-TDFL, consisting of two fibre loops.
A PM isolator (PMI) was employed in the unidirectional ring (UR; left) to ensure the oscillation
direction. A PM output coupler (PM-OC) was spliced in the UR to extract 70% of oscillating power
as the laser output. A fiberised Lyot filter (LF) was constructed using a 0.2-m length of PM-SMF
positioned on the fibre tail between the PM-OC and the PMI. The offset-spliced method (explained
in Section 5.2.2) was incorporated to prevent temporal walk-off and polarisation-dependent
group velocity dispersion in the pulse-mode operation [165, 166]. Figure 7.3 illustrates a
comparison of the wideband spectrum (black curve) and filtered spectrum after the LF (red
curve). The results reveal a periodic bandpass filter with the maximum transmission at a central
wavelength around 1860 nm with an insertion loss ~0.3 dB. From this measurement, the FSR and
the FWHM are determined to be 40.4 nm and 20.9 nm, respectively. These measured values are
in good agreement with the theoretically calculated FSR and FWHM, which are 40.7 nm and
20.4 nm, respectively [202, 203].
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Figure 7.2 Schematic of an all-fiberised, polarisation-maintaining (PM) thulium-doped fibre laser
based on a nonlinear amplifying loop mirror (NALM). TC: tuneable coupler; WDM: wavelength-
division-multiplexer; TDF: thulium-doped fibre; DCF: dispersion compensation fibre; EDFA:
erbium-doped master oscillator fibre amplifier; OC: output coupler; PMI: polarisation maintaining
isolator; LF: Lyot filter. The content in this figure was reproduced from my own publication [207].
© 2025 Optica Publishing Group (Creative Commons Attribution 4.0 License)
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Figure 7.3 (black curve) wideband input spectrum, and (red curve) filtered spectrum with the Lyot
filter. The content in this figure was reproduced from my own publication [207]. © 2025 Optica
Publishing Group (Creative Commons Attribution 4.0 License)

The oscillating signal from the UR was coupled into the NALM loop (right loop in Figure 7.2)
through the TC, with a controllable coupling ratio, as previously explained. A 1563-nm CW-seeded
EDFA (EDFA; EAD-5K-C, IPG Fibertech) was employed to supply a pump signal with a maximum
power of 7W. The pump signal was coupled through a 1560/1840-nm PM-wavelength-division-
multiplexer (PM-WDM) into a 15-cm length of PM thulium-doped fibre (TDF; PM-TDF-10P/130-HE,
Coherent) to select the SWIR. The PM-TDF has low insertion loss when spliced to PM-SMF and
provides sufficient gain with a short length, hence reducing the nonlinearity. It is worth noting that
this short TDF section also minimises the re-absorption effect and favours the ML operation at

106


https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

short wavelengths [112]. Another PM-WDM was connected at the end of the TDF to filter out the
residual pump. A nonreciprocal phase delay was employed to introduce an additional halfof a
phase difference between counter-propagating pulses as a bias to reduce the ML threshold [82].
A 5-m length of PM-DCF (PM2000D, Coherent) was utilised to manage the net cavity dispersion.
The splice connections between PM2000D and PM-SMF were incorporated with the bridge-fibre
splice method, as explained in Section 5.3.2. The total splice loss at 1860 nm was ~2.2 dB, which
was significantly improved compared to a direct splice, which has a total loss of ~5.3 dB. This

cavity has a total length of 13.1 m with an estimated net dispersion of ~0.02 ps?.

With a pump power of 1.4 W and a coupling ratio of 0.6, the cavity generated a self-start, double-
pulse ML operation. Subsequently, the single-pulse ML operation was realised by gradually
reducing the pump power to 1 W and the output power optimised by adjusting the coupling ratio
to 0.8. The single-pulse output power increases with pump power, yielding a linear slope
efficiency of 9.5%, as shown in Figure 7.4(a). The maximum output power was measured to be
~23.8 mW at a pump power of 1.1 W. It is worth noting that the residual pump was measured to
be ~8 mW at the maximum pump power. The output spectra at different powers are presented in
Figure 7.4(b), exhibiting the sharp-edge, flat-top shape typical of a dissipative soliton [175]. At the
maximum output power, the spectrum exhibits a central wavelength of 1860 nm with a 3-dB

bandwidth of 18.6 nm.
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Figure 7.4 (a) Output powers and (b) output spectra of the laser at different powers. The content
in this figure was reproduced from my own publication [207]. © 2025 Optica Publishing Group
(Creative Commons Attribution 4.0 License)

An oscilloscope trace was recorded using a 10-GHz bandwidth InGaAs photodiode (ET-5000F,
EOT) with a 1-GHz mixed signal oscilloscope (MSO7104A, Agilent Technologies). Figure 7.5(a)
presents a stable pulse train, indicating an intracavity round-trip time of 64.2 ns, corresponding
to arepetition rate of 15.5 MHz. The repetition rate is in good agreement with the estimated value
from the total cavity length. Additionally, this repetition rate agrees with the measured radio

frequency (RF) spectrum, recorded by a 3-GHz-bandwidth RF spectrum analyser (RSA3303A,
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Tektronix). Figure 7.5(b) illustrates a 100-kHz-span RF spectrum, acquired at 200-Hz-bandwidth
resolution, revealing a fundamental frequency at 15.55 MHz. The RF spectrum has a high signal-
to-noise ratio (SNR) of ~70 dB, indicating stable mode-locked operation. Figure 7.5(c) depicts a 1-
GHz-span RF spectrum, which confirms stable ML operation without any parasitic instabilities.

Therefore, the maximum output pulse energy is calculated to be 1.5 nJ.
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Figure 7.5 (a) Oscilloscope trace, (b) radio frequency (RF) spectrum with 100-kHz span at the
fundamental frequency, and (c) RF spectrum with 1-GHz span of the laser output signal. The
content in this figure was reproduced from my own publication [207]. © 2025 Optica Publishing
Group (Creative Commons Attribution 4.0 License)

The output pulse duration was measured using an autocorrelator (pulseCheck NX150, APE). An
autocorrelation (ACF) trace with a FWHM of 9.8 ps is presented in Figure 7.6(a), equivalent to an
actual pulse duration of 7 ps based on the Gaussian-shape assumption. To de-chirp the output
pulses, a grating-pair compressor, consisting of a pair of 900 line/mm transmission grating, was
utilised. Figure 7.6(b) presents the ACF trace for the compressed pulse, achieving the shortest
pulse duration of 539 fs. The time-bandwidth product (TBP) of the compressed pulse is 2 times
larger than the Fourier transform limit. This might be attributed to some nonlinear chirp in the

pulse that could be improved by managing the higher-order dispersion inside the cavity [64, 195].
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Figure 7.6 Autocorrelation trace of (a) the uncompressed pulses and (b) compressed pulses with
the grating-pair compressor. The content in this figure was reproduced from my own publication
[207]. © 2025 Optica Publishing Group (Creative Commons Attribution 4.0 License)
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The single-pulse output properties were continuously monitored over 6 hours in a normal
laboratory environment to observe laser stability. Figure 7.7(a) presents the output power stability
of the ML operation, revealing stable output power with a small fluctuation of £1.5%, which is
attributed to pump power fluctuation. Figure 7.7(b) demonstrates a good repeatability of the

output spectrum, acquired with 1-hour time intervals, over the experiment session.
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Figure 7.7 (a) Output power stability and (b) output spectra measured at 1-hour time intervals for
6 hours in normal laboratory environment. The content in this figure was reproduced from my own
publication [207]. © 2025 Optica Publishing Group (Creative Commons Attribution 4.0 License)

7.3 Summary

In this chapter, | reported the demonstration of a nJ-pulse-energy, all-fibre, all-PM dissipative-
soliton ML-TDFL, switched by a NALM-SA. The cavity generates ultrashort pulses at a central
wavelength of 1860 nm with a pulse energy of 1.5 nJ and a compressed pulse duration of 539 fs.
The ML operation in this cavity was enabled by a fibre-based SA that mitigated the technical
challenges of material-based SA. | believe that this cavity design can be further optimised,
especially for the self-start mechanism and ML operation at short wavelengths, which has great

potential to support nonlinear biomedical imaging experiments.
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Chapter8 Conclusions and future works
8.1 Summary of the thesis

In summary, | have studied ML-TDFLs with different cavity designs, which generated ultrashort
dissipative-soliton pulses within the SWIR region. These cavities have potential to support
applications in deep tissue biomedical imaging experiments. | presented an all-fiberised SESAM-
based non-PM ML-TDFL, generating a dissipative-soliton mode-locking at a central wavelength of
1875 nm. The cavity delivers output pulses with an energy exceeding 10 nJ and a compressed
pulse duration of 548 fs. In order to achieve 10-nJ-energy pulses while maintaining ML operation
at relatively short wavelengths (i.e., <1900 nm), the cavity needs to be carefully designed. This
cavity holds high potential to enhance the overall simplicity of the laser system and supports the

imaging applications. However, the wavelength choice was limited by SESAM availability.

To mitigate the limitations of wavelength in SESAMs, | explored new CNT-SAs, which were
developed by our research collaborator at the Cambridge Graphene Centre, University of
Cambridge. These CNT-SAs exhibit great potential for facilitating ML operation within the SWIR
range, especially at short wavelengths toward 1800 nm. Additionally, the CNT-SAs demonstrated
various wavelength-dependent transmissions and saturable absorption mechanisms based on
their physical properties, which are beneficial for ML cavity design. By utilising the CNT-SA, | have
demonstrated a compact, all-fiberised ML-TDFL operating at a central wavelength of 1847 nm
with a compressed pulse duration of 381 fs. This cavity provides self-starting ML operation and
has been employed as a seed laser in the MOFA system, delivered for biomedical imaging

experiments.

| have presented, to the best of my knowledge, the first nJ- level all-PM dissipative-soliton ML-
TDFL enabled by CNT-SA. To address the difficulty of splicing commercially available PM-DCF to
PM-SMF, I incorporated a bridge-fibre splice method that reduces splice loss and ensures high PM
performance. The cavity was carefully designed to feature a net normal dispersion and included
a bandpass filter within the all-fiberised design, facilitating the dissipative-soliton operation. This
cavity generates ultrashort pulses at a central wavelength of 1876 nm, a compressed pulse
duration of 391 fs, and a pulse energy of 1.1 nJ. Due to the all-PM configuration, this cavity
exhibited a ‘turnkey’ ML operation and demonstrated high tolerance to perturbations. The ML
operation can be stably maintained for several hours in a laboratory environment. The findings

from this experiment were published in Optics and Laser technology [197].

| have developed an all-PM ML-TDFL MOFA system that can be delivered to function as a reliable

source in biomedical imaging experiments. A ML cavity was optimised to operate at a central
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wavelength of 1840 nm with an uncompressed pulse duration of 4.3 ps. This cavity was
implemented in the MOFA system to supply the seed signal for the CPA, where the output pulses
were chirped and amplified to achieve tens of nJ pulse energies. Subsequently, the amplified
pulses were de-chirped with a grating-pair compressor. At the laser output, the pulses have a
compressed pulse duration of 493 fs with an average power of ~600 mW, equivalent to the pulse
energy of ~40nJ. This laser was delivered to the University of Nottingham, and utilised for
biomedical imaging experiments, and since has exhibited good robustness and reliability without

any major issues.

Finally, | have demonstrated an all-PM ML-TDFL using NALM-based SA. This fibre-based SA has
great potential to resolve wavelength-dependent limitations and enhanced power handling within
the cavity. When suitably designed, the cavity achieved 1.5-nJ-pulses with a central wavelength
of 1860 nm and a compressed duration of 539 fs. This work has been reported in Optics Express
[207]. This cavity design can be further developed to support shorter operating wavelengths,
which should enhance the performance of deep-layer biomedical imaging. Table 8.1 presents an
overview of key performances for ML-TDFLs developed in the experiments.

Table 8.1 Overview of key performances of mode-locked thulium-doped fibre lasers developed in
the experiments

Fibre Self-start with High
SA A(hm) E,(n)) t(fs) RR(MHz2)

type single pulse robustness
Non-PM SESAM 1875 10.3 548 18.44 Yes No
Non-PM CNT 1847 0.05 381 20.37 Yes No
All-PM CNT 1876 1.1 391 19.20 Yes Yes
All-PM CNT 1840 0.1* 493 15.15 Yes Yes
All-PM NALM 1860 1.5 539 15.55 No** Yes

SA denotes the saturable absorber, A represents the central wavelength, E,, is the pulse energy, T

is the compressed pulse duration, and RR is the repetition rate.

* Pulse energy was amplified to ~40 nJ at the laser output, i.e., after the MOFA and pulse

compressor.

** The cavity generated a self-start with double-pulse ML operation.
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8.2 Future work

8.2.1 SESAM-based all-PM ML-TDFL

In this thesis, | have demonstrated all-PM ML-TDFLs using different SAs. By utilising the CNT-SA,
the ‘turnkey’ ML-TDFLs generated single-pulse ML operation once the ML threshold is satisfied.
However, these CNT-SAs need to be specifically designed and fabricated by our research
collaborator as they are not yet commercially available. Furthermore, the CNT-SA has limited
capability to support several nJs pulse energies due to their damage threshold limits [76]. To
mitigate this issue, power handling can potentially be improved by utilising fibre-based SAs,
however, the challenge is a clear self-start mechanism that is turnkey, rather than reliant upon
adjustment to initiate a single-pulse ML operation. These limitations could potentially be resolved
by using SESAMs, which are capable of enabling 10-nJ-energy ML pulses, as | have demonstrated
in Chapter 3. Additionally, the SESAM is a commercially available material that can be designed
and fabricated by suppliers. The structure of the distributed Bragg reflector can be carefully
adjusted to support desired wavelengths, while ensuring proper saturable absorption mechanism
and spectral response. An idealised schematic of an all-PM ML-TDFL is presented in Figure 8.1.
By incorporating with the bridge-fibre splice method (explained in Section 5.3.2), the connection

between PM2000D and PM-SMF can be optimised.

[\
PM-WDM l

v/ SESAM %

PM-DCF PM-CIR

Figure 8.1 Idealised schematic of an all-polarisation maintaining (PM) mode-locked thulium-fibre
laser with semiconductor saturable absorber mirror (SESAM). EDFA: erbium-doped master
oscillator fibre amplifier; PM-WDM: PM-wavelength-division-multiplexer; PM-TDF: PM-thulium-
doped fibre; PM-OC: PM-output coupler; and PM-CIR: PM circulator.
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8.2.2 Short-wavelength all-PM ML-TDFL with combined filters

In order to improve the performance of biomedical imaging experiments, ultrafast pulses at
wavelengths below 1800 nm are preferred. Generally, these wavelengths can be supported by the
TDFs. However, the cavity needs to be carefully designed, including employing suitable SAs. In the
thesis, | have utilised several types of SAs for supporting ML operation at short wavelengths.
However, it is still challenging to achieve dissipative-soliton ML operation at wavelengths below
1800 nm. For a balanced dissipative effect, the cavity needs to be controlled to have a net normal
dispersion with a proper bandpass filter. For instance, a dissipative-soliton ML-TDFL has been
demonstrated at a central wavelength of 1746 nm with a compressed pulse duration of 370 fs,
however, it had an output pulse energy of 0.2 nJ [19]. This cavity required a 1740-nm bandpass

filter to confine the operating wavelength.

As demonstrated in this thesis, the Lyot filter can be used as a bandpass filter function with
varying bandwidths, depending on the fibre lengths. However, the maximum transmission is
controlled by the overall wavelength-dependent loss of the cavity. To facilitate a bandpass filter at
wavelengths of interest, the LF can be combined with a fiberised 1800-nm short-pass filter to
eliminate longer wavelengths. Figure 8.2 presents an idealised schematic of an all-PM ML-TDFL
with the combined filters. By incorporating with a proper cavity optimisation, the all-fiberised

dissipative-soliton ML-TDFL can be achieved at short wavelengths.

PM-TDF PM-OC
A 1800-nm
PM-WDM l SESAM short-pass filter
\/
Lyot filter
PM-DCF PM-CIR

Figure 8.2 Idealised schematic of an all-polarisation maintaining (PM) mode-locked thulium-fibre
laser with semiconductor saturable absorber mirror (SESAM). EDFA: erbium-doped master
oscillator fibre amplifier; PM-WDM: PM-wavelength-division-multiplexer; PM-TDF: PM-thulium-
doped fibre; PM-OC: PM-output coupler; and PM-CIR: PM circulator.
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