
 

 

 

University of Southampton Research Repository 

Copyright © and Moral Rights for this thesis and, where applicable, any 

accompanying data are retained by the author and/or other copyright owners. A 

copy can be downloaded for personal non-commercial research or study, without 

prior permission or charge. This thesis and the accompanying data cannot be 

reproduced or quoted extensively from without first obtaining permission in 

writing from the copyright holder/s. The content of the thesis and accompanying 

research data (where applicable) must not be changed in any way or sold 

commercially in any format or medium without the formal permission of the 

copyright holder/s.  

When referring to this thesis and any accompanying data, full bibliographic 

details must be given, e.g.  

Thesis: Author (Year of Submission) "Full thesis title", University of Southampton, 

name of the University Faculty or School or Department, PhD Thesis, pagination.  

Data: Author (Year) Title. URI [dataset] 

 





 

 



UNIVERSITY OF SOUTHAMPTON

FACULTY OF ENGINEERING AND PHYSICAL SCIENCES

Optoelectronics Research Centre

Novel ultra-fast pulsed laser sources for bio-imaging applications

by

Duanyang Xu

A thesis for the degree of Doctor of Philosophy

Supervisors: Dr Lin Xu

Prof Sumeet Mahajan

Prof David Richardson

September 14, 2023

mailto:dx1a17@soton.ac.uk




UNIVERSITY OF SOUTHAMPTON

ABSTRACT

FACULTY OF ENGINEERING AND PHYSICAL SCIENCES

Optoelectronics Research Centre

Doctor of Philosophy

NOVEL ULTRA-FAST PULSED LASER SOURCES FOR BIO-IMAGING

APPLICATIONS

by Duanyang Xu

This thesis presents new techniques for the development of compact and reliable laser

sources using advanced fibre laser technology, aiming to enhance the multiphoton mi-

croscopy (MPM) for biomedical imaging applications.

Our work explores second-order multiphoton-based imaging systems, including second

harmonic generation (SHG), two-photon exited fluorescence (TPEF), and coherent anti-

Stokes Raman scattering (CARS) microscopy. These systems require picosecond (ps)

pulsed lasers with specific spectral and tunability characteristics. I demonstrate a com-

pact, continuous wave (CW) seeded, synchronization-free optical parametric amplifier

(OPA), bypassing the complex cavity design of optical parametric oscillators (OPOs).

The OPA with 175 mW power level, 8 cm−1 spectral resolution, and 2 ps pulse duration

is optimized for CARS microscopy, with rapid and precise tuning achieved through the

periodically-poled lithium niobate (PPLN) OPA crystal. We also delve into third-order

multiphoton imaging and three-photon microscopy (3PM) systems, which offer improved

resolution and penetration depth. These systems require ultrafast laser excitation in the

short-wave infrared (SWIR) region, hence necessitating efficient fibre lasers. We de-

velop and optimize mode-locked thulium-doped fibre lasers for these applications. An

all-fiberized 1840-nm thulium-doped laser, with a chirped-pulse-amplification system,

generates pulses of 7 ps and 1nJ energy. After compression, the pulses deliver 120 kW

peak power, enabling successful label-free third-harmonic generation (THG) microscopy

imaging. Furthermore, we address environmental sensitivity of non-polarization main-

taining (PM) fibre lasers and propose the use of all-PM fibre lasers for better stability

and robustness. We develop an all-PM thulium-doped dissipative soliton mode-locked fi-

bre laser, employing nonlinear optical loop mirror (NOLM) mechanism, delivering pulses

with 4nJ energy and 350fs width.

By enabling several multi-photon techniques using compact laser sources, our work paves

the way for the translation of label-free multi-photon microscopy imaging from scientific

research to an imaging-based diagnostic tool for use in the healthcare arena.
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Chapter 1

Introduction

1.1 Motivation

This study was motivated by the need for a quick, non-invasive detection tool for bio-

logical applications. Medical diagnostic techniques have recently been created to satisfy

very precise measurements. One illustration of these techniques is X-ray imaging. Most

X-rays have a wavelength ranging from 10 picometers to 10 nanometers, corresponding

to frequencies in the range 30 petahertz to 30 exahertz (3×1016 Hz to 3×1019 Hz) [29].

The efficiency of an organ to absorb radiation is used to assess its properties and struc-

ture, including the fat, muscle, and bone in the human body. The different absorption

efficiency of each organ provides a variation in a grey-scale intensity at the detection

grid. This information is resolved to provide a topological image of the body. How-

ever, X-ray images are unable to show organs with equal absorption efficiencies in high

contrast. Computer tomography (CT) scans, which are used to increase the detection

effectiveness, can help X-ray imaging provide for three-dimensional examination. An-

other method for topologically detecting organs is magnetic resonance imaging (MRI).

The information is provided by how each organ’s atoms react to the (external) strong

magnetic field differently [94]. However, long examination times and huge instruments

are needed for MRI and CT scans. In addition, no metallic or magnetic material should

be placed in the MRI or CT scanning region since this could cause magnetic attenuation

and cause the scans to fail. Patients with metallic artificial implants will have prob-

lems when taking these examinations. Another method for inspecting inside organs is

an ultrasound scan [85]. Sound waves are transmitted into the body by an ultrasound

probe. It reflects off of organs, producing “echoes” that can be resolved to produce an

image of the scanning area in real time. This method performs relatively well for quick

tomography analysis, but the sample specification and precision fail to meet patient

needs.

1
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Optical imaging employs light and the unique characteristics of photons to acquire com-

prehensive images of tissues, organs, cells, and molecules. This approach provides small

or even non-invasive techniques for examining the interior of the body, which can con-

siderably diminish patient exposure to harmful radiation such as X-ray and can be

employed for ongoing procedures to track the evolution of disease or the outcomes of

treatment. Multiphoton microscopy (MPM) has progressively cemented its position as

one of the top non-invasive methods for fluorescence microscopy in tissue samples and

living animals or human-beings in the realm of biological imaging.

MPM represents a laser-scanning microscopy method that relies on localized ‘nonlin-

ear’ excitation to induce fluorescence exclusively within a narrow raster-scanned plane,

leaving other areas unaffected. Since W. Denk’s initial demonstration in 1990 [48],

MPM has been utilized for various imaging purposes, and it has emerged as the pre-

ferred technique for fluorescence microscopy in dense tissue and living organisms [221].

Neuroscientists have employed it to examine detailed calcium dynamics in brain slices

[213, 116, 163, 184, 44, 118, 62, 145, 105, 166] and in living creatures [181, 78, 178], to

investigate neuronal plasticity [182], and to track the progression of neurodegenerative

disease models by monitoring brain sections [102] and live mice [9, 41, 10, 45]. MPM has

been extremely useful for various fields of research. Cancer researchers have utilized it

to investigate angiogenesis [20, 125] and metastasis [194, 204]. Immunologists have used

MPM to study lymphocyte trafficking [23, 133, 196, 132, 2]. Additionally, embryologists

have employed MPM to capture the development of a hamster embryo over the course

of a day [174]. MPM has found its most crucial niche in applications that involve high-

resolution imaging of morphology, physiology, and intercellular interactions in tissues

and living animals [221].

MPM exhibits several notable features compared to one-photon microscopy, such as

widefield fluorescence and confocal microscopy. The first characteristic is the smaller

point spread functions, which inherently eliminate most out-of-plane fluorescence and

provide extremely thin optical sectioning. This occurs because only the focal point of

the objective lens has a sufficiently high photon density to ensure the concurrent presen-

tation of two photons to the fluorophore. Essentially, it can be stated that multiphoton

microscopy eliminates out of focus emission light such that all light observed at the emis-

sion wavelength must originate from that single location. Furthermore, this technique

uses longer wavelengths of light to excite molecules, thereby reducing scattering in tissue

types such as the brain. As a result, 2PEF allows imaging of deeper regions of living

tissues, with a range of up to roughly 1.6 mm [99], which is significantly greater than the

approximately 200 µm that can be imaged with single photon confocal microscopy. Con-

sequently, multiphoton microscopy offers enhanced optical access into tissue compared

to single-photon fluorescence microscopy and also permits 3D visualization of structures

[124].
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The utilization of two photon process in multi-photon microscopy (MPM) encompasses a

range of techniques, including two-photon excited fluorescence (TPEF), second harmonic

generation (SHG), and coherent anti-Stokes Raman scattering (CARS) microscopy. In

contrast to TPEF and SHG microscopy, CARS microscopy obtains contrast straight

from Raman-active vibrational modes in molecules and necessitates a pair of synchro-

nized pulsed lasers operating at distinct wavelengths. As a label-free technique, CARS

presents considerable benefits such as chemical specificity and z-sectioning capability in

comparison to widely-used fluorescence-based one-photon imaging approaches. It also

provides considerably quicker signal acquisition times than Raman spectroscopy [38, 56].

In biological imaging, CARS is almost an ideal technique for investigating lipids and

their metabolism[223], and it can differentiate lipids from proteins through its contrast

mechanism[114]. Furthermore, CARS can be integrated with other nonlinear imaging

techniques like TPEF [49] and SHG [28] within a single microscope system employing a

multi-channel output scheme[190, 32, 149]. This fusion of imaging methods is achieved

through a method termed multimodal-CARS, which has demonstrated its usefulness in

various applications necessitating structure- and chemical-specific imaging contrast, as

each mode can isolate different sample details [111, 212, 112, 139] and facilitate the imag-

ing of live cells and tissues [138]. Utilizing multimodal-CARS offers a comprehensive

and versatile approach for obtaining structural, molecular, and functional information

about biological samples, enhancing our understanding of complex cellular processes and

biological systems. By capitalizing on the unique advantages of each nonlinear imag-

ing modality, multimodal-CARS paves the way for more accurate and efficient research

across various fields, including cell biology, biophysics, and biomedical research.

For efficient vibrational coherence and fast image acquisition in CARS, it is crucial to

overlap the incident pulses of pump and Stokes in time and space when focused into

the sample tightly. Pulses with a duration of a few picoseconds are generally optimum

for CARS bio-imaging, as their bandwidths align well with the Raman resonance peak

in common cellular structures, while also delivering the high peak powers necessary

for efficient excitation of this nonlinear process. However, the technical intricacy, ele-

vated costs, and substantial footprint of bulk laser-based synchronously pumped optical

parametric oscillator (OPO) sources typically mandate a dedicated optics laboratory for

CARS microscopy, thus limiting its broader adoption. The development of a streamlined

laser system that offers the high performance required for CARS, while maintaining a

compact, robust form and affordability, is an urgent need.

One of the main objectives of this thesis work is to design and develop a new technique

to enable realization of a compact an alow cost laser system that offers few ps pulses

with wide wavelength tunability for multimodal two-photon microscopy such as CARS,

SHG and TPEF microscopy.

In my work, I designed an optical parametric amplifier (OPA) system that employed

a low-power continuous wave (CW) tunable seed laser pumped by 2-ps pulses. The
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OPA provided a very high gain, amplified the seed laser and transformed the CW beam

into a train of 2-ps pulses. In contrast to OPOs, the OPA does not require temporal

synchronization between the pump and the signals and therefore offers good stability,

robustness and compactness. The OPA offers a wavelength tunability that covers the

entire Raman lipid band in biological tissues (∼ 2700 - 3200 cm−1). Good CARS imaging

of animal tissues has been successfully demonstrated using the OPA system. In addition

to providing great CARS imaging capability, the OPA also enables concurrent SHG and

TPEF imaging multi-modality. The powers and beam quality were both well optimized,

enabling us to obtain strong signals in the backward direction compared to the signal

beam (epi-detection), rather than using forward detection that requires thin samples to

allow the signal to be collected. Hence the system offers good potential to be suitable

for imaging clinically-relevant and simple-to-prepare thick samples.

In high-resolution second-order nonlinear optical microscopy, the ability to image deeper

within scattering biological tissue is limited by the signal-to-background ratio (SBR) of

the excitation. To enhance the imaging depth, a useful approach is to employ longer

excitation wavelengths that experience lower attenuation by the tissue.

Figure 1.1: Spectra of attenuation coefficient for head tissues: brain cortex,
cranial bone and skin. Four optical transparency windows are indicated: ∼700
to 1000 nm (NIR-I), ∼1000 to 1350 nm (NIR-II), ∼1550 to 1870 nm (NIR-III
or SWIR) and ∼2100 to 2300 nm (SWIR-II). This figure has been reproduced
from [67], permission granted. © 2018 WILEY - VCH VERLAG GMBH &
CO. KGAA.
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In comparison to CARS, SHG, and TPEF MPM techniques, more photon optical mi-

croscopy methods, such as third-harmonic generation (THG) microscopy and three-

photon excited fluorescence (3PEF), can offer higher signal-to-background ratios (SBR)

and deeper penetration when utilizing femtosecond excitation pulses in the short-wave

infrared (SWIR) range of 1700 nm to 1870 nm, as noted in references [67, 81]. As

illustrated in Figure 1.1, the SWIR presents the lowest attenuation spectral range for

most biological samples, which leads to minimum absorption and scattering effects. This

improved efficiency increases the power delivery of pump signals and enhances the nonlin-

ear signal strength, thereby contributing to superior MPM resolution [81]. Furthermore,

since biomedical samples exhibit less scattering at longer wavelengths, the comparably

long wavelength of SWIR reduces scattering and further enhances the resolution. Addi-

tionally, the SWIR’s higher water absorption compared to other wavelength ranges [202]

limits penetration in human eyes, offering eye-safe operation with SWIR pump signals.

Solid-state laser sources based on an optical parametric oscillator or amplifier technique

involving high-power NIR femtosecond Ti:sapphire lasers and nonlinear frequency con-

verters have been used to demonstrate with good achievements in such higher-order

nonlinear optical microscopies [148, 131]. Compared to such complex and bulky solid-

state lasers, fibre lasers offer significant advantages of high efficiency, good compactness

and robustness as well as good beam quality. Frequency conversion of 1.5-µm fem-

tosecond erbium fibre lasers by soliton self-frequency shifting inside a nonlinear optical

fibre can generate wavelengths within this SWIR region. However, this technique has

a relatively low energy-conversion efficiency and the output wavelength and pulse en-

ergy are highly sensitive to the coupling efficiency into the nonlinear fibre [106, 193].

Thulium-doped fibres (TDF) exhibits a broad emission spectrum, spanning from 1600

nm to 2100 nm covering the entire SWIR region and hence represents an attractive gain

medium for femtosecond fibre lasers that have potential in such imaging applications

[191, 110]. Generally, silica-glass based TDF lasers operate at wavelengths beyond 1900

nm, where the emission cross sections of Tm3+ ions in silica are large and high optical

gain can be obtained. A TDF laser system generating 297 fs pulses at 1925 nm with

pulse energy up to 1.27 µJ has been demonstrated [158]. However, it is challenging

to operate short-pulsed TDF laser at the SWIR wavelengths with high pulse energy

due to the quasi-three-level nature of the thulium transition and the need for careful

management of nonlinearity, dispersion and spectral filtering in such laser systems. A

mode-locked (ML) TDF laser operating at 1746 nm has been reported (but with a low

power efficiency), generating pulses with an energy of only 0.2 nJ, based on nonlin-

ear polarization rotation (NPR), and which usually results in poor self-starting of the

mode-locked laser [33]. Through the development of a dispersion engineered TDF, a

mode-locked laser operating in the 1.7 - 1.8 µm region has been demonstrated and a

pulse energy of 128 nJ obtained in a fibre amplifier system [34]. However, the system

required a complicated fibre geometry design and fabrication process that could prevent

wider application. Instead of using silica-glass TDFs, a 1820 nm fibre laser with pulse
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energy of 1.1 µJ was developed by using fluoride-glass TDFs and 3PM imaging of a

mouse brain by using such a laser was demonstrated [143]. However, a key challenge

is the ability to splice the fluoride-glass TDFs used in that system to other silica-glass

fibre components, hence, as a consequence, the system is bulky and involves significant

free-space alignment. In addition, special preparation of biological samples is required,

in which fluorescent protein is transfected to facilitate the 3PM imaging.

In this thesis work, I developed an all-fiberized 1840-nm femtosecond laser system based

on standard silica-glass TDFs and successfully demonstrated a proof-of-principle study

of its application in label-free THG microscopy of biological samples from hard and soft

tissues. In addition, I also show the world-first demonstration of a compact, reliable and

stable all-PM thulium-doped dissipative soliton mode-locked fibre laser by commercially

available silica fiber and by nonlinear optical loop mirror (Huang et al. got all-PM

dissipative soliton result at 2-micron [82] but they used silicate based fiber). The all-PM

fibre laser significantly improved the mode locking stability that has proven to be critical

for THG microscopy imaging experiment.

1.2 Thesis structure

This thesis is composed of 6 Chapters.

Chapter 1 introduces the background of this thesis. It discusses the motivation of my

PhD project and describes the thesis structure.

Chapter 2 discusses the related theoretical and technological background of my PhD

work. Topics including theories of thulium doped fibres, mode-locked fibre lasers, chirped

pulse amplification, optical parametric processes, as well as an overview of multiphoton

microscopy.

Chapter 3 focuses on the development of a tunable OPA source for multimodal bio-

imaging. Firstly, a compact OPA followed by a SHG frequency converter has been

developed and characterized by using a nanosecond-pulsed fibre MOPA system as a

pump source in the lab at the ORC. The frequency converter was then moved to a lab

at the IfLS and was integrated into the existing microscope using a picosecond-pulsed

pump laser. Multimodal MPM imaging using the compact frequency converter has been

successfully achieved.

Chapter 4 discusses the development of an 1840-nm femtosecond thulium fiber laser

system and demonstrates label-free THG microscopy imaging applications. Experiments

towards the development of a mode-locked laser and optimization of the amplifiers of

a CPA system are presented. A proof-of-principle study of its application in label-free

THG microscopy of biological samples from hard and soft tissues is also demonstrated.
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Chapter 5 reports the study of an All-PM mode-locked thulium-doped fiber laser I

developed. I demonstrate, to the best of my knowledge, the first experimental realization

of an all-PM thulium-doped 1.9 µm dissipative soliton mode-locked fibre laser by using

a nonlinear optical loop mirror (NOLM) SA. NOLM based mode-locked thulium fibre

laser approaches such as conventional soliton mode locking and stretched pulse mode

locking are also presented. In addition, a SESAM based conventional soliton mode-

locked thulium fibre laser is presented as well.

Chapter 6 gives a concluding summary for the whole thesis work and provides a discus-

sion of possible future directions.

All the images cited from other sources used in my thesis are sourced from open-access

sources. This ensures that the intellectual property rights of the original creators are

respected, and the principle of free dissemination of knowledge is upheld. It also means

that readers of my thesis have the ability to easily access and verify the original sources

of the images, promoting transparency and integrity in my research.





Chapter 2

Theoretical and technological

background

In this Chapter, I discuss the theoretical and technological background knowledge that

is related to the work presented in this thesis. I first briefly discuss the classical theories

of Thulium doped fibre in Section 2.1. Energy level, absorption and, emission properties

and pump solutions for the Tm-doped fibre laser are introduced. In Section 2.2, I dis-

cuss in detail mode-locked fibre lasers. Passive mode locking, saturable absorbers and

mode locked pulse generation are discussed. Section 2.3 discusses the chirped pulse am-

plification technique including the system structure and the basic nonlinear fibre optics

involved in the stretcher and compressor. The optical parametric process is introduced

in Section 2.4. Optical Parametric Amplification and Second Harmonic Generation and

the associated phase matching condition are discussed. Section 2.5 presents multipho-

ton microscopy including Two-photon excited fluorescence microscopy, Second Harmonic

Generation microscopy, Coherent Anti-Stokes Raman Scattering microscopy and Third

Harmonic Generation microscopy.

2.1 Thulium doped fibre

In this Section, I will introduce the optical properties of Thulium ions doped in silica

glass fibres. Firstly, the energy diagram and spectral properties of Tm3+ are discussed.

Then, we examine the possible pumping schemes for Tm-doped fibre laser sources.

2.1.1 Energy levels

The silica fibre doped with Thulium is commonly employed as a gain medium for signal

amplification in the 2 µm waveband. The energy diagram of Tm3+ ions, which includes

9
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four manifolds along with Stark levels for Tm3+ doped crystals or silicate glass fibres,

is depicted in Figure 2.1 (a). The 3F4 → 3H6 transition, with a peak near 1850 nm,

is illustrated in Figure 2.1 (b) and results in a remarkably broad, featureless emission

band, offering an extensive tuning range for lasers and a wide optical bandwidth for

amplifiers. Additionally, the 3H6→3F4 absorption band in Figure 2.1 (b) (red) exhibits

a broad profile due to the increased number of Stark components in the Tm3+ manifolds

and the slightly larger splitting. Thulium-doped silica fibre lasers have been reported

to operate at wavelengths from 1700 nm [14] to 2056 nm [107]. It is evident that the

lower laser level (3H6) is in close proximity to the ground state, resulting in a significant

population in that level under thermal equilibrium. Consequently, the section of the

gain medium without pumping leads to some reabsorption and introduces loss at the

laser wavelength, particularly for shorter wavelengths that are nearer to the ground state

compared to the longer wavelengths. This phenomenon underscores the importance of

considering the impact of the lower laser level population on the overall performance of

Tm-doped silica fibre lasers, especially in the context of achieving optimal output power

and efficiency within the desired wavelength range.

Figure 2.1: (a) Energy level schematic of Tm-Tm energy transfer. (b) Absorp-
tion and emission spectra from 3F4 to 3H5. This figure has been reproduced
from [170], permission granted. © 2008 INSTITUTE OF ELECTRICAL AND
ELECTRONICS ENGINEERS.

The transition from 3H4 to 3H5, corresponding to a 2.3 µm emission, has primarily

been utilized in thulium doped fluorozirconate glass fibre lasers [76]. However, there

have been no reports of laser transitions involving these energy levels in thulium doped
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silica glass fibres. This can be attributed to the exceedingly short lifetime of the 3H4

energy level in silica glass and the low branching ratio from 3H5 [189]. Consequently,

the majority of energy transfer processes for Tm3+ ions revolve around the 3F4 to 3H6

transition, resulting in stimulated emissions of approximately 1.9 µm.

2.1.2 Pump solution

Figure 2.2: Ground state absorption cross section measured from a Tm-doped
silica preform. The insets show measured excited state absorption cross-sections
of the 3F4 → 3F2,3 transition and 3H4 → 1G4 transition. This figure has been
reproduced from [88], permission granted. © 1999 INSTITUTE OF ELEC-
TRICAL AND ELECTRONICS ENGINEERS.
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Figure 2.3: Energy diagram for Tm3+, the numbers in parenthesis show the
calculated lifetime in µs. This figure has been reproduced from [88], permission
granted. © 1999 INSTITUTE OF ELECTRICAL AND ELECTRONICS EN-
GINEERS.

Thulium-doped fiber sources’ potential pumping regimes can be identified by analyzing

the Tm3+ absorption spectrum (refer to Figure 2.2). In the absence of co-doping with

sensitizers [135] like Yb3+ [91] or Er3+/Yb3+ [65], thulium-doped fiber amplifiers exhibit

four pump bands: 660-685 nm [50], 780-800 nm [160], approximately 1200 nm, and 1550-

1750 nm [160]. Figure 2.3 displays the last three pump bands and associated transitions,

while the 660-685 nm band aligns with the 3H6 → 3F2,3 transition. It is crucial to note

that the 660-685 nm and approximately 1200 nm pump schemes are susceptible to excited

state absorption (ESA).

ESA can increase the threshold pump power and diminish the slope efficiency, as well as

potentially shift the laser’s operational wavelength away from the one with the highest

emission cross sections. This occurs because the population of the upper laser level

contributes not only to amplification via stimulated emission but also to absorption pro-

cesses for the pump or laser radiation, in which laser ions are excited to a higher energy

level. In order to achieve optimal efficiency for directly pumped lasers and amplifiers

utilizing thulium doped fibres, it is advisable to circumvent pump bands that coincide

with ESA bands.

Specifically, ESA can occur as a result of the 3F4 → 3F2,3 transition by supplying the
3F4 level with 1050 - 1120 nm pump photons [50], which may also implicate the ∼ 1200

nm pump band [50]. Additionally, the 660 - 685 nm band can initiate 3F4 → 1G4 ESA

[50].

Consequently, the alternative pumping wavelengths, 3H6 → 3H4 and 3H6 → 3F4, have

emerged as the most prevalent choices, utilizing 793 nm and 1600 nm respectively, as

depicted in Figure 2.4. The 793 nm pumping wavelength offers a substantial advantage,
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as the quantum efficiency can exceed 100% and, in theory, attain up to 200%. This

remarkable efficiency stems from the process of cross-relaxation (CR).

As seen in Figure 2.4, upon the excitation of Tm3+ at 793 nm, an electron in the
3H4 state can convey a portion of its energy to another electron in the ground state

(3H6), subsequently leading both electrons to transition to the 3F4 state. In heavily

Tm-doped fibers, this process may represent the primary decay mechanism from the
3H4 state [90, 86, 19, 89]. This phenomenon holds significant importance for the power

augmentation of Tm-doped fiber systems, as it counterbalances the otherwise substantial

quantum defect between the pump and the signal (approximately 2 µm). In [72, 209],

findings indicated that a quantum efficiency exceeding 150% was attained (greater than

60% efficiency) in Tm3+-doped fiber lasers.
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Figure 2.4: Energy level schematic of thulium ions energy transfer. This figure
has been reproduced from [167], IEEE doesn’t need permission for reuse in
thesis. © 2015 IEEE.

The utilization of 1550-1750 nm pumping, also referred to as tandem or in-band pump-

ing, presents a potentially more advantageous approach to attaining the highest power

levels compared to 780-800 nm pumping, as suggested by [160]. This method is sup-

ported by high-power, cost-effective erbium-ytterbium co-doped fiber lasers (EYDFLs)

around 1590 nm, which are capable of providing high-power and high-brightness pump

beams for the thulium-doped fiber system. As a result, core pumping or cladding pump-

ing with a substantially smaller inner cladding is made possible, paving the way for

shorter devices and, consequently, short wavelength operations due to reduced reab-

sorption of short wavelength signals. Furthermore, this technique produces remarkably

high Stokes efficiency (ranging from 75% to 87%) and minimal quantum defect, en-

abling highly efficient performance and diminished thermal load [168]. Reported slope

efficiencies of up to 72% (relative to absorbed pump power) have been achieved [168].

In this thesis we mainly used a 1565 nm pump source for the Thulium doped fibre lasers.

2.2 Mode-locked fibre lasers

2.2.1 Passive mode-locked fibre lasers

Passive mode-locking is a technique that hinges on the manipulation of inherent non-

linear interactions between the propagating pulse and the optical fiber medium. The

mode-locked operation emerges from the interplay between group velocity dispersion
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(GVD) and self-phase modulation (SPM), which results in modulation instability that

converts a continuous-wave (CW) signal into a pulse train [198]. This nonlinear phe-

nomenon involves the intentional introduction of a saturable absorber into a laser cavity,

which subsequently prompts a pulsed regime within the laser systems. In essence, the

inclusion of the saturable absorber within the laser resonator causes reduced power losses

for the intense peak of a circulating ultrashort pulse, as opposed to the higher losses

experienced by low optical power light striking the absorber at other moments. This

mechanism favors the pulse peak, and consequently can be perceived as forming and

stabilizing a relatively short pulse.

Figure 2.5: Temporal evolution of optical gain and loss in a (a) actively mode-
locked laser with a modulator and (b) passively mode-locked laser with a fast
saturable absorber.
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Active mode-locking involves incorporating a modulator into the laser cavity that sinu-

soidally modulates the pulse amplitude, resulting in mode competition, coupling each

mode to modulation sidebands, ultimately causing all modes to couple and phase-lock.

The modulation frequency must be a harmonic of the cavity repetition rate. In con-

trast, passive mode-locking entails introducing components, such as saturable absorbers

(SA), into the laser cavity that favor high intensities which leads to the strengthen-

ing of stronger peaks while weaker ones are compromised, ultimately concentrating all

energy in a single packet (Figure 2.5). Saturable absorption represents the nonlinear

intensity-dependent absorption properties of materials, which can be employed to cre-

ate optical losses for low-intensity modes and bolster the self-starting process in passive

mode-locking resonators. Saturable absorption will be explained further in subsequent

sections. In comparison to active mode-locking, passive mode-locking has the ability

to generate significantly shorter pulses. This is primarily because a saturable absorber

can modulate cavity losses more rapidly than any electronic modulator: the shorter the

circulating pulse becomes, the faster is the loss modulation obtained. Passive mode-

locking simplifies the laser setup by automatic loss modulation synchronization, and no

electronic driver or modulator is necessary.

2.2.2 Saturable absorber

SA is an optical component characterized by a lower absorption loss for light with

stronger optical intensity. Such nonlinear absorption process can happen, for example, in

a medium containing absorbing dopant ions, where a high optical intensity results in the

depletion of these dopant ions’ ground state. Exciting electrons from the valence band

to the conduction band in semiconductors can lead to a decrease in photon absorption

for energies just slightly higher than the band gap energy. [165]

The absorption of the saturable absorber decreases as the intensity of incident light

increases. This relationship between absorption and intensity can be expressed as:

α(I) =
α0

1 + I
Isat

(2.1)

where α(I) represents the transmission, while I denotes the input pulse energy and Isat

refers to the saturation energy.

Figure 2.6 illustrates an instance of absorption variation for these SAs.
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Figure 2.6: Variation of absorption with intensity.

The correlation between absorption of the SA and optical pulse intensity as a function

of time through the pulse is depicted in Figure 2.7.

Figure 2.7: Variation of absorption with time.
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2.2.2.1 Nonlinear polarization rotation

Nonlinear polarization rotation (NPR) is a widely used technique for mode-locked fiber

lasers. It was first introduced in 1992 by V. J. Matsas at the Optoelectronics Research

Centre (ORC) at the University of Southampton [121, 122]. Nonlinear effects such as

self-phase modulation and cross-phase modulation are dependent on the intensity of the

pulse. These effects cause nonlinear phase shifts throughout the duration of the pulse,

ultimately resulting in NPR.

Figure 2.8: The basic structure of NPR.

Figure 2.8 presents a schematic representation to explain the NPR principle. Initially,

the pulse exhibits linear polarization as it traverses the first polarizer and transitions

into elliptical polarization upon going through a quarter-wave plate. Within the optical

fiber, the elliptically polarized light can be separated into two orthogonally linearly

polarized components, denoted as Ax and Ay. As the Ax and Ay linearly polarized

beams transmit through the fiber, distinct nonlinear phase shifts accumulate between

the Ax and Ay polarization directions due to the nonlinear effects of SPM and cross-

phase modulation (XPM). At the right side which is the output side of the fibre, the pulse

is a combination of Ax and Ay, exhibiting varying nonlinear phase shifts throughout the

pulse width. By adjusting half-wave plates and a polarizer at the fiber’s end, a small

portion of the original pulse can be allowed to pass the polarizer with minimal loss.

Consequently, this method enables the realization of a NPR-based rapid artificial SA

suitable for application in fiber laser mode-locking.
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2.2.2.2 Semiconductor saturable absorber mirror

Figure 2.9 depicts the structure of a typical semiconductor saturable absorber mirror

(SESAM). A semiconductor heterostructure (in this case, GaAs/AlAs) grows on a GaAs

wafer (20-40 pairs), with layer thicknesses chosen to be quarter-wave at the laser’s central

operating wavelength. These structures function as quarter-wave Bragg mirrors. A layer

of low index material (AlAs) that is half-wave thick and has a field-maximum in its center

is grown on top of the Bragg mirror. At the peak of the field, a layer of either a compound

semiconductor in bulk or a structure of single or multiple quantum walls is embedded,

serving as a saturable absorber for the laser’s operating wavelength as explained in [96].

Figure 2.9: Schematic of the semiconductor saturable absorber mirror structure

SESAMs have been developed over the years and are extensively utilized in fiber laser

systems including Yb, Er and Tm [68, 217, 157]. SESAMs with varying modulation

depths and response times are commercially available from many companies and can also

be customized. Batop is a company specializing in SESAMs, where detailed information

and customer reviews can be found on their website [15]. SESAMs offer a straightforward

implementation, however, they come at a relatively high cost and are susceptible to

damage when used for prolonged periods or at high power levels. Furthermore, SESAMs

have limited wavelength range. They are sensitive to the wavelength of the incident

light, which limits their applicability to specific wavelength ranges. This means that

they may not be suitable for all laser systems without modification or customization.
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The wavelength dependent reflectivity at low intensity of the SESAM provided by the

supplier is shown in Figure 2.10.

Figure 2.10: Reflective spectrum of commercial SESAM (Batop, SAM-1920-36-
10ps). This figure has been reproduced from [15], in accordance with their open
access policy and terms of use.

The intensity dependent reflection of a SESAM can be estimated by [16]:

R(F ) = 1 − A0Fsat

F

(
1 − e

− F
Fsat

)
−Ans (2.2)

where R(F ) is the intensity dependent reflection versus the pulse fluence F , A0 repre-

sents absorbance, Fsat denotes saturation fluence and Ans stands for non-saturated loss.

In Figure 2.11, the calculated intensity dependent reflectivity using Equation 2.2 is pre-

sented for the SESAM (Batop: SAM-1920-36-10ps) utilized in this thesis experiment.

The figure illustrates an increase in reflectivity with higher optical intensity.
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Figure 2.11: Calculated reflectance curve of the SESAM (Batop SAM-1920-36-
10ps) used in this thesis.

2.2.2.3 Nonlinear optical loop mirror

In 1987, N.J. Doran and D. Wood initially introduced the concept of the nonlinear

optical loop mirror (NOLM) [52]. Figure 2.12 illustrates a typical structure of a NOLM,

which consists of one input port, one output port, a 2 x 2 coupler, and a fiber segment

forming a loop mirror.

Figure 2.12: Schematic of NOLM.

The Kerr nonlinearity can significantly impact ultrashort pulses in NOLM fibres due

to their high peak power. However, if the the coupling ratio is 0.5 and fibre loop is



22 Chapter 2 Theoretical and technological background

symmetrical, any nonlinear phase shifts that occur will not affect the reflectance of the

fibre loop as these phase shifts are identical for light propagation in two directions,

leaving the interference conditions unaltered [165].

To realize a NOLM, an asymmetric design is necessary. One method to achieve asymme-

try is by introducing a rare-earth-doped fiber that can amplify light with proper pump

light injection, along with a long passive fiber. This structure is known as nonlinear

amplifying loop mirror (NALM). Furthermore, one side of the passive fiber exhibits

significant optical attenuation or the coupler has an asymmetric coupling ratio would

also result in such power dependence without amplification, resulting in a NOLM. The

NOLM can be used as an artificial saturable absorber for building mode-locking laser

cavities due to it is able to initiate and stabilize mode locking for example pulse forma-

tion in [54]. A well-known example is the figure-eight fiber laser, where the nonlinear

fiber loop mirror constitutes one part of the “eight” and the actual laser ring forms the

other [165].

Figure 2.13 presents a simulation of the saturable absorption effect for a NOLM built

by a 15 meters long single-mode fiber. The two curves depict the output power to input

power ratio concerning varying input power levels with 0.1 and 0.3 NOLM coupling

ratio, separately.

Figure 2.13: NOLM modulation depth and saturation power difference between
0.3 and 0.1 coupling ratio.
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2.2.3 Mode locking pulses

Passively mode-locked Tm-doped fibre lasers (TDFLs) can produce various types of

mode-locked pulses, including conventional solitons [136], stretched pulses [183], dissi-

pative solitons [69], dissipative soliton resonances [53], and noise-like (NL) pulses [80]

depending on distinct dynamics of mode-locking and oscillator conditions. In this sec-

tion, I will focus on and provide an introduction to the conventional soliton, stretched

pulse, and dissipative soliton.

2.2.3.1 Conventional soliton

In 1965, the term soliton was coined to describe particles that exhibit solitary wave

properties and retain their integrity even after colliding with one another [214]. In 1973,

the idea of employing solitons in optical communication was first suggested in the field of

optical fibers [74]. Solitons are solutions to the Nonlinear Schrödinger equation (NLSE),

which models conservative systems (loss or no gain) such as the propagation of pulses in

passive fibers. The first soliton laser was experimentally demonstrated by Mollenauer in

1984 using fibers with anomalous dispersion [136]. To date, soliton mode (Figure 2.14)

is the most common pulse formation in mode-locked fiber lasers. Typically, ultra-short

pulses undergo changes in their temporal and spectral profile due to chirps resulting

from self-phase modulation and group velocity dispersion. However, there are certain

circumstances where the phase shift caused by self-phase modulation and anomalous

dispersion in fiber lasers can be precisely balanced, resulting in stable pulse shapes that

persist over long propagation distances.

Figure 2.14: Soliton pulse evolutions with distance. This figure has been repro-
duced from [155], in accordance with their open access policy and terms of use.
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Soliton pulses exhibit a sech2 shape, stemming from a fundamental equilibrium between

linear dispersion and cubic nonlinearity:

P (t) = Pp sech2
(
t

τ

)
(2.3)

The symbol ‘Pp’ represents peak power and ‘τ ’ represents soliton pulse duration. The

time-bandwidth product (τ△ν) for the transform limited soliton pulse is approximately

0.315.

Soliton pulses in fiber cavities have a nonlinear phase shift that is determined by their

energy and width after one round-trip. This means that the maximum energy of a stable

soliton pulse is limited for a fixed pulse width due to the range of nonlinear phase shifts

required for stable soliton generation [142]. Another constraint in mode-locked fiber

lasers is the presence of Kelly sidebands (see Figure 2.15), which are common in such

lasers [171]. These sidebands arise from the coupling of soliton pulse energy into the

corresponding discrete resonant waves, resulting in peaks known as Kelly sidebands. The

positions of these sidebands in the optical spectrum can provide information of chromatic

dispersion in the fiber. If discrete wave power reaches its lasing threshold value, it will

deplete laser gain and cause mode locking to become unstable [97]. Incorporating the

soliton area theorem, there is a constraint on pulse energies which results in typical laser

performances around 100 pJ and 200 fs.

Figure 2.15: Optical spectrum of the output of a soliton fiber laser from Chapter
5, exhibiting Kelly sidebands.
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2.2.3.2 Stretched pulse/dispersion managed soliton

Dispersion managed solitons, also known as stretched pulses, are characteristic of stretched

pulse fiber lasers where stretch and compress the pulse twice during each round-trip

within the cavity. As depicted in Figure 2.16, the incorporation of both normal and

anomalous dispersion via dispersion compensation fibers (DCF) and standard single-

mode fibers (SMFs) enables the periodic stretching and compressing of the pulse width.

Consequently, the average pulse width is significantly larger than that of soliton mode

pulses in a single round trip. This feature decreases the peak power of the pulses, lead-

ing to reduced nonlinear phase shifts at higher pulse intensities. Ultimately, this allows

the cavity to deliver higher pulse energies, offering approximately ten times more en-

ergy than stable soliton pulses [58, 183]. In contrast to soliton fiber lasers, the output

spectrum of stretched-pulse lasers can be broader than the gain spectrum and lacks side-

bands due to reduced phase-match coupling. A master equation also exists for operating

a dispersion managed soliton [75] and it is worth noting that the pulse generated by the

stretched pulse laser is typically closer to a Gaussian shape, as it is a solution to the

master equation.

Figure 2.16: Dispersion management pulse evolutions with distance. This figure
has been reproduced from [155], in accordance with their open access policy and
terms of use.

Temporal breathing in stretched-pulse lasers leads to a reduction in round-trip nonlin-

earity compared to a static solution with the same energy. This allows the generation

of higher pulse energy than in a stable soliton laser. The dispersion map in these lasers

suppresses the presence of sidebands and minimizes resonant instabilities. The output

pulses might be slightly up- or down-chirped, depending on the location of the output

coupler in the cavity. However, these pulses can be dechirped to durations of less than

100 fs outside the cavity, with energies reaching approximately 2 nJ.
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2.2.3.3 Dissipative solitons

Dissipative soliton (DS) fiber lasers (Figure 2.17) offer an alternative to conventional

soliton oscillators, addressing their drawbacks in terms of pulse duration and energy.

DS formation in laser cavities requires balancing two additional terms compared to

conventional solitons, namely gain and loss, as illustrated in Figure 2.18 [69]. The

term “dissipative soliton” originates from the theory that, in contrast to conventional

soliton mode locking which involves only dispersion and nonlinearity terms, gain and

loss (dissipative processes) play a crucial role in mode locking process. Typically, DS

fiber lasers necessitate an all-normal dispersion cavity or a net normal dispersion cavity.

However, achieving normal dispersion fibers at longer wavelengths can be challenging.

Consequently, most actual DS fiber lasers operate with dissipative dispersion-managed

(DDM) solitons [71].

Figure 2.17: Dissipative soliton pulse evolutions with distance. This figure has
been reproduced from [155], in accordance with their open access policy and
terms of use.

Figure 2.18: Qualitative differences between the solitons in Hamiltonian and
dissipative systems. This figure has been reproduced from [69], permission
granted. © 2012 Nature Research.
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The evolution of optical pulses of dissipative solitons, in the presence of electronic Kerr

nonlinearity, group velocity dispersion, and dissipative processes, can be represented

by the complex Ginzburg-Landau equation incorporating cubic and quintic saturable

absorber terms [159, 30]:

Uz = gU +

(
1

Ω
− i

D

2

)
Utt + (α + iy)|U |2U + γ|U |4U (2.4)

In this equation, ‘U’ represents the electric field envelope, ‘z’ is the propagation co-

ordinate, ‘t’ denotes the retarded time, ‘D’ refers to the group velocity dispersion, ‘g’

signifies the net gain and loss, ‘Ω’ is associated with the filter bandwidth, ‘α’ is a term

for the cubic saturable absorber, and ‘γ’ corresponds to the cubic refractive nonlinearity

of the medium.

Figure 2.19: The typical spectrum of a dissipative soliton mode locking from
simulation.

While pulse shaping occurs in normal-dispersion fiber lasers, the output spectrum ex-

hibits characteristics such as steep spectral edges and a flat-top profile due to the spectral

filtering effect of pulses with high chirp [159, 53]. A typical spectrum for dissipative soli-

ton mode locking from simulation is displayed in Figure 2.19. Provided that there is an
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maximum energy limit for the dissipative soliton with a maximum accumulated phase

shift of 10π, the pulse width can be expanded arbitrarily while maintaining a constant

amplitude as the pump power increases [203].

Compared to conventional solitons and stretched pulses, dissipative soliton mode locking

can generate significantly higher pulse energies, which can also be compressed to achieve

very short pulse durations [69].

2.3 Chirped pulse amplification

2.3.1 Introduction

Chirped-pulse-amplification (CPA) is a technique that stretches a short-duration opti-

cal pulse in time prior to amplification and then re-compresses it, effectively avoiding

harmful nonlinear effects. The typical schematic of a CPA setup, depicted in Figure

2.20, involves stretching an ultra-short pulse from a mode-locked laser using a dispersive

medium, amplifying it, and then re-compressing it with the opposite dispersive medium.

Commonly, grating-based pulse stretchers and compressors serve as the dispersive ele-

ments. The stretched pulse possesses a time-varying instantaneous frequency, primarily

influenced by the pulse stretcher, hence the term chirped pulse. Nonlinear effects set a

limitation on output power, so the pulse energy that can be extracted from the amplifier

is directly proportional to the duration of the pulse. Consequently, the peak power at-

tainable after re-compression also increases according to the ratio of the pulse duration’s

expansion.

Figure 2.20: Evolution of the temporal pulse shape in a chirped-pulse amplifier.
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The CPA technique has been widely implemented by academic institutions and research

facilities across the globe since its initial unveiling [179]. CPA systems employing fiber

amplifier have been designed to leverage the larger mode areas of active fibers. Despite

being restricted by the emergence of undesirable nonlinear effects due to the confined

spatial distribution of the optical signal and extended propagation distance in the ma-

terial, fiber amplifiers are capable of delivering higher average power owing to their

exceptional thermal management capabilities. Moreover, fiber systems boast superior

beam quality and are well-suited for industrial applications, given their remarkable sta-

bility and compactness. A fiber-based CPA system exhibiting increased pulse energy

and peak power has been showcased [156], generating 297-fs pulses with a 1.25 µJ pulse

energy and a 4.2 MW peak power. The power amlification medium incorporated in this

system is a 1.5-meter-long PM double-cladding (DC) Thulium-doped fiber with a core

diameter of 25 µm. The expansive mode size diminishes the intensity of the transmit-

ted pulse, subsequently reducing the accumulation of nonlinear phase during high peak

power operations. In the aforementioned fiber CPA systems, the stretcher and compres-

sor components rely on grating-based technology. The first-ever all-fiber CPA system

employed chirped-fiber-Bragg gratings for stretching and compressing pulses [64].

2.3.2 Fibre nonlinear optics

2.3.2.1 Nonlinear pulse propagation

The fundamental nonlinear pulse propagation within a fiber is characterized by the Non-

linear Schrödinger Equation, which can be expressed through a comparatively straight-

forward equation [3]:

∂A

∂z
+

α

2
A +

iβ2
2

δ2A

δT 2
− β3

6

δ3A

δT 3
= iγ

(
|A|2A +

i

ω0

∂

∂T

(
|A|2A

)
− TRA

∂|A|2

∂T

)
(2.5)

In this equation, ‘A’ denotes the variation of pulse envelope with respect to distance

‘z’ at time ‘t’. The terms ‘β2’ and ‘β3’ represent the group velocity dispersion (GVD)

and third-order dispersion, respectively. ‘α’ stands for the fiber’s linear loss, while ‘γ’

signifies the fiber’s nonlinear parameter.

To simplify the NLSE, we can consider a relatively wide pulse width (e.g., T ≥ 5 ps).

In this situation, the last two terms ‘ i
ω0

∂
∂T

(
|A|2A

)
’ and ‘TRA

∂|A|2
∂T ’ in Equation 2.5 can

be disregarded, as the parameters i
ω0

and TR
T are quite small (≤ 0.0001). Additionally,

the third-order dispersion term ‘β3

6
δ3A
δT 3 ’ is also minimal, unless the operating wavelength

is in close proximity to the zero-dispersion wavelength. Ultimately, we derive the most

simplified NLSE, which accounts for the third-order nonlinearity and can be expressed

as:
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∂A

∂z
+

α

2
A +

iβ2
2

δ2A

δT 2
= iγ

(
|A|2A

)
(2.6)

In summary, there are three components in the fundamental NLSE (Equation 2.6): the

loss term (α2A), the GVD term ( iβ2

2
δ2A
δT 2 ), and the nonlinear term (Self-Phase Modulation)

(iγ
(
|A|2A

)
). To incorporate higher-order nonlinearity terms, the NLSE in Equation 2.6

must be adjusted [3].

The nonlinear parameter (γ) in Equations 2.5 and 2.6 is defined as follows:

γ =
ωn2

cAeff
(2.7)

and the effective mode area (Aeff ) can be defined as:

Aeff =

(∫∫∞
−∞ |F (x, y)|2dxdy

)2∫∫∞
−∞ |F (x, y)|4dxdy

(2.8)

The parameter n2 is nonlinear with units of m2/W , and so is γ when it has a unit of

W−1/m. It is helpful to introduce the following two length-related terms:

LD =
T0

2

|β2|
(2.9)

LNL =
1

γP0
(2.10)

The dispersion length (LD) and nonlinear length (LNL) in Equations 2.9 and 2.10 in-

dicate the distance a pulse must travel before either or both of these effects start to

dominate the propagation. Several conditions can be derived from the relationships

among L (propagation length), LD, and LNL: when both LD and LNL are significantly

smaller than L, neither GVD nor SPM have a substantial impact on pulse propaga-

tion in the fibers; when LD is considerably smaller than LNL, the GVD effect becomes

dominant, and the opposite is true.

The Thulium-doped fibers (OFS TmDF200) utilized in the experiments for this thesis

reportedly have a measured GVD parameter of approximately -0.02 ps2/m at 1.9 µm

[100], so the dispersion length LD is estimated to be greater than 10 km for roughly 18

ps pulses (experimental data) using Equation 2.9. Consequently, the influence of disper-

sion on Thulium-Doped Fiber Amplifiers (TDFAs) with “meter-scale” device lengths is

minimal.
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2.3.2.2 Group-Velocity Dispersion

In the event that Equation 2.6 allows for the exclusion of nonlinear and loss components,

it may be expressed as follows:

i
∂A

∂z
=

β2
2

δ2A

δT 2
(2.11)

Presuming U(z, T ) represents the normalised optical field, the solution for Equation 2.11

within the frequency domain (achieved via Fourier transformation of (Ũ(z, ω))) can be

described as:

Ũ(z, ω) = Ũ(0, ω)exp(
i

2
β2ω

2z) (2.12)

The equation 2.12 indicates that there are no additional frequency terms introduced,

except for the phase shift of the original frequency components. If we assume that the

initial pulse has a Gaussian shape, its function can be expressed as:

U(0, T ) = exp(− T 2

2T0
2 ) (2.13)

Here, T0 represents the pulse width, although the full width at half maximum (FWHM)

is commonly used to describe the pulse width. For a Gaussian pulse, these two terms

are related by TFWHM ≈ 1.665 × T0. As a result, the change in pulse amplitude with

propagation distance can be written as:

U(z, T ) =
T0√

T0
2 − iβ2z

e
[− T2

2(T02−iβ2z)
]

(2.14)

While phase of the pulse varies with propagation distance and can be expressed as:

ϕ(z, T ) = −
sgn(β2)

(
z

LD

)
)

1 +
(

z
LD

)2

T 2

2T0
2 +

1

2
tan−1

(
sgn(β2)

(
z

LD

))
(2.15)

The sign of the dispersion parameter β2 is given by sgn(β2). For instance, for single-

mode fiber at 2 µm, β2 is negative. Furthermore, the change in central frequency (chirp)

can be determined from Equation 2.15. The degree of dispersion-induced broadening for

a Gaussian pulse can be observed from Figure 2.21, which displays |U(z, T )|2 at z/LD

= 2 and 4. The plot also depicts the frequency chirp as a function of z/LD, along with

the dispersion parameter β2.
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Figure 2.21: Normalized (a) intensity |U |2 and (b) frequency chirp as a function
of z/LD as well as the dispersion parameter β2. This figure has been reproduced
from [3], © 2012 ELSEVIER.

2.3.2.3 Self-Phase Modulation

In situations where nonlinear effects such as SPM become prevalent, and the GVD term

can be disregarded, the equation can be simplified as follows:

∂A

∂z
=

ie−αz

LNL
|A|2A (2.16)

The general solution for Equation 2.16, utilizing the normalized optical field U(z, T ),

can be expressed as:

U(L, T ) = U(0, T )exp[iϕNL(L, T )] (2.17)

which includes a nonlinear phase shift:

ϕNL(L, T ) = |U(0, T )|2 (Leff/LNL) (2.18)

Leff =
|1 − e−αL|

α
(2.19)

Here, Leff represents the effective fiber length that depends on the fiber’s linear losses

α, for a fiber length of L. In the case of a Gaussian pulse, the frequency chirp (δω) can

be calculated using Equation 2.20:
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δω(T ) = −∂ϕNL

∂T
=

2

T0

Leff

LNL

T

T0
exp

∣∣∣∣∣−
(
T

T0

)2
∣∣∣∣∣ (2.20)

In the case of a Gaussian beam with a beam radius of ‘w’ propagating through a medium

of length ‘L’, the phase shift per unit optical power is proportional to the constant γSPM ,

which is expressed in units of ‘rad/W’. This implies that the phase shift per unit power

can be represented as:

γSPM =
4n2L

λw2
(2.21)

Hence, the maximum nonlinear phase shifts arising from SPM at the pulse center can

be characterized as:

δφNL,max = γSPM · Ppeak (2.22)

Thus, it can be inferred from Equations 2.21 and 2.22 that the nonlinear phase shift in

the amplifier decreases linearly with an increase in pulse width. Consequently, stretching

the pulse width before amplification in the CPA system can lead to higher pulse energy

as compared to direct amplification. Additionally, the amplifier’s nonlinear phase shift

reduces with an increase in the fiber mode-field area. Therefore, the utilization of large

mode area fiber in the power amplifier is preferable for achieving high-energy pulses. To

reduce the nonlinear phase shift, the use of high-concentration thulium-doped fiber to

shorten the amplifier length can be beneficial. This motivates the development of highly-

doped rare-earth fibers to minimize nonlinearity in pulse amplification, particularly when

the limitations of stretched ratio and fiber mode-field area are encountered.

2.3.3 Stretcher

Various methods exist for constructing compressors and stretchers, but a standard

Ti:sapphire-based chirped-pulse amplifier necessitates stretching the pulses to several

hundred picoseconds. This implies that there must be a 10 cm path length difference

between the distinct wavelength components. The most feasible approach to accomplish

this is by employing grating-based stretchers and compressors. These devices are de-

fined by their dispersion properties. Higher frequency light (shorter wavelengths) travels

faster through the device than lower frequency light (longer wavelengths) for negative

dispersion, while positive dispersion is the reverse. In a CPA system, the dispersions

of the stretcher and compressor must counterbalance each other. Practical constraints

typically lead to the design of a compressor with negative dispersion which is high-power

side, while the stretcher is designed with positive dispersion which is low-power side.
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Chromatic dispersion is caused by the restricted spectral bandwidth of the pulse intro-

duced into the fiber, as the pulse’s various spectral components propagate at differing

speeds within the fiber due to the frequency-dependent refractive index n(ω). This ve-

locity variation among different spectral components causes the propagating pulse to

spread over time and the pulse to widen. The change in the original pulse’s width,

denoted as ‘∆τ ’, is given by Equation 2.23:

∆τ = D∆ωL (2.23)

In this equation, ‘D’ represents chromatic dispersion, in units of ‘ps/(nmkm)’, while

‘β2’ is referred to as the group velocity dispersion, which is related to ‘D’ and has a

basic unit of s2/m : D = −
(
2πc/λ2

)
β2. The spectral width is denoted as ‘∆ω’.

Most standard commercial silica-based fibers exhibit anomalous dispersion in the 2 µm

wavelength range, such as a β2 value of -0.067 ps2/m for SM28 fiber. UHNA4, a commer-

cially available fiber, demonstrates normal dispersion of +0.09 ps2/m at approximately

1.9 µm.

In this thesis, I utilized tens of meters of dispersive fibers (Nufern UHNA4) for the

stretcher, given their excellent wavelength compatibility and affordability compared to a

custom CFBG. It is obvious that dispersive fibers offer more compactness and durability

than traditional grating pair-based stretchers.

2.3.4 Compressor

Grating pairs are a prevalent method employed as compressors in standard CPA systems.

Two primary categories of gratings exist: conventional reflection gratings and fused silica

transmission gratings. In contrast to conventional reflection gratings, which utilize a

metallic coating that restricts optical performance and power handling capabilities, fused

silica transmission gratings exhibit lower absorption for high-energy pulses and improved

thermal stability [84].
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Figure 2.22: The schematic of the Treacy stretcher or compressor. This figure
has been reproduced from [84], in accordance with their open access policy and
terms of use.

The most basic configuration of a grating pair, depicted in Figure 2.22, is referred to as

the Treacy configuration. It can generate adjustable negative dispersions as a result of

the distinct optical paths experienced by different wavelengths [186]. A reflector, such

as a roof mirror, is present at the output of a grating pair, retro-reflecting light back

into the grating pair, and thereby doubling the negative dispersion produced.

In this thesis, a grating pair was chosen for the compressor due to its flexibility in terms

of waveband and availability when compared to custom chirped volume Bragg gratings.

2.4 Optical parametric process

2.4.1 Optical parametric amplification

An optical parametric amplifier (OPA) is a light source capable of producing light at

varying wavelengths through the process of optical parametric amplification, as illus-

trated in Figure 2.23 [5]. It operates similarly to an optical parametric oscillator (OPO)

but without the optical cavity, meaning that the light beam passes through the device
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only once or twice rather than numerous times. Crystal materials that lack inversion

symmetry can exhibit a χ(2) nonlinearity which enables parametric amplification in addi-

tion to frequency doubling and sum and difference frequency generation. In this process,

the signal beam travels through the crystal alongside a shorter wavelength pump beam.

Pump wave photons are then converted into lower-energy signal photons and an equal

number of idler photons. The idler wave’s photon energy is the difference between the

pump and signal waves’ photon energies. As the pump energy is entirely transformed

into the energy of the signal and idler beams, the crystal material does not heat up

during this process. However, some parasitic absorption may occur, the extent of which

depends on the crystal material, potentially disrupting phase matching and limiting gain

and output power.

Figure 2.23: Schematic of an optical parametric amplifier.

Figure 2.24: Energy level of an optical parametric amplifier.

The high parametric gain achievable with pulses, sometimes exceeding 80 dB within a few

millimeters of crystal material, combined with the capability to operate at vastly different

wavelengths and minimal heating (solely due to typically weak parasitic absorption),

makes parametric amplifiers highly appealing for various applications.

While many OPAs are primarily based on bulk nonlinear crystals, there has been grow-

ing interest in fiber-based OPAs due to their potential advantages [73]. In 1975, Stolen

demonstrated optical parametric amplification (OPA) in low-loss optical fibers [177].
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For instance, fiber-based OPAs can offer increased flexibility and compactness, high ef-

ficiencies due to long interaction lengths, and the ability to handle high peak power due

to the large surface-area-to-volume ratio of optical fibers [205]. However, they present

challenges including difficulty in phase matching, high pump power needs, susceptibil-

ity to environmental changes, and complex design. High gain levels can lead to high

noise figures in fiber and risk of damage, especially with small core diameters [120].

Despite these, we’ve chosen a bulk-based OPA for our system due to its robustness,

mature technology, and broad phase-matching bandwidths, providing us the reliability

and performance we need.

2.4.2 Second-harmonic generation/frequency doubling

Like an OPA, non-centrosymmetric crystal materials exhibiting the χ(2) nonlinearity can

enable second-harmonic generation (SHG) [59]. In this process, an input (pump) wave

generates another wave with double the optical frequency (and half the vacuum wave-

length) within the medium, as depicted in Figure 2.25. The energy levels of SHG pro-

cess are displayed in Figure 2.26. This process is also referred to as frequency doubling.

Typically, the pump wave is delivered as a laser beam, generating the frequency-doubled

(second-harmonic) wave as a beam propagating in the same or a similar direction.

Lithium niobate (LiNbO3), potassium titanyl phosphate (KTP = KTiOPO4), and lithium

triborate (LBO = LiB3O5) are common nonlinear inorganic crystal materials utilized

for frequency doubling. SHG microscopy for biomedical imaging in biological samples

and materials will be discussed in subsequent sections.

Lithium niobate (LiNbO3), potassium titanyl phosphate (KTP = KTiOPO4), and lithium

triborate (LBO = LiB3O5) are common nonlinear inorganic crystal materials used for

frequency doubling. Later sections will introduce SHG microscopy for biomedical imag-

ing in biological samples and materials.

Figure 2.25: Schematic of second-harmonic generation.
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Figure 2.26: Energy level of second-harmonic generation.

Lithium niobate (LiNbO3), potassium titanyl phosphate (KTP = KTiOPO4), and lithium

triborate (LBO = LiB3O5) are common nonlinear inorganic crystal materials utilized

for second-harmonic generation. SHG microscopy for biomedical imaging in biological

samples and materials will be discussed in subsequent sections.

2.4.3 Phase matching

In both OPA and SHG processes, photon energy conservation is maintained; however, for

any of these second-order nonlinear interactions to take place, momentum conservation,

or so-called phase matching, must also be achieved.

Phase matching pertains to maintaining a fixed relative phase between two or more light

frequencies as they travel through a material. The refractive index is dependent on the

light frequency, causing the phase relationship between photons of different frequencies to

change as they propagate through the crystal. To ensure efficient nonlinear conversion

of input photons, the phase relationship between input and generated photons must

be preserved throughout the crystal. If this condition is not met, generated photons

will oscillate in and out of phase with each other in a sinusoidal pattern, restricting

the number of photons exiting the crystal, as demonstrated in the Figure 2.28 below.

Traditional phase matching entails propagating light through the crystal in a direction

where the crystal’s natural birefringence matches the refractive index of the generated

light. Although this method offers perfect phase matching, it is restricted to a narrow

range of wavelengths in materials that can be phase matched.
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Figure 2.27: Real photo and 3D model of PPLN crystal. This figure has been
reproduced from [43], in accordance with their open access policy and terms of
use.

Periodically Poled Lithium Niobate (PPLN) crystal, as displayed in Figure 2.27, is a

quasi-phase-matched, engineered material [43]. The term “engineered” refers to the

periodic inversion (poling) of the lithium niobate crystal’s orientation. By inverting the

orientation of the crystal at each peak of the sinusoidal generation, the photons slipping

out of phase with each other can be reset. Consequently, as the light travels through the

PPLN crystal, the number of generated photons increases, resulting in a high conversion

efficiency from input to generated photons. This is illustrated in Figure 2.28.

Figure 2.28: Quasi-phase matching (right) compare to no phase matching (left).
This figure has been reproduced from [43], in accordance with their open access
policy and terms of use.
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The required poling period, or the interval at which the crystal must be inverted, depends

on the interaction wavelengths and the PPLN’s temperature. For instance, a PPLN

crystal with a 6.6 µm poling period can efficiently generate SHG output from 1060 nm

input when the crystal temperature is maintained at 100°C. By raising the crystal’s

temperature to 200 °C, the same PPLN crystal can efficiently generate SHG output

from 1068.6 nm wavelength input. So, altering the crystal’s temperature adjusts the

phase matching conditions, enabling some tuning of the interacting wavelength.

In this thesis, we employed PPLNs featuring five different channels/gratings to ensure

phase matching across a broad tunable wavelength range.

2.5 Multiphoton microscopy

2.5.1 Introduction

Multiphoton microscopy (MPM) has established itself as the premier noninvasive method

for fluorescence microscopy in bio-imaging of tissue explants and living animals. As a

type of laser-scanning microscopy, MPM employs localized ‘nonlinear’ excitation to stim-

ulate fluorescence solely within a thin raster-scanned plane. Since W. Denk first demon-

strated this technique in 1990 [49], MPM has been developed for applications of various

imaging tasks and has emerged as the preferred method for fluorescence microscopy in

thick tissue sample and live animals.

While two-photon excited fluorescence is typically the primary signal source in MPM,

three-photon excited fluorescence [70, 103, 117, 201, 206, 220] and second- [220, 222, 51,

26, 27, 137, 126, 25, 61] and third-harmonic generation [11, 141, 210] can be employed

for imaging as well. Indeed, SHG imaging was among the first instances of biological

nonlinear microscopy, suggested [169] and demonstrated [61] long ago. Interestingly,

coherent anti-Stokes Raman scattering (CARS) microscopy, one of the most intricate

forms of nonlinear imaging, was developed even earlier [55]. CARS microscopy generates

contrast directly from Raman-active vibrational modes in molecules and necessitates

two synchronized pulsed lasers operating at distinct wavelengths, different from a single

pulsed laser used in two- (or three)-photon, SHG, and THG microscopy. Similar to SHG

microscopy, CARS microscopy remained inactive for years but has recently experienced

significant advancements [1, 140] with the aid of tunable and pulsed lasers operating in

the wavelength range of infrared (IR) [221].
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Figure 2.29: Two-photon excited fluorescence, second-harmonic generation and
third-harmonic generation process in the energy-level diagram.

2.5.2 Two-photon excited fluorescence (TPEF) microscopy

In classic single-photon microscopy techniques, fluorescence is generated by exposing a

fluorophore to light with a specific wavelength. This wavelength carries the appropriate

energy to excite electrons in the fluorophore to a higher energy state. Once excited, the

electrons become unstable and can only remain at this elevated state for a brief period.

The electrons then return to their lower energy level, releasing energy in the form of a

photon. As energy is lost during this process, the emitted light has a longer wavelength

and lower energy than the excitation light. In traditional fluorescence and confocal

microscopy methods, this process involves only one photon to excite the fluorophore

and produce fluorescence (Figure 2.30).
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Figure 2.30: One/single-photon excited fluorescence and two-photon excited
fluorescence process in the energy-level diagram.

The key distinction between one-photon and two-photon microscopes is that the former

uses a single photon, while the latter employs two photons. In two-photon microscopy,

two photons excite a single molecule from its ground level to a higher energy level in a

single quantum event. The energy difference required for electrons to transition between

energy levels is the sum of the absorbed combined energy from the two photons. Since

the energy-wavelength relationship is linear, each photon has double the wavelength

compared to the excitation light in single-photon methods (Figure 2.30). Although two

photons are used for excitation, only one photon is emitted as the electron returns to

the ground state, producing a fluorescence wavelength similar to that in single-photon

methods.

Two-photon microscopy necessitates that two photons interact with the fluorescent

molecule within 1 femtosecond of each other to excite it to a higher energy state. Con-

sequently, fluorescence is generated only at the single point closest to the focal plane,

leaving the planes above and below unilluminated (Figure 2.31).
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Figure 2.31: (a) One-photon microscopy (b) Two-photon microscopy. This
figure has been reproduced from [146], in accordance with their open access
policy and terms of use.

Utilizing the two-photon effect offers significant benefits, as the axial spread of the

point spread function is considerably reduced compared to single-photon excitation.

This improvement in the z-dimension allows for the creation of thinner optical sections.

Moreover, in many cases, the spot’s size and shape can be tailored to achieve specific

objectives [95]. The longer wavelength, lower energy (usually infrared) excitation lasers

used in multiphoton microscopes are particularly suitable for live cell imaging, as they

cause less damage compared to the shorter-wavelength pulses commonly employed in

single-photon microscopes. As a result, cells can be monitored for extended periods

with minimal toxic effects.

When a fluorophore simultaneously absorbs two infrared photons, it gains enough en-

ergy to reach the excited state. The fluorophore then generates a single photon with

a wavelength determined by the fluorophore type (usually in the visible spectrum).

The probability of fluorescent emission from fluorophores increases quadratically with

excitation intensity since two photons are absorbed during fluorophore excitation. Con-

sequently, a significantly greater amount of two-photon fluorescence is generated at the

tightly focused laser beam than at more diffuse regions. This excitation restriction to a

tiny focal volume (approximately 1 femtoliter) results in high out-of-focus object rejec-

tion. This localized excitation presents an important advantage over single-photon based

microscopes, which must use components such as pinholes to filter out undesirable light

[200]. This significantly confines the extent of photobleaching to a considerably smaller

area in comparison to confocal microscopy.
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Two-photon microscopy possesses several characteristics that mitigate various effects,

leading to enhanced imaging depths. Fluorescence generation in this method relies on

focusing two photons of light at a single location to induce excitation and produce fluo-

rescence, which also applies to collecting background light. For background fluorescence

to occur, two excitation photons need to scatter at the exact same spot. Due to the

low probability of this happening in heterogeneous biological samples at greater depths,

no background signal is generated, resulting in a significantly improved image contrast.

Another factor contributing to increased imaging depth is the wavelength of light used

to excite the fluorophore. As mentioned earlier, two-photon microscopy employs lower

energy and longer wavelengths of light compared to confocal microscopy. The use of in-

frared light, which scatters less compared to visible wavelengths in traditional methods,

enables a larger amount of light to penetrate deeper into the sample, facilitating the

visualization of areas within thick specimens [146].

2.5.3 Second Harmonic Generation (SHG) microscopy

SHG is a second order nonlinear optical process that occurs in materials with a non-

centrosymmetric structure as introduced in previous sections. SHG microscopy has

become a valuable imaging technique for visualizing cell and tissue structure and function

[176]. Intense laser light needs to pass through the non-centrosymmetric material for

SHG to occur [162].

Figure 2.32: Second harmonic generation process energy-level diagram.
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Second-harmonic light emitted from an SHG material has half the wavelength (doubled

frequency) of the input light (Figure 2.25). Although two-photon-excited fluorescence

(TPEF) is also a two-photon process, it loses some energy during the excited state re-

laxation, while SHG is energy-conserving and represents a nonlinear coherent scattering

process. Commonly, it has been introduced in the previous sections that inorganic crys-

tals like lithium niobate (LiNbO3), potassium titanyl phosphate (KTP = KTiOPO4),

and lithium triborate (LBO = LiB3O5) are used to generate SHG light. Certain bio-

logical materials can form highly polarizable, ordered, and large non-centrosymmetric

structures, which enables SHG. Examples include collagen, microtubules, and muscle

myosin [144], even water can generate SHG signals under specific conditions, enabling

label-free SHG microscopy for imaging surface potentials [162].

SHG microscopy has various benefits for imaging live cells and tissues. As it doesn’t

involve molecular excitation like fluorescence microscopy, phototoxicity and photobleach-

ing are avoided. Many biological structures generate strong SHG signals, eliminating

the need for exogenous probes that could change biological function. Employing near-

infrared wavelengths for input light, SHG microscopy can create 3D images by imaging

deeper into thick specimens [199].

SHG differs from TPEF, which involves electron excitation and de-excitation via photon

emission, making it a non-coherent process both spatially (isotropic emission) and tem-

porally (broad, sample-dependent spectrum). Furthermore, SHG is structure-specific,

unlike TPEF [36].

In biological tissues, particularly collagen-based tissues, SHG signal generation is a quasi-

coherent process where conversion efficiency depends on fibril alignment within the fiber

[21, 101].

2.5.4 Coherent Anti-Stokes Raman Scattering (CARS) microscopy

Raman scattering, discovered by Indian scientist C. V. Raman in 1928, demonstrated

that light energy levels are discrete and established a new research area for study-

ing molecular chemical characteristics [153]. Raman found that scattered photons in

the mid-infrared range contain molecular vibration information. By switching from in-

frared to visible light, the strong optical absorption of water in the infrared region is

avoided, which is crucial in biomedical science. Additionally, Raman spectroscopy does

not require chemical labeling to obtain chemical information, allowing for the study of

biological functional characteristics without chemical interference [109].

Despite its advantages, spontaneous Raman scattering is a weak second-order radiative

process with a cross-section approximately 10−30 cm2 per molecule, 1011 times smaller

than infrared absorption. This results in low spontaneous Raman scattering efficiency
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and needs very long collection time, which is acceptable for spectroscopy but not for

real-time imaging [109].

The advancement of femtosecond lasers with high peak power has facilitated the explo-

ration of numerous nonlinear processes and fostered research in coherent Raman scat-

tering (CRS). As an emerging nonlinear optical microscopy method, coherent Raman

scattering microscopy addresses the imaging speed constraints inherent in spontaneous

Raman micro-imaging [123, 161, 215, 40, 57, 37].

CRS serves as an effective nonlinear microscopy approach for label-free, 3D imaging of

tissues and cells by leveraging the unique vibrational response of molecules for inherent

contrast [134]. CRS facilitates real-time, non-destructive chemical, label-free identifi-

cation of compounds at sub-micrometer scales without the need for external markers

[24], which could otherwise disrupt the molecules being examined or hinder dynamic

processes like drug transport and cell differentiation. CRS microscopy has numerous

applications in biomedical imaging [152, 211], and due to the robust Raman response

of long-chain hydrocarbons, it is particularly suited for imaging lipids, monitoring their

metabolism [223], and differentiating between lipids, DNA, and proteins inside cells

[115]. Furthermore, CRS holds potential for quickly distinguishing between tumors and

healthy tissue, laying the foundation for ‘virtual histopathology’ both ex vivo and intra-

operatively [92, 93].

Figure 2.33: Coherent anti-Stokes scattering energy diagram.

CARS is a third-order nonlinear optical process and a four-wave mixing process used

to amplify the faint Raman signal. In this process, a pump field Ep (ωp), a Stokes
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field Es (ωs), and a probe field E
′
p

(
ω

′
p

)
(In general case the pump frequency and the

probe frequency can be equal but in our case they are different.) interact with a sample

and generate an anti-Stokes field Eas at the frequency of was = ωp − ωs + ω′
p. When

the frequency difference between the pump and Stokes beams aligns with a vibrational

mode frequency, for example the CH2 symmetric stretching mode around 2800 cm−1,

molecular oscillators are excited coherently [218]. This leads to an amplified anti-Stokes

(higher-frequency) Raman signal, which forms the foundation for the enhanced vibra-

tional contrast in CARS microscopy [39]. The energy diagrams for CARS can be seen

in Figure 2.33. Both stimulated Raman gain ωs and stimulated Raman loss ωp are

utilized in another coherent Raman microscopy technique known as Stimulated Raman

Scattering (SRS) Microscopy.

At room temperature, the majority of molecules reside in the lowest vibrational energy

state. When exposed to intense electromagnetic radiation of a single frequency, the

radiation interacts with the molecule, distorting (polarizing) the electron cloud around

the nuclei to form a short-lived, high-energy state known as a ‘virtual state’ (dotted

line in Figure 2.33). On the left side, Raman Stokes scattering occurs. During inelastic

(Raman) scattering, the molecule transitions from a virtual (v=0) state to a higher

energy state (v=1) than its initial state. Some of the photon energy is grabbed by the

molecules to remain in the higher energy vibrational level v=1, where Ev=1 > Ev=0 and

Ev=0 represents the ground vibrational level. On the right side, as the molecule interacts

with the probe light, it returns from the virtual state to the ground state v=0, causing

the energy of the anti-Stokes photon to increase by ∆E = Ev=1 − Ev=0. This type of

Raman scattering is referred to as anti-Stokes scattering and involves the transfer of

energy to the scattered photon [185].

Recent advancements have emphasized label-free multimodal nonlinear microscopy, in-

corporating CARS, TPEF, and SHG techniques [150, 108, 127, 208]. The combination

of these methods enables the exploration of various biological aspects, including lipid

metabolism, cancer progression, cardiovascular disorders, and skin biology. By merging

the capabilities of each nonlinear optical imaging method, the visualization of diverse

structures and their interactions within intricate biological systems can be achieved si-

multaneously [109]. An example of multimodal CARS, SHG, and TPEF imaging from

Chapter 3 is presented in Figure 2.34.
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Figure 2.34: Multimodal CARS, SHG and TPEF imaging.

In this thesis, Chapter 3 demonstrated a widely-tunable synchronisation-free ps-pulsed

laser source for multimodal CARS, SHG and TPEF microscopy.
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2.5.5 Third Harmonic Generation (THG) microscopy

Figure 2.35: Third harmonic generation process in the energy-level diagram.

Higher harmonic generation is a nonlinear coherent scattering process that arises from

the phase matching and summation of light induced by inorganic or organic structures

with specific physical properties and molecular arrangements.

As discussed earlier, SHG occurs when two incoming photons are converted into one

emitted photon with double the energy, resulting in light emission with half the wave-

length. Third Harmonic Generation, on the other hand, involves the tripling of the

excitation wavelength frequency, where the combined energy of three photons is con-

verted into one emitted photon with one-third the excitation wavelength and triple the

energy [12]. This process is depicted in Figure 2.35. THG takes place at structural

interfaces, such as local transitions of the refractive index or the third-order nonlinear

susceptibility χ3 [12, 141], both of which are intrinsic physical properties of materials

and liquids. As a result, THG is more versatile than SHG because it does not necessitate

a specific structural asymmetry for imaging. In bio-samples, THG excitation mainly oc-

curs at interfaces formed between aqueous interstitial fluids and lipid-rich structures,

such as cellular membranes [7, 154], lipid droplets [47, 188, 195], or inorganic structures
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like calcified bone or tooth enamel [147, 35]. Additionally, THG can also be observed at

interfaces between large protein aggregates and water, for instance collagen bundles or

muscle fibers [197, 154].

THG offers several unique technical and practical advantages for biological imaging

applications. Unlike multiphoton and confocal fluorescence imaging, THG signal can

be readily collected without tissue dyeing, providing a wide range of structural infor-

mation on cell and tissue structure. Like two-photon microscopy and in contrast to

one-photon confocal imaging, THG is generated only in the focused point, making the

imaging process and detected signals intrinsically confocal and suitable for 3D sample

scanning and volume reconstruction. Confocal imaging is restricted to superficial cell

layers of tissues due to scattering, absorption, and phototoxicity drabacks. In contrast,

the infrared wavelengths used for multiphoton and THG excitation enable long-term

time-lapse imaging [180] and enhance penetration of deep-tissue [6]. Unlike other label-

free imaging modalities such as CARS and autofluorescence, THG provides structural

information rather than molecular information, similar to optical coherence tomography

and ultrasound. Consequently, THG complements other imaging methods and is best

utilized within multi-parameter acquisition schemes.

In this thesis, the light sources in Chapter 4 and 5 were designed to function as a powerful

light source for THG microscopy.



Chapter 3

Widely-tunable

synchronisation-free ps-pulsed

laser sources for multimodal

CARS, SHG and two-photon

microscopy

3.1 Introduction

In this chapter, I demonstrate continuous wave (CW) seeded synchronization-free optical

parametric amplifiers (OPAs) pumped by picosecond, 1-µm lasers and show their per-

formance when used as simple yet powerful sources for label-free Coherent anti-Stokes

Raman scattering (CARS), concurrent Second Harmonic Generation (SHG) and two-

photon excited fluorescence (TPEF) microscopy employing epi-detection configurations.

By utilizing a tunable-wavelength continuous wave laser for OPA seeding, we accom-

plished an average power output exceeding 175 mW, 8 cm−1 spectral resolution, and

a 2 ps pulse duration, rendering this source well-suited for CARS microscopy in bio-

science and bio-medical imaging applications. This OPA offers a more straightforward

and simpler design compared to the typically used ‘gold-standard’ pulsed laser and opti-

cal parametric oscillator (OPO) combination for CARS imaging or the more recent OPA

systems driven by femtosecond pulses [175]. Rapid and accurate tuning between molec-

ular resonances was realized by adjusting the poled channels and temperature of the

periodically-poled lithium niobate (PPLN) OPA crystal in conjunction with the OPA

seed wavelength. The Pump-Stokes frequency detuning range entirely encompassed the

C-H stretching band utilized for lipid imaging.

51
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I also present an OPA of a similar design but seeded by an inexpensive and simple CW

diode laser that costs much less than a tunable laser seed and further simplifies the

OPA system. This OPA represents a versatile light source module that can be tailored

to the tunability and affordability requirements of the specific application. It can be

used either on its own as a light source or in association with an OPO for multimodal

CRS microscopy and the image performance with a variety of standard and biological

samples is demonstrated.

This work facilitates the application of three multiphoton methodologies through a com-

pact, synchronization-free laser source, laying the groundwork for transitioning label-free

multi-photon microscopy imaging from the realm of biomedical research to a diagnostic

tool in the healthcare field.

The entire work was undertaken and completed by me independently, under the guidance

of my colleagues at ORC and IfLS. The laser related work including laser source building,

characterization and optical alignment to the microscope were carried out by myself.

The microscope related imaging experiments and data/bio-imaging processing were also

carried out by myself. The imaging samples were prepared by Peter Johnson and James

Read, who also gave me some guidance and training on operating the microscope.

This chapter of my thesis has been successfully developed into two separate research pa-

pers ‘Widely-tunable synchronisation-free picosecond laser source for multimodal CARS,

SHG, and two-photon microscopy’ and ‘A synchronisation free, versatile Optical Para-

metric Amplifier as a low cost light source for multiphoton imaging’. Both publications

stand as evidence of the substantial work and significant findings in my research.

3.1.1 Background and motivation

The use of laser-based spectroscopy and imaging has become increasingly widespread,

turning into a nearly indispensable tool for biochemical and medical applications. Al-

though the spectroscopically specific CARS imaging technique offers numerous appealing

attributes, its adoption is limited due to the high cost, large size, and intricacy of the cur-

rent ‘gold-standard’ synchronously pumped OPO systems [66]. To cater to the demand

for sources delivering the few-ps pulse widths considered ideal for CARS bioimaging

[38], advancements have been made with spectral-focusing CARS [77] utilizing either

supercontinuum [79] or a single <20 fs laser with adequate bandwidth [104]. However,

these solutions continue to grapple with technical challenges such as complex equipment,

poor spectral quality, and low spectral resolution [109], hindering their widespread ac-

ceptance.

CARS is a label-free technique that presents notable advantages such as chemical speci-

ficity and z-sectioning capability in contrast to the widely used fluorescence-based one-

photon imaging approaches. It also allows for considerably quicker signal acquisition
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times compared to Raman spectroscopy [38, 56]. Within the realm of biological imaging,

CARS serves as an almost optimal method for investigating lipids and their metabolic

processes [223], and is capable of differentiating lipids from proteins through its contrast

mechanism [114]. Moreover, CARS can be integrated with other nonlinear imaging

techniques like TPEF [49] and SHG [28] in a single microscope system by employing

a multi-channel output configuration [190, 32, 149]. This integration has been accom-

plished through a method known as multimodal-CARS, which has demonstrated its

value in various applications demanding structure- and chemical-specific imaging con-

trast. Each mode can isolate different sample details [111, 212, 112, 139], and can also

image live cells and tissue [138].

CARS, a nonlinear optical process, necessitates pulsed lasers at a pump frequency and an

offset Raman-Stokes frequency. The anti-Stokes signal is produced when the pump and

Stokes frequencies are offset by the Raman resonance frequency of the target molecule.

To efficiently stimulate vibrational coherence and enable rapid image acquisition, CARS

requires temporally and spatially overlapped incident pulses of pump and Stokes when

they are tightly focused into the sample. Generally, pulses with a few ps duration are

ideal for CARS bio-imaging, as their bandwidths correspond well with Raman resonance

peaks in typical cellular structures while still providing the high peak powers needed

for this nonlinear process. However, the technical complexity, high cost, and sizable

footprint of bulk laser-based OPO sources necessitate a dedicated optics laboratory for

CARS microscopy, impeding its widespread use. A simplified, low-cost laser system that

delivers high performance for CARS in a compact and robust form is in high demand.

A significant recent advancement is the introduction of a crystal-based, femtosecond

laser pump and a CW-seeded PPLN-based OPA that offered high gain and remarkable

stability for SRS microscopy without requiring a balanced detection system [175]. The

OPA output of 1520-1640 nm was frequency-doubled using spectral compression (a lossy

process) in a PPLN SHG stage, producing the ps pump beam. The system also needed

a narrow spectral filter on the residual beam from the fs pump to extend its temporal

width to the few ps range, increasing complexity and reducing efficiency.

In my research, I integrate various aspects of the crystal-based OPA system design [175]

while further simplifying the configuration by employing a 2-ps OPA pump laser (and

a 2-ns master oscillator power amplifier (MOPA) pump laser during the testing phase).

This allows us to avoid power wastage and utilize commercially available crystals for

both the OPA and SHG stages. The CW source is tunable across the entire Raman

lipid band in biological tissues (approximately 2700 - 3200cm−1). Tuning is primarily

constrained by the poling periods of the nonlinear crystals at our disposal, but could be

readily extended to cover the protein resonance band (approximately 1430 - 1550 cm−1)

by purchasing a custom crystal with the necessary poling patterns for future system

improvements.



54
Chapter 3 Widely-tunable synchronisation-free ps-pulsed laser sources for multimodal

CARS, SHG and two-photon microscopy

Besides delivering strong CARS imaging contrast, the OPA also facilitated simultaneous

SHG and TPEF imaging. The powers and beam quality were both well optimized, en-

abling the acquisition of robust signals in the backward direction compared to the signal

beam (epi-detection), rather than relying on forward detection, which necessitates thin

samples for signal collection. Consequently, the system is suitable for imaging clinically

relevant and easy-to-prepare thick specimens. The system was initially tested on chem-

ically pure beads to confirm the chemical specificity enabled by CARS-spectroscopy.

Subsequently, mouse adipose tissue imaging with epi-detection demonstrated the multi-

modal capabilities in bio-images, combining concurrent CARS, SHG, and TPEF signals

detected in three separate output channels on our inverted microscope platform.

For specific cases, I chose to use a similar OPA but in this case seeded by a CW diode

laser source which costs much less than a tunable laser source seed. I present results that

show this OPA is a versatile light source module that can be tailored to the tunability

and affordability requirements of specific applications. I also demonstrate that it can be

used either on its own as a light source or in association with an OPO for multimodal

CARS microscopy (extend to fingerprint region: 340 to 2400 cm−1) and I show its

performance by imaging a variety of standard and biological samples.

Parts of this Chapter has been reproduced from my own publication [207], © 2021

Optica Publishing Group and [18], © 2021 SPIE. Users may use, reuse, and build upon

the article, or use the article for text or data mining, so long as such uses are for non-

commercial purposes and appropriate attribution is maintained. All other rights are

reserved.

3.1.2 Review of prior art

A different solution to develop an OPA system for CARS imaging was explored in my

group before I started my project. In that experiment, they used a frequency-doubled

516-nm pulsed laser as a pump and a CW 795 nm diode laser as a seed to construct the

OPA, as shown in Figure 3.1. The 3-ps 1032-nm pump was converted to 516 nm by using

an SHG crystal. The 516-nm beam was used to pump the OPA and to generate few-ps

795-nm light that is combined with the unconverted 1032-nm pump light to perform the

CARS microscopy.
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Figure 3.1: Previous OPA setup

The system was built and aligned using a low power fibre laser in our lab at ORC and

was then transported into another lab at IfLS for imaging tests. Unfortunately, the

parametric gain of the OPA was found to be relatively low and the system proved to

be completely unsuitable for CARS microscopy. One limitation was that the damage

threshold of the PPLN crystal at 516 nm was very low (less than 100 MW/cm2 [43])

due to green-induced infrared absorption (GRIIRA) [63][43], which restricted the pump

intensity inside the crystal and hence limited the maximum gain in the nonlinear amplifi-

cation process. Apart from that, another limitation came from the large Group Velocity

Mismatch (GVM) between the 516 nm pump laser and 795 nm seed. Due to this high

GVM, the pump and signal pulses did not remain overlapped during the propagation in

the PPLN crystal before sufficient power was generated. This problem was less notable

when the laser pulses were in the ns regime, but it seriously affected the efficiency of

the gain when operated with ps pulses. It was concluded that a very different approach

was required to design the OPA system for CARS microscopy.

3.2 2-ns fibre laser pumped OPA

3.2.1 Introduction

In this part I aim to solve those problems mentioned above (low damage threshold and

large GVM of the PPLN crystal under 0.5 µm pumping), to achieve high enough gain (>

40 dB) and power (> 100 mW) at the output, and finally to apply it to CARS imaging.

I have designed a new system: it uses a laser with twice the previous wavelength to

pump the OPA, generating signals at wavelengths around 1.5 µm, and employ a final

SHG stage to convert the signals to the target wavelengths. For the PPLN crystal,
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the damage threshold for the 1 µm laser (1.5 GW/cm2 [43]) is significantly higher due

to the eliminated GRIIRA, and the GVM between 1.5 µm and 1 µm is much smaller.

Furthermore, easy access to seed lasers at telecoms-compatible wavelengths allows me

to test the OPA system using a single, simple diode laser as well as more complex and

expensive lasers with wide tunability.

3.2.2 OPA and SHG development

The initial experiments used nanosecond pulses to prove the principle and necessary

performance could be achieved before adapting the picosecond pulses in IfLS. For the

purpose of developing a small-footprint and movable laser system that can be easily

transported from the ORC into the labs in IfLS, all the components were set up on a

small-size breadboard. The schematic and photo of the setup are shown in Figure 3.2

and 3.3, respectively. The pump source was a fibre laser configured as a MOPA structure

providing 2 ns pulses with 250 kHz repetition rate at 1040 nm wavelength at a maxi-

mum average power of 5 W. A semiconductor-based CW tunable laser (TLS: Photonetics

Osics 3610 RA00) with fiberized output generated a <10 mW average power beam in

the 1500-1600 nm range which was employed as the seed and the output was spatially

combined with the pump beam for the OPA. CW seeding dramatically simplifies the

OPA operation, as there is no need for pump-seed synchronization in the time domain.

A 20-mm-long MgO-doped periodically poled lithium niobate (PPLN) crystal with 5

different poling periods from Λ=29.52 µm to Λ=31.59 µm in 0.5 µm steps (Covesion:

MOPO1-1.0-20) was used in the OPA stage, which had a temporal walkoff of 2.3 ps

between the 1040 nm pump and 1560 nm signal and a pump spectral acceptance band-

width of 1.2 nm. Both of the beams were focused down to 60 µm diameter resulting in a

pump peak intensity of ∼ 300MW/cm2, being in the safe operation regime of the PPLN

crystal. In the SHG stage, a 10-mm-long SHG PPLN crystal with 5 grating periods

from Λ=19.2 µm to Λ=20.4 µm in steps of 0.3 µm) (Covesion: MSHG1550-1.0-10) was

used to generate the 780 nm pulses. Both the PPLN crystals used had 5 poling channels

with different periods for phase matching and achieving different wavelengths for CARS

imaging requirements. The unconverted 1040 nm beam from the OPA and the 780 nm

output from the SHG can be employed as the pump and Stokes in the following CARS

microscopy.
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Figure 3.2: Schematic of the 2-ns fibre laser pumped OPA setup

Figure 3.3: Real photo of the OPA setup constructed and ultimately installed
in IfLS labs (300 mm × 600 mm).

The MOPA I used as the pump was built by Lin Xu several years ago. The pump

spectrum from the MOPA output was measured, as shown in Figure 3.4, showing a

3-dB linewidth of 1.1 nm which is smaller than the OPA pump acceptance. Firstly, a

CW telecom diode laser (A1905LMI) was selected as the seed source. It had an output

power of 17 mW and central wavelength of 1563.6 nm. Figure 3.5 shows the spectrum of

the seed laser output and the amplified seed from the OPA. The expectation of the OPA

output was more than 100 mW corresponding to a gain of 40 dB and an SHG efficiency

of more than 30 % corresponding to an SHG output of 30 mW. From the experiment,

an average power of ∼300 mW that corresponds to a parametric gain of ∼45 dB was
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achieved from the OPA, and the output of the SHG reached ∼140 mW with a conversion

efficiency up to ∼47%, as shown in Figure 3.6 and Figure 3.7. The SHG signal spectrum

was measured and is shown in Figure 3.8.

Figure 3.4: MOPA pump source spectrum (resolution 0.2 nm).

Figure 3.5: The spectrum of the laser diode source and the corresponding OPA
output.
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Figure 3.6: OPA output power (laser diode seeded) and OPA gain.

Figure 3.7: OPA gain (laser diode seeded) and SHG efficiency.
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Figure 3.8: 780 nm SHG output spectrum

In order to tailor the pump-Stokes wavelengths targeting different Raman resonant fre-

quencies of biological samples in CARS microscopy, a CW tunable laser source (TLS:

Photonetics Osics 3610 RA00) was employed to seed the OPA system. The tunable

laser had a wavelength tuning range from 1500 nm to 1600 nm, a maximum output

power of 10 mW and a spectral linewidth of 1.8 MHz. A number of Raman resonance

frequencies that are typically used for imaging lipids have been selected (listed in Table

3.1). For example, a 1593 nm seed wavelength was selected for the OPA to generate

output which is then frequency-doubled to 796.5 nm in the subsequent SHG stage and

combined with the 1031 nm Stokes pulses reaching a Raman resonance frequency of

2850 cm−1 and generating 649.1 nm anti-Stokes signals in the CARS process. With

further optimisation of the beam alignment and focal spot size, a maximum average

power of 600 mW output at 1593 nm was achieved in the OPA, which corresponded

to a parametric gain as high as 51 dB. In the SHG process, a conversion efficiency of

53% was obtained providing 320 mW of output power at 796.5 nm. For the case of

seeding at 1570 nm to target the 3030 cm−1 Raman resonance frequency, a maximum
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power of 500 mW at 1570 nm and 260 mW at 785.2 nm were achieved in the OPA and

SHG stages, respectively, corresponding to a parametric gain of 50 dB and a conversion

efficiency of 52%. The OPA and SHG system showed good and consistent performance

for those different wavelengths covering the Raman resonance frequencies of interest.

Pump (nm) Stokes (nm) CARS (Anti-stokes) (nm) Raman Resonances (cm-1)

796.5 1031 649.1 2850

791.5 1031 642.5 2930

789.0 1031 639.2 2970

785.2 1031 634.5 3030

Table 3.1: Raman Resonances

Figure 3.9: (a) 1570.5 nm seed spectrum, (b) 785.3 nm SHG output spectrum,
(c) 1593 nm seed spectrum, (d) 796.6 nm SHG output spectrum.
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Being satisfied with the performance of the large gain and high power of the OPA

system, I transported the system to the biomedical lab in IfLS for CARS microscopy

experiments. Considering the pump sources were different, a nanosecond fibre laser in

my lab and a picosecond solid-state laser in the bio lab, in terms of wavelength, pulse

width, peak power and etc, the final performance of the OPA system needed to be

characterized and tested again in the IfLS. Table 3.2 shows the key parameters of those

pump sources.

Rep. rate Wavelength
Pulse

duration

Pulse

shape

Average

power

Pulse

energy

Peak

power

Duty

cycle

ORC 250 kHz 1040 nm 2 ns Square 5 W 20 µJ 10 kW 1/2000

IfLS 80 MHz 1031 nm 2 ps Sech2 10 W 125 nJ 58 kW 1/6250

Table 3.2: Difference between pump sources in ORC and IfLS

3.3 2-ps solid-state laser pumped OPA with a tunable laser

seed

3.3.1 Introduction

The OPA system that I developed and tested in the ORC lab was transported into the

biomedical lab in IfLS and integrated into their microscopy system using a 2-ps-pulsed

solid-state laser as a pump.

A diagram illustrating the multimodal CARS laser source and microscope system can be

found in Figure 3.10, while a photo depicting the OPA in operation is provided in Figure

3.11. The APE Emerald Engine laser served as the pump laser, with its output (∼ 4W,

2ps, 80MHz, 1031nm, and spectrum displayed in Figure 3.14) divided into two beams:

one for pumping the OPA and another for generating the Stokes beam utilized in CARS

imaging platform. The same semiconductor-based CW tunable laser (TLS: Photonetics

Osics 3610 RA00, spectrum displayed in Figure 3.14) mentioned in the prior section

seeded the OPA. Both the OPA pump and seed were collimated and collinearly focused

to a 75-µm waist within the same MgO-doped PPLN crystal (Covesion: MOPO1-1.0-

20). The beam diameter was measured using an OPHIR Nanoscan beam profiler. By

adjusting the TLS wavelength and selecting the appropriate poling period and PPLN

crystal temperature, the OPA tuning was achieved quickly and precisely. Output power
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above 400 mW was obtained across the entire OPA tuning range (shown in Figure

3.16(c)). The spectral linewidth of the OPA output ranged from 17 cm−1 at 1556nm

to 13 cm−1 at 1606nm, roughly in line with the pulse duration shaped by the pump.

The output pulses of the OPA had a measured duration of 2.1 ps (data not displayed in

Figure 3.12(a)), comparable to the pump’s duration. Approximately 1.2 × 105 photons

from the CW seed laser were present within the time window of each pump pulse, enough

to fully suppress the noisier parametric superfluorescence generation process in the OPA

[119]. The use of a low-noise solid-state laser as the pump and a CW seed ensures that

the OPA exhibits minimal spectral drift over time and low temporal jitter.

Figure 3.10: Schematic of the experimental system used for multimodal CARS.
BS, beam splitter; DM, dichroic mirror; PPLN, periodically-poled lithium nio-
bate; PMT, photomultiplier tube. This figure has been reproduced from my
own publication [207].
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Figure 3.11: Photo of the experimental OPA setup used for multimodal CARS
and installed in IfLS labs.

Figure 3.12: Auto-correlation measurement of the EE source (Emerald Engine
pump laser) (1031 nm) (green) and OPA-SHG output (red). This figure has
been reproduced from my own publication [207].
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Figure 3.13: SHG output spectrum of 1594.4 nm seed input.

Figure 3.14: Spectrum of the Stokes beam (OPA pump source) and TLS (tun-
able laser) output (OPA seed). (See Figure 3.16 for the OPA spectrum.) This
figure has been reproduced from my own publication [207].

The OPA output signal was separated from the residual pump and focused into a second

PPLN crystal (Covesion: MSHG1550-1.0-10) for SHG, which supplied the pump beam

for CARS imaging platform. The SHG output’s tuning range spanned from 775 to

805 nm, constrained by the available SHG crystal; this range could be extended to

encompass the entire OPA tuning range by choosing suitable poling periods in the future.

The SHG pulse duration at an operating wavelength of 1594.4 nm was approximately

1.5 ps (as illustrated in Figure 3.12(a)). Additionally, the SHG process eliminated the

pedestal from the pump source. The pump-Stokes frequency detuning range, from 2700

to 3200 cm−1, fully covered the C-H stretching bands typically utilized for lipid imaging.
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A delay line in the pump beam path and dichroic mirrors (DMs) were employed to

combine and overlap the Pump and Stokes pulses in time and in space. Both beams

were then delivered collinearly to a custom-built CARS microscope platform. Operating

in reflection (epi) mode, the inverted microscope (Figure 3.15) used an air objective lens

with a numerical aperture (NA) of 0.75 (Nikon 20×) to focus the Pump and Stokes on the

sample. A galvo-scanner facilitated rapid spatial scanning of the beam. The epi light

was gathered and detected (non-descanned) by three photo-multiplier tubes (PMTs)

(filters: 400±20 nm for SHG, 520±20 nm for TPEF, and 640±20 nm for CARS).

Figure 3.15: Photo of the experimental inverted microscope used for multimodal
CARS.
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3.3.2 OPA and SHG characterisation

Initially, I characterized the OPA’s performance as a function of pump power and seed

power. With the seed laser set at a wavelength of 1594.4 nm and an output power of 8

mW, the minimum pump required for measurable gain was 2.7 W. Beyond this point, the

OPA output power increased as the pump power rose, reaching 400 mW at the maximum

pump power of 3.9 W, as displayed in Figure 3.16(a). (The maximum pump power was

established to remain below the PPLN crystal’s 1.5 GW/cm2 damage threshold [43].)

The corresponding OPA gain increased with pump power up to a maximum of 55 dB. I

also analyzed the gain performance concerning seed power in the OPA while maintaining

the pump at 3.9 W. As seen in Figure 3.16(b), increasing the seed power resulted in

an increase in output power and a decrease in gain, with saturation observed at seed

powers above approximately 5 mW. Figure 3.16 also depicts the SHG output power

characteristics, with a maximum SHG output power of 185 mW. The tunable output

ranging from 1540 to 1620 nm is illustrated in Figure 3.16(c), with output powers nearing

450 mW achieved across the entire tuning range. The OPA spectrum had a FWHM

bandwidth of 4 nm, yielding a time-bandwidth product of 0.98 (roughly 3 times the

transform-limited value).

Figure 3.16: OPA output (solid square), SHG output (solid circle) and OPA
gain (empty square, blue) as a function of pump power (a) or seed power (b).
Spectra and power of CW seeded OPA (c) and SHG (d) later used as the tunable
CARS Pump beam. This figure has been reproduced from my own publication
[207].
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Figure 3.17: SHG efficiency as a function of pump power (a) or seed power (b).

Figure 3.16(d) presents the SHG spectrum ranging from 775 nm to 805 nm. The output

power is more than adequate for CARS, SHG, and TPEF bio-imaging, taking into

account the power limitations imposed by photo-toxicity. As depicted in Figure 3.16(d),

the average power ranges from 175 to 200 mW across the tuning range. Figure 3.17

displays the SHG efficiency and varies with the pump power and seed power. Since

the SHG crystal’s 1 nm pump spectral acceptance bandwidth is smaller than the pump

spectral bandwidth, the SHG process cleaned up the pump’s chirp, reducing the pump

spectra width and pulse width. The SH spectrum exhibited a FWHM bandwidth of

0.5 nm (8 cm−1), and the measured SHG pulse duration was 1.5 ps (time-bandwidth

product = 0.35, improving to approximately 1.11 times the transform-limited value),

see Figure 3.12. The output beam was close to a Gaussian profile, with M2
x measured

at 1.29 and M2
y at 1.18, as seen in Figure 3.18.

Figure 3.18: SHG output beam quality.
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3.3.3 Chemical imaging results

Figure 3.19: (a) Measured CARS spectra of polystyrene beads overlayed with
the spontaneous Raman spectra. (b) (c) (d) show the corresponding polystyrene
CARS images vs Raman excitation frequency 3050 cm−1, 2850 cm−1 and
3150 cm−1 respectively (scale bar: 40 µm). This figure has been reproduced
from my own publication [207].

As an initial evaluation of the system’s chemical specificity and imaging capabilities,

we recorded CARS spectra and microscopy images of 40-micron diameter polystyrene

beads, which are standard samples for testing performance. The SHG of the OPA

output was tuned from 778 to 803 nm, allowing us to probe CARS anti-Stokes signals

shown in Figure 3.19 at frequencies ranging from 2750 to 3150 cm−1. The overall profile

of the CARS spectrum and the position of the two characteristic peaks at 2850 cm−1

and 3050 cm−1 are reasonably consistent with the spontaneous Raman spectrum. (The

peaks observed in CARS are a result of convolving the signal with a dispersive non-

resonant background. Therefore, it is not anticipated that these peaks will align with the

spontaneous Raman peaks.) The spontaneous Raman reference spectrum for polystyrene
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was captured using a custom-built Raman micro-spectrometer system equipped with a

Shamrock303 spectrograph, an Andor iDus 420 camera as the detector, and a 785 nm

excitation laser. The spectrum was obtained with a single 10-second exposure (50-micron

slit, approximately 4 cm−1 resolution) and 15 mW laser power using a 40x (0.9 NA)

objective. The average power levels on the sample were 6 mW for the Pump beam and 12

mW for the Stokes beam. The pixel dwell time was 8 microseconds, meaning that a full

image (512 x 512 pixels) took roughly two seconds to acquire which is remarkably fast.

Good image contrast is visible at the strongest resonance frequency in Figure 3.19(b) in

comparison to the weaker resonance shown in Figure 3.19(c) and the off-resonance data

presented in Figure 3.19(d).

3.3.4 Biological imaging results

Subsequently, I demonstrated bio-imaging by presenting CARS alongside SHG and

TPEF imaging in an epi-detection setup. Biological samples (Figure 3.20) were prepared

by extracting tissues from culled mice. All procedures were carried out in accordance

with the Animals (Scientific Procedures) Act 1986 set out by the UK Home Office. No

additional ethics approval relevant to the use of biological samples in the project work

is needed. Female C57BL/6 mice aged between 4-6 months were culled using CO2 and

cervical dislocation. Perigonadal adipose tissue was excised using scissors and forceps.

The tissue was fixed in a 4% paraformaldehyde solution for 4 hours and then rinsed in

phosphate-buffered saline (PBS) immediately before being placed in a glass-bottomed

dish with an imaging window cover slip (#1.5; 0.17 mm thick).

Figure 3.20: Photo of the biological sample: tissues from culled mice.
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Figure 3.21: Multimodal CARS/SHF/TPEF bioimaging with our new
OPA/SHG source. Images are of mouse adipose tissue acquired at the sur-
face of the sample. (a) Schematic showing the main components of adipose
tissue; (b) CARS image mapping the intensity of the 2845 cm−1 lipid band
across the tissue; (c) collagen fibers imaged with SHG; (d) TPEF images FAD
autofluorescence in macrophage cells; (e) composite image with CARS, SHG
and TPEF overlaid. Color intensity relates linearly to the counts on the detec-
tor, normalized to the maximum to obtain the highest contrast for each of the
channels independently. The images shown are single frame CARS acquisitions
with pixel dwell time of 8 µs, 28 mW pump and 30 mW of Stokes. This figure
has been reproduced from my own publication [207].

Figure 3.21 displays representative images of adipose tissue from mice. The image

acquisition process involved simultaneous acquisition of CARS, SHG, and TPEF images

using our three-channel detection system. Each modality offers distinct chemical or

structural information. It is important to note that all three signals originate from

endogenous contrast mechanisms inherent to the sample, without the need for added

dyes or stains to improve contrast.
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Images are acquired with a Pump-Stokes frequency detuning of 2845 cm−1 (Pump:

797.2 nm, Stokes: 1031 nm). The average power levels on the sample are 28 mW Pump

and 30 mW Stokes. The pixel dwell time is 8 µs, so that the acquisition of a full image

(512 × 512 pixels) takes ∼ two seconds. A schematic of the expected arrangement of

different components in adipose tissue is shown in Figure 3.21(a). It can be seen from

the CARS channel (Figure 3.21(b)) that the signal from the CH2 peak at 2845 cm−1

is diffuse and not structurally dependent, as it is from the uniform lipid distribution

within the adipocyte (fat cell). Indeed, lipids are rich in C-H bonds resonant at this

frequency so CARS microscopy allows selective imaging of lipid droplets in unstained

live cells with very high contrast. Figure 3.21(c) shows the corresponding SHG image.

SHG interrogates the χ(2)-related part of the hyperpolarizability (second-order electric

susceptibility per unit volume) of materials. In this image the SHG was generated by the

Pump as verified by turning off the Stokes beam and confirming the SHG channel signal

was still there. SHG from only Stokes or SFG from Pump and Stokes would potentially

be observable using a different choice of filters for the respective channel. Here, SHG

selectively images collagen fibers, which are a dominant component of the adipose tissue

scaffolding [98], (detection in the range of 400±20 nm) highlighting the fibrillary nature

and periodicity of collagen fibers in the sample. I used TPEF to image auto fluorophores

(detection in the range of 520±20 nm) in the tissue (flavin adenine dinucleotide (FAD)

and flavin mononucleotide (FMN) [60]). These auto fluorophores indicate metabolic

activity in cells. The TPEF images in Figure 3.21(d) show adipose tissue macrophages

(ATMs) that are localized in between adipocyte cells. Blood vessels would also have

good contrast with this modality and form a network around adipocytes. Elastin fibers

are key components of blood vessel architecture and exhibit TPEF in the spectral range

imaged here [106]. I verified that the TPEF signal was neither delay dependent nor did

it reduce when the Stokes was blocked so it is not a four-wave mixing signal. The shape

and distribution of the macrophages are similar to observations by others[60] and our

detection window covers the expected emission spectral range[83]. Figure 3.21(e) shows

the composite multimodal image of the same area of the tissue. The multimodal image

thus gives the underlying chemical and structural distribution and the local adipose

tissue architecture[60] through combined CARS, SHG and TPEF modalities.
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Figure 3.22: Multimodal imaging at different depths. Composite images with
the combined modalities of CARS (red), SHG (green) and TPAF (blue) corre-
sponding to the image shown in Figure 3.21 are shown at different depths (a)
10 µm, (b) 15 µm, (c) 20 µm and (d) 25 µm. (e) is the 3D construction of the
image (1 µm spacing between each section for 40 slices). This figure has been
reproduced from my own publication [207].

Currently tissue diagnostics makes use of colored stains on thin tissue slices (typically 5-

7 µm in thickness) which are suited for the transmission images recorded so that samples

require very careful preparation and sectioning. The ability to use label-free imaging

on clinically relevant thick tissue samples for diagnostic applications (for example, fresh

from surgery) would be greatly simplified if the epi-detection became viable. To highlight

this capability, I show in Figure 3.22 that our OPA-pumped multimodal CARS imaging

setup can image at depths of up to 40 µm (thick tissue samples) without compromising on

contrast or localized depth sectioning capability, which is beneficial as surface-sectioning

can miss crucial information.

The axial depth of focus is expected to be different for CARS (three-photon process) and

SHG/TPEF (two-photon processes): However, with the 1 µm z-resolution of our micro-

scope stage I did not observe any significant effect. Overall, the ability to concurrently

generate high contrast images with multiple modalities using the new OPA based laser

source should make it a valuable tool for bio-science users. The epi-detection capability

with an OPA-based setup demonstrates the relevance to biological and clinical samples
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without the need for extensive sample preparation which would be required to create

the thin sections normally used with forward detection.

3.4 2-ps solid-state pumped OPA with a diode laser seed

3.4.1 Introduction

Figure 3.23: Schematic of the experimental system used for multimodal CARS.
BS, beam splitter; DM, dichroic mirror; PPLN, periodically-poled lithium nio-
bate; PMT, photomultiplier tube. This figure has been reproduced from my
own publication [18].

Using the TLS as seed laser, the OPA has shown great wavelength flexibility for CARS

microscopy. Despite that I also did experiments using a much less costly 1560 nm

wavelength telecoms laser diode with similar power to the TLS and temperature-tuned

the diode wavelength by up to 6 nm and achieved similar output power and pulse

characteristics from the OPA as when using the TLS. (These telecoms diodes are readily

available commercially at a very small fraction of the cost of a TLS and are much more

compact.) This verified that, in principle, the costs of the system could be reduced

and the tuning range maintained by using a switchable array of telecoms seed diodes

with the wavelengths selected to target different molecular vibrational frequencies in the

bio-samples of interest.

The experimental apparatus for performing multimodal CARS microscopy, which in-

corporates the OPA light source is depicted in Figure 3.23 and its basic aspects have

been described in detail in the previous section. The difference in this high frequency
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CARS imaging setup implementation is that I replaced the TLS with an Alcatel fibre

coupled laser diode (A1905LMI: Figure 3.24) in a butterfly package with a temperature

tunable wavelength in the range of 1562 to 1568 nm as a seed. With this layout a range

of vibrational frequencies from 3050 to 3100 cm−1 can be covered. The cost of this laser

diode is around £ 800 versus £ 30,000 for TLS.

Figure 3.24: A1905LMI laser diode photo.

3.4.2 OPA and SHG characterisation

The OPA signal can be tuned from 1562 nm to 1568 nm (Figure 3.25(a)) by temperature

tuning the laser diode seed and the PPLN OPA crystal. The bandwidth of the OPA sig-

nal pulses was 12.2 cm−1 with an average power of 400 mW when the OPA was pumped

with an average power of 4 W. The corresponding peak power of the OPA signal pulses

was 2.5 kW. Similarly by adjusting the temperature of the SHG crystal the frequency

doubled OPA signal could be tuned from 781 to 784 nm (Figure 3.25(b)) respectively

with an average power of 170 mW. Their bandwidth was 4.88 cm−1 and their intensity

auto–correlation was fitted well with a Lorentzian curve (Figure 3.25(c)) and had a full

width at half maximum (FWHM) of 2.11 ps which translates to a pulse duration of

1.055 ps. The associated peak power was calculated to be 2.1 kW. Furthermore the

time–bandwidth product (TBP) was 0.15 which is very close to the transform limited

value of 0.142 which means that these pulses have practically zero chirp.



76
Chapter 3 Widely-tunable synchronisation-free ps-pulsed laser sources for multimodal

CARS, SHG and two-photon microscopy

Figure 3.25: (a) Pulse spectra at the OPA output and (b) the respective pulse
spectra at the SHG output. (c) Intensity auto-correlation of the SHG output for
the central wavelength of 784 nm and the corresponding Lorentzian fit (FWHM
of 2.11 ps which translates to a pulse duration of 1.055 ps). This figure has been
reproduced from my own publication [18].

3.4.3 Chemical imaging results

With the configuration of Figure 3.23 a number of samples were imaged using the dif-

ferent imaging modalities and images acquired based on expected sample contrast. For

example, a standard sample of polystyrene beads with 40 µm diameter was imaged by

CARS around 3050 cm−1 where there is a strong polystyrene Raman resonance. By

temperature tuning the wavelength of the seed laser diode as well as the OPA and SHG

PPLN crystals it was possible to recreate part of this resonance curve (Figure 3.26) in

the range between 3056 cm−1 to 3105 cm−1.
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Figure 3.26: Recreated high frequency Raman resonance of polystyrene; (red
curve Spontaneous Raman spectrum of polystyrene, blue dots normalised CARS
signal extracted from indicated images of 40 µm polystyrene beads at frequencies
3056, 3072, 3088, 3105 cm−1 respectively). This figure has been reproduced from
my own publication [18].

3.4.4 Biological imaging results

Furthermore, the tail of the phospholipids Raman resonance at high frequencies (> 3050 cm−1)

was exploited in order to image cell membranes of adipose tissue (Figure 3.27(a)). As

these frequencies are relatively distant from the 284 cm−1 resonance of other lipids such

as triglycerides and cholesterol which form globular shapes in the adipose tissue, these

features appear as dark circular areas between the areas with the cell membranes.
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Figure 3.27: (a) CARS image at 3056 cm−1 of areas with cell membranes in
adipose tissue, the dark areas correspond to globular lipid structures of triglyc-
erides and cholesterol. (b) SHG image of collagen fibres in rat tail tendon. (c)
SHG image of bone. (d) TPEAF image of bone marrow. This figure has been
reproduced from my own publication [18].

To illustrate the SHG imaging capabilities of the source a rat tail tendon sample was

imaged where the fibrillar structure of collagen can be clearly distinguished (Figure

3.27(b)). Similarly a bone sample was imaged via the means of SHG imaging while the

bone marrow encircled in the bone structure was imaged using the TPEAF modality

(Figure 3.27(c) and (d) respectively).
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3.5 Combined with OPO targeting finger-print region

3.5.1 Introduction

Due to its simplicity and low cost the OPA light source can be also used as an easy

add-on to an existing OPO setup as shown in Figure 3.28, facilitating access to the

fingerprint region and at the same time keeping the anti-Stokes wavelengths in the high

sensitivity spectral range of the detectors.

Figure 3.28: Schematic of the experimental system used for multimodal CARS.
OPO, optical parametric oscillator; DM, dichroic mirror; PPLN, periodically-
poled lithium niobate; PMT, photomultiplier tube. This figure has been repro-
duced from my own publication [18].

This layout as shown in Figure 3.28, consists of a Levante Emerald OPO (650 – 950 nm)

which is synchronously pumped by the second harmonic output (515.5 nm) of the Emer-

ald Engine solid state laser source. The signal output of the OPO is used as the Stokes

for CARS imaging. Similarly as in Figure 3.23 and as shown in Figure 3.28 a fraction

of the fundamental (1031 nm) of the Emerald Engine is used for pumping the OPA

whose frequency doubled signal is used again as the CARS Pump. In the same way as

described earlier for the high frequency setup, the CARS Pump and Stokes of this setup,

are coupled into the laser scanning microscope and they overlap spatially and temporally

on the sample. A wide range of vibrational frequencies from 340 to 2400 cm−1 (most of

the fingerprint region) can be covered with this layout, limited only by the availability

of filters and the detector range.
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3.5.2 Biological imaging results

In order to demonstrate the imaging capabilities of the OPA light source in the finger-

print region the configuration of Figure 3.28 was used. With this setup by tuning the

OPA signal wavelength at 1564 nm and consequently its second harmonic at 782 nm

(CARS pump) and the OPO signal at 845.5 nm (CARS Stokes), images of animal bone

at the resonance frequency (960 cm−1) of apatite were acquired as shown in Figure

3.29(a). The corresponding anti-Stokes wavelength was 727.4 nm which is well within

the detection range of our detectors (Hamamatsu H10722-20). In contrast, if instead in

order to target the above mentioned apatite resonance, the OPO had been paired with

the fundamental (1031 nm) of the Emerald Engine then the corresponding anti–Stokes

wavelength would have been at 860.5 nm. The anode radiant sensitivity of the detector

drops by almost an order of magnitude and this would result in a significant reduction

of the quality of imaging at this vibrational frequency.

Figure 3.29: (a) CARS image of animal bone using the finger-print region OPA
setup at 960 cm−1 (apatite resonce). (b) SHG/SFG and (c) TPEAF images of
the same sample respectively. This figure has been reproduced from my own
publication [18].

Regarding the other modalities, this setup can facilitate the acquisition of a composite

Second Harmonic Generation and Sum Frequency Generation (SHG/SFG) image as

depicted in Figure 3.29(b) and TPEAF image as shown in Figure 3.29(c). In more

detail the SHG (which is a degenerate case of SFG) component of the image in Figure

3.29(b) appears at 392 nm (SHG of 784 nm CARS pump) while the SFG component
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which exhibits very strong delay dependence appears at 407 nm (non–degenerate sum

frequency of CARS pump and CARS Stokes wavelengths).

3.6 Summary and future work

In summary, I have shown the demonstration of a compact and reliable, tunable, CW

seeded synchronization-free PPLN OPA with a robust, commercial picosecond pump

laser. This laser and OPA combination is shown to be well suited for label-free CARS

and concurrent SHG and two-photon fluorescence microscopy in an epi detection geom-

etry. Rapid and accurate tuning between Raman resonances was achieved by changing

the channels and temperatures of OPA and SHG crystals concurrently with tuning the

CW OPA seed wavelength. The corresponding pump-Stokes frequency detuning range

was from 2700 to 3200 cm−1, thus fully covering the C-H stretching band that is typ-

ically used for the imaging of lipids. The epi-detection capability with an OPA-based

setup demonstrates the relevance to biological and clinical samples without the need for

extensive sample preparation which would be required to create the thin sections nor-

mally used with forward detection. I also presented a similar OPA but seeded by a CW

laser diode source which costs much less than a tunable laser source seed. This OPA was

a versatile light source module that can be tailored to the tunability and affordability

requirements of the specific application. I demonstrated that it can be used either on its

own as a light source or in association with an OPO for multimodal CARS microscopy

corresponding to a Pump-Stokes frequency detuning range from 340 to 2400 cm−1 which

covers the finger-print region.

By combining elements of multiphoton techniques in an inexpensive and compact con-

figuration, our work paves the way for the simple implementation of multimodal CARS

with concurrent SHG/TPEF imaging capability. Power level, spectral resolution and

dwell times are all comparable with previous reports [175], while utilizing a much sim-

pler setup. In principle, the costs of the system could be further reduced and the tuning

range increased by switching to a switchable array of seed diodes as these are readily

available in the telecoms wavelength range. This stepping stone points to a lower cost

future route to translation of nonlinear laser microscopy imaging for biomedical research

and imaging based diagnostics in the clinic. The next steps in the translation of the

nonlinear source to clinics and hospitals will involve progressing the system into a robust

prototype that can operate in a non-specialised environment. Additionally we will need

to progress with clinical feasibility studies with such a microscope system based on the

developed laser to demonstrate reproducible performance and visualisation ability for

improved diagnosis.

The paper named ‘Widely-tunable synchronisation-free picosecond laser source for multi-

modal CARS, SHG and two-photon microscopy’ has been accepted and published [207].
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The OPA system is continuing to be used for other imaging works in the IfLS after

this project. IfLS has ordered several new laser diodes as seeds of the OPA to extend

the wavelength tuning range. In the future, IfLS might take over this OPA system of

mine and apply it to SRS by other researchers as this next work is primarily related to

bioimaging and has little to do with light source development itself. I consider this is a

strong validation of the value of the source I have developed and a significant outcome

from my project.



Chapter 4

1840-nm femtosecond thulium

fibre laser system for label-free

third-harmonic generation

microscopy

4.1 Introduction

In this Chapter, an all-fiberized 1840-nm thulium fibre laser source comprising a dissi-

pative soliton mode-locked seed laser and a chirped-pulse-amplification (CPA) system

has been developed and applied for label-free biological imaging through multiphoton

microscopy. This work is part of EPSRC funded project ‘Lighting the Way to a Healthy

Nation - Optical ‘X-rays’ for Walk Through Diagnosis & Therapy’. The laser develop-

ment work was undertaken and completed by me and Lin Xu together. The microscope

related imaging experiments and data/bio-imaging processing were carried out by me

and Konstantinos N. Bourdakos. The imaging samples were prepared by Peter Johnson

and Anna Crisford.

4.2 Background

Nonlinear optical microscopy using short-pulsed fibre lasers has been widely used for

biological imaging research because it allows for minimal invasion, fast speed and high

resolution imaging based on various well-established techniques [212, 220]. Femtosecond

lasers from ytterbium and neodymium fibre systems operating in the near infrared (NIR)

region at wavelengths around 1 µm have shown good performances in biological imag-

ing based on two-photon excitation microscopy (TPM) and second-harmonic generation

83
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(SHG) microscopy [31, 151]. In contrast to TPM and SHG microscopy, higher-order

nonlinear optical microscopy, such as three-photon excitation microscopy (3PM) and

third-harmonic generation (THG) microscopy, provide high signal-to-background ratios

and deep penetration [67, 81] when using femtosecond excitation pulses in the short-

wave infrared (SWIR) region from 1700 nm to 1870 nm. This is due to this wavelength

region providing the window in which the sum of absorption and scattering is minimized

from most biological tissues. Solid-state laser sources based on optical parametric oscil-

lator or amplifier techniques involving high-power NIR femtosecond Ti:sapphire lasers

and nonlinear frequency converters have been used to demonstrate such higher-order

nonlinear optical microscopies with good achievements made [148, 131]. Compared to

such complex and bulky solid-state lasers, fibre lasers offer significant advantages of high

efficiency, good compactness and robustness as well as good beam quality. Frequency

conversion of 1.5-µm femtosecond erbium fibre lasers to this wavelength region by soliton

self-frequency shifting inside a nonlinear optical fibre can generate wavelengths within

this SWIR region. However, this technique has a relatively low energy-conversion effi-

ciency and the output wavelength and pulse energy are highly sensitive to the coupling

efficiency into the nonlinear fibre [106, 193]. We are targeting around 1840 nm because

this wavelength has the best feedback from the tissue (especially human bone) and

relatively low water absorption.

Thulium-doped fibre (TDF) exhibit a broad emission spectrum, spanning from 1600

nm to 2100 nm covering the entire SWIR region and hence represents an attractive

gain medium for femtosecond fibre lasers that have potential in such imaging applica-

tions [191, 110]. Generally, silica-glass based TDF lasers operate at wavelengths beyond

1900 nm, where the emission cross sections of Tm3+ ions in silica are large and high

optical gain can be obtained. A TDF laser system generating 297 fs pulses at 1925 nm

with a pulse energy up to 1.27 µJ has been demonstrated [158]. However, it is chal-

lenging to operate the short-pulsed TDF laser at the SWIR wavelengths with high pulse

energy due to the quasi-three-level nature of the thulium laser and the need for careful

management of nonlinearity, dispersion and spectral filtering in such laser system. A

mode-locked (ML) TDF laser operating at 1746 nm has been reported but with a low

power efficiency generating a pulse energy of only 0.2 nJ, based on nonlinear polariza-

tion rotation (NPR), and which usually results in poor self-starting of the mode-locked

laser [33]. Through the development of a dispersion engineered TDF, a mode-locked

laser operating in the 1.7 - 1.8 µm region has been demonstrated and a pulse energy

of 128 nJ obtained in a fibre amplifier system [34]. However, the system required a

complicated fibre geometry design and fabrication process that could prevent wider ap-

plication. Instead of using silica-glass TDFs, a 1820-nm fibre laser with pulse energy of

1.1 µJ was developed by using fluoride-glass TDFs and 3PM imaging of mouse brain by

using such laser was demonstrated [143]. However, a key challenge is the ability to splice

the fluoride-glass TDFs used in that system to other silica-glass fibre components, hence,

as a consequence, the system is bulky and involves significant free-space alignment. In
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addition, special preparation of biological samples is required, in which a fluorescent pro-

tein is transfected to facilitate the 3PM imaging. Here we report the development of an

all-fiberized 1840-nm femtosecond laser system based on standard silica-glass TDFs and

demonstrate a proof-of-principle study of its application in label-free THG microscopy

of biological samples from hard and soft tissues.

4.3 Fibre laser source

4.3.1 Introduction

In this section, I showed the laser development part in the ORC lab. It includes a 1840-

nm Thulium-doped fibre dissipative-soliton mode-locked seed laser and a dual stage CPA

(Figure 4.1).

Figure 4.1: Schematic of the fibre laser source.

4.3.2 Mode-locked Thulium-doped fibre laser

Here I introduce the seed laser development. The target of this seed is to get dissipative

soliton mode locking with a central wavelength around 1840 nm and an output power >10

mW. A schematic of the mode-locked cavity is shown in Figure 4.2. A unidirectional ring

cavity consisting of a length of single-mode TDF (OFS, TmDF200) as the gain medium,

pumped by a 1565 nm diode laser (Princeton Lightwave, DEI14919) through a 1560 nm /

1840 nm wavelength-division multiplexer (WDM). A semiconductor saturable absorber

mirror (SESAM) with a non-saturable reflection of 60% and a modulation depth of 20%

(Batop, SAM-1920-36-10ps) was attached to the fibre end of a polarization-dependent

(PD) circulator, which ensured unidirectional oscillation in the cavity. To compensate

for the anomalous dispersion of the single-mode fibres (SMF) in the cavity, a length of
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dispersion-compensating fibre (DCF) (Coherent, UHNA4) was employed to provide an

overall net normal dispersion for the targeted dissipative-soliton mode locking operation.

Two in-line polarization controllers (PC) were used to adjust the polarization state of

the intra-cavity pulses generating Lyot filtering effects and stabilizing the mode locking

in the cavity [158]. An output coupler with a 50% transmission was used to extract the

laser output. The laser cavity was placed on a metal plate with a size of 30 cm (long)

and 19 cm (wide), as shown in Figure 4.3. All fibres and components were carefully

taped and fixed on the plate to ensure stable mode locking operation.

Figure 4.2: Schematic of the mode-locked thulium fibre laser cavity. WDM:
wavelength-division multiplexer; TDF: thulium doped fibre; OC: output cou-
pler; SMF: single mode fibre; PC: polarization controller; PD-Circulator: po-
larization dependant circulator; DCF: dispersion compensate fibre; LD: laser
diode.
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Figure 4.3: Photo of the mode-locked seed laser.

The TDF had an absorption coefficient of 20 dB/m at the pump wavelength, and

a length of 1.3 m was initially chosen in order to favor laser operation at the short

wavelength end of the thulium emission bandwidth. The total lengths of the SMF and

DCF used in the cavity were measured to be 6.2 m and 5 m, respectively. Considering the

group-velocity dispersion of the fibres used in the cavity at the laser wavelength (SMF:

-0.06 ps2/m, TDF: -0.02 ps2/m, DCF: +0.093 ps2/m), the net cavity dispersion was

estimated to be 0.07 ps2. With proper adjustment of the PCs in the cavity, self-starting,

single-pulse, stable mode locking was observed at a pump power of 150 mW. The output

pulses had a repetition rate of 16.36 MHz, which was consistent with the cavity length.

The output spectrum was measured showing a central wavelength at 1900 nm. In order

to characterize the influence on the operating wavelength and optimize the gain fibre

length, the mode locking was tested by shortening the TDF length and the corresponding

output spectra are shown in Figure 4.4. The central wavelength of the mode-locked laser

could be effectively shortened by using a shorter length of TDF due to the quasi-three

level system of the thulium ions [46]. The influence of the net dispersion on the output

spectral bandwidth was also characterized by fixing the TDF length while changing the

length of DCF. Figure 4.5 shows the results, in which a smaller net normal dispersion

resulted in a broader output spectrum that would generally produce shorter pulses after

de-chirping.
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Figure 4.4: Output spectrum of the mode-locked fibre laser with varying the
length of TDF.

Figure 4.5: Output spectrum of the mode-locked fibre laser with changing the
net cavity dispersion.
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In order to achieve the target operating wavelength of 1840 nm, a TDF length of 0.7 m

and net cavity dispersion of ∼ 0.01 ps2 were chosen for the mode-locked laser. The

mode locking output spectrum had a central wavelength of 1840 nm and 10-dB spectral

bandwidth of 22 nm. The output pulse was measured to have an auto-correlation width

of 9 ps corresponding to a Gaussian pulse with a width of 7 ps, as shown in Figure

4.6. The output power of the mode-locked laser increased with the pump power at a

slope efficiency of 17%, reaching a maximum of 17 mW at the maximum available pump

power from the 1565-nm LD, as shown in Figure 4.7. The RF spectrum measurement

of the output pulses shows a fundamental frequency of 16.6 MHz and an signal-to-noise

ratio of 70 dB, as shown in Figure 4.8.

Figure 4.6: Autocorrelation trace (AC) and spectrum measurement of the
1840 nm mode-locked fibre laser.
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Figure 4.7: Output power vs pump power of the 1840-nm mode-locked fibre
laser.

Figure 4.8: RF spectrum measurement of the 1840-nm mode-locked fibre laser.
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4.3.3 Thulium-doped fibre amplifiers

4.3.3.1 Stretcher and pre-amplifier

After the seed laser, pulses will be stretched by a stretcher and then amplified by a

pre-amplifier. After the fiberized isolator, the output pulses from the mode-locked laser

were attenuated to an average power of 5 mW and passed through a 23-m-length of

DCF (Coherent, UHNA4) to stretch the pulse width to 18 ps shown in Figure 4.10.

23-m-length of DCF is a reasonable choice because it will stretch the pulse to ∼ 20 ps

so the pulse can be amplified efficiently and avoid nonlinear distortion in the following

fibre amplifiers. In addition it doesn’t require too long distance in the compressor to

compress the pulse back to femtosecond level.

Figure 4.9: Schematic of the stretcher and pre-amplifier.

Figure 4.10: Autocorrelation trace of the stretched pulse.
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To develop the TDF pre-amplifier, an 1565 nm EDFL (shown in Figure 4.11) was built as

a pump source. The EDFL was pumped by a wavelength-stabilized 976 nm laser diode

(BL976-PAG900, Thorlabs) with a maximum power of 900 mW. The output power verus

pump current of the laser diode was characterized and shown in Figure 4.12. In-house

fabricated single-mode erbium-doped fibre (EDF) was used as the gain medium. Two

fibre Bragg gratings (FBGs) with reflectivities of 99.9% and 6%, respectively, were em-

ployed as cavity mirrors. In order to find the optimum gain fibre length for the EDFL,

different lengths of 5 m, 6 m and 7 m were tested with the output power performance

showing in Figure 4.13. It can be found that the EDFL, with using 6 m length EDF pro-

vided the best result, offered output power slope efficiency of 36% reaching a maximum

power of 300 mW. It is a reasonable good efficiency. The output spectrum of the EDFL

at the maximum power had a central wavelength of 1565 nm and a 3-dB linewidth of

0.1 nm, as shown in Figure 4.14.

Figure 4.11: Schematic of the homemade EDFL.

Figure 4.12: LD output vs current.



Chapter 4 1840-nm femtosecond thulium fibre laser system for label-free
third-harmonic generation microscopy 93

Figure 4.13: Output power vs pump power of the homemade EDFL by varying
the length of EDF.

Figure 4.14: Output spectrum of the homemade EDFL
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The fibre pre-amplifier shown in Figure 4.9 consisted of a 1-m-length of TDF (OFS,

TmDF200) backward-pumped by a home-built 1565-nm Erbium-doped fibre laser (EDFL).

Core-pumping solution was used to get compact device and low noise level. At a maxi-

mum pump power of 300 mW, the first fibre amplifier generated an average power of 50

mW at the output.

4.3.3.2 Power amplifiers and compressor

Figure 4.15: Schematic of the fibre amplifier and pulse compressor.

In the second fibre amplifier, single-mode TDFs with bigger cores were required to realize

Watt-level output powers without nonlinear distortion. Firstly, a commercial TDF with

a core diameter of 9 µm (Coherent, TSF-9/125) and a core absorption of 12 dB/m at

1550 nm was used and core pumped by a 1550-nm EDFL with a maximum available

power of 10 W. Core-pumping leads to a shorter length of fibre and lower noise level

compared to cladding pumping. To optimize the gain fibre length for the second fibre

amplifier, three different lengths of the TDF (1.9 m, 2.3 m and 2.9 m) were selected and

tested for their output power performance. As shown in Figure 4.16, the 2.3-m-TDF

amplifier provided a power slope efficiency of 37% and a maximum output power of 2.1

W at a pump power of 6 W. However, the output spectrum showed significant nonlinear

distortions with increasing power, as shown in Figure 4.17, which is probably due to

modulation instability in the anomalous dispersion region.
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Figure 4.16: Output power measurement of the second fibre amplifier with the
9-µm core diameter TDF.

Figure 4.17: Spectral measurement of the second fibre amplifier with the 9-µm
core diameter TDF.
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The pulses then passed through a free-space isolator, as shown in Figure 4.15. The loss

of the isolator is measured to be 1.67 dB.

After passing through a free-space isolator, the output beam was collimated and de-

livered into a pulse compressor, which consisted of a pair of fused silica transmission

gratings with groove density of 560 lines/mm and a roof mirror (shown in Figure 4.15).

The combined loss of the isolator and pulse compressor was measured to be around 3

dB. The auto-correlation measurement of the compressed pulses at the maximum power

is shown in Figure 4.18. The Gaussian fitted pulse width is calculated to be 705 fs,

however, a large pedestal of the auto-correlation trace indicates the strong nonlinear

effects result in the pulse distortion and degrade the pulse quality.

Figure 4.18: Auto-correlation measurement of the second fibre amplifier with
the 9-µm core diameter TDF.

In order to eliminate the nonlinear distortion, an in-house designed and fabricated single-

mode TDF, which had a larger core size of 10 µm and a higher absorption of 37 dB/m

at the pump wavelength, was employed to allow a shorter length of TDF in the fibre

power amplifier [22] to reduce even eliminate the nonlinear distortion. By characterizing

the amplifier power performance with different lengths of TDF (0.5 m, 0.7 m and 1 m),

as shown in Figure 4.19, an optimum length of 0.7 m was chosen for the fibre amplifier.
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The output power increased with the pump power at a slope efficiency of 44% and

reached a maximum of 2.5 W at a pump power of 6 W, corresponding to a maximum

pulse energy of 150 nJ. In comparison to the previous results, the slope efficiency and

maximum output power are better, the output spectrum in Figure 4.20 did not exhibit

obvious nonlinear distortion at such power levels.

Figure 4.19: Output power measurement of the second fibre amplifier with the
10-µm core diameter TDF.

Figure 4.20: Spectral measurement of the second fibre amplifier with the 10-µm
core diameter TDF.
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The output beam was collimated and delivered through a free-space isolator into a pulse

compressor. The auto-correlation measurement of the compressed pulses is shown in

Figure 4.21, which exhibited a pulse width of 416 fs by a Lorentzian fit or 582 fs by a

Gaussian fit. Due to the non-PM fibres used in the fibre amplifiers, the polarization of

the output beam from the power amplifier was not linear which resulted in a loss by

passing through the free-space isolator.

Figure 4.21: Auto-correlation measurement of the second fibre amplifier with
the 10-µm core diameter TDF.

The assembled laser system has a size of 60cm in length, 30cm in width and 35cm in

height, as shown in Figure 4.22 and Figure 4.23. Layout of all the components in the

two layers is showed in Figure 4.24. The laser system was moved to IfLS building and

integrated into the multi-photon imaging microscopy in the IfLS bio-imaging lab.
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Figure 4.22: Photo of the system.

Figure 4.23: Photo of the system.
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Figure 4.24: Layout of the system in two layers.

4.4 Third-harmonic generation microscopy

The imaging was performed with a custom-built inverted microscope based on a Nikon

Ti Eclipse frame, which was equipped with a pair of galvanometer mirrors for laser

scanning. The output beam of the thulium fibre laser was coupled into the scanner,

and after passing through a pair of lenses (scan lens and tube lens) the beam was

reflected by a short-pass dichroic (excitation dichroic) beam splitter and focused on the

samples through an infinity corrected objective. The THG signal was collected in the

back-scattering (epi-detection) geometry from the same objective and delivered through

optics comprising of the excitation dichroic, mirrors, lenses, and short-pass filters, as well
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as a narrow band-pass filter to a photomultiplier tube (PMT) detector. The scanner

and the detector were interfaced with a DAQ-PCI6110 to a desktop computer. The laser

scanning and the acquisition were controlled with Scanimage 6.1 (Vidrio Technologies).

All the image acquisitions were performed with a 20× objective lens with a numerical

aperture (NA) of 0.75. The pixel resolution of each image was 512 × 512 which, for the

objective and the scanning settings that we have used, corresponded to a field of view of

250 µm × 250 µm, while the pixel dwell time was 16 µs. For one of the samples shown in

figure 9, SHG images were concurrently acquired with the THG images to demonstrate

complementary information about the tissues. Multimodal multiphoton microscopy to

acquire both SHG and THG by using the thulium fibre laser was not undertaken, due

to the lack of suitable PMTs displaying good response at the SHG wavelength of the

thulium fibre laser, but in principle could work. In this case, a 1031-nm 2-ps 80-MHz

laser, whose output had been made colinear with the thulium fibre laser output, was used

for the excitation of the SHG. The THG and SHG signals were spectrally separated with

a long pass dichroic beam – splitter in the detection branch, with the SHG signal being

reflected and passed through another band-pass filter centered at 520 nm, with a full

width at half maximum (FWHM) of 40 nm, towards a second PMT. Firstly, the THG

imaging capabilities of the apparatus were tested by imaging agglomerates of BaTiO3

nanocrystals (Figure 4.25 and 4.26), known for their high third order susceptibility [8].

Nanocrystals with diameters between 50 to 100 nm, in a powder form, were dispersed on

a microscope slide and covered with a glass coverslip (0.17 mm thickness). As described

above, a band-pass filter with a central wavelength of 620 nm and a FWHM of 20 nm was

placed in front of the detector. Verified by using different filters to exclude the spectrum

ranging between 610 to 629 nm, no signal was observed, which strongly suggested that

the detected signals when using the above–mentioned band-pass filter were indeed from

the THG of the excitation. The same tests were applied during the image acquisition for

all the other samples presented in this work. In addition, a sample consisting of 40-µm-

diameter polystyrene beads was chosen to test the THG imaging system functionality.

Clear imaging showing strong signals at the boundaries of the polystyrene spheres and

negligible signal from the bulk was achieved, as presented in Figure 4.26 (b), which is

known due to the surface enhancement of THG [187, 13].
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Figure 4.25: THG imaging of BaTiO3 nanoparticle cluster with different filters.

Figure 4.26: THG imaging of (a) BaTiO3 nanocrystals and (b) polystyrene
beads.
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Figure 4.27: THG imaging of (a) section of rat tail tendon and (b) section of
rat tail with skin removed.

In order to demonstrate the biomedical imaging application of the Thulium fibre laser,

a number of fixed soft and hard tissue samples were prepared and tested. Images were

acquired by using the optical lay-out and imaging settings described above. Regarding

the preparation of the animal samples, all procedures were carried out in accordance

with the Animals (Scientific Procedures) Act 1986 set out by the UK Home Office.

The human samples were purchased from a commercial company (Amsbio, USA). No

additional ethics approval relevant to the use of biological samples in the project work

is needed.

Figure 4.27 (a) shows an image of a rat tail tendon using THG microscopy illustrating an

array of dotted and fibrillar areas that likely represent collagen bundles at the interface

with the proteoglycan matrix, which has strong THG signals. A part of a rat-tail from

which the skin has been removed and includes muscle tissue and blood vessels is shown

in Figure 4.27 (b). Vascular canals and the surrounded collagen matrix can be clearly

observed from this image.



104
Chapter 4 1840-nm femtosecond thulium fibre laser system for label-free

third-harmonic generation microscopy

Figure 4.28: THG (a) and SHG (b) images of the superficial human rib bone
layer, THG highlighting vascular cnaals and erythrocytes (c) and SHG demon-
strating bone matrix compartment (d) of the deep bone layer (21 µm depth).
Composite images THG (magenta) and SHG (green) image of surface (e) and
deep (f) layers of (a), (b) and (c), (d) respectively.
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THG and SHG images of a section of fetal human rib-cage bone sample, which were

acquired concurrently using the two independent lasers, are shown in Figure 4.28. The

respective THG and SHG images of the human rib bone sample at the surface layer are

depicted in Figure 4.28 (a) and Figure 4.28 (b). As expected, the THG image shows

a granular structure in the bone marrow compartment and a part of the surrounding

inorganic matrix deposit with high contrast, while the SHG image delineates different

components of the bone. SHG demonstrated the collagen matrix with excellent contrast

and an absence of signal in the bone marrow compartment. In Figure 4.28 (c), THG

imaging of bone layer at a depth of 21 µm in the same section highlights the soft tissue

compartment, with vascular canals and blood vessels clearly visible. Erythrocytes, (large

dots) within the blood vessels can also be observed. On the periphery of the bone marrow

compartment, the bone mineral matrix can be clearly delineated using this approach.

The corresponding SHG image in Figure 4.28 (d) demonstrates, solely, the surrounding

collagen matrix. The composite image of the bone sample at the surface layer is shown

in Figure 4.28 (e), where the THG is depicted in magenta and SHG is depicted in green.

Similarly, the composite image of Figure 4.28 (c) and Figure 4.28 (d) is shown in Figure

4.28 (f) using the same colours for the THG and SHG.

Preliminary studies of multiphoton microscopy based on THG by using the all-fiberized

thulium fibre laser demonstrate excellent potential in biological imaging of soft and

hard tissues. Further experiment of systematic characterization of the multiphoton

microscopic imaging and exploration of deep penetration by using different objectives

and filters is underway.

4.5 Summary

In summary, an all-fiberized 1840-nm thulium fibre laser source comprising of a dissipative-

soliton mode-locked seed laser and a chirped-pulse-amplification system has been devel-

oped and been applied for label-free biological imaging through multiphoton microscopy.

The mode-locked thulium fibre laser generated pre-chirped pulses with duration of 7 ps

and pulse energy of 1 nJ. A chirped-pulse fibre amplification system was built, where

commercially available low-absorption and in-house fabricated high-absorption single-

mode thulium fibres were employed and compared, which delivered pulses with energies

up to 105 nJ. The pulses were compressed to 416 fs by passing through a grating pair.

The third-harmonic generation microscopy imaging capability of the laser system was

demonstrated on BaTiO3 nanocrystals and soft and hard biological tissues.





Chapter 5

All-PM mode-locked fibre laser

development

5.1 Introduction

In Chapter 4, a 1840-nm femtosecond thulium fibre laser system has been developed

and applied in label-free third-harmonic generation microscopy for bioimaging experi-

ments. However, due to the non-PM fibres and components being used, the operation

of the mode-locked thulium fibre laser was sensitive to environmental pertubations and

temperature variations, which would be problematic for future clinical usage in terms of

long term and reliable operation.

In this Chapter, I present the studies of all-PM mode-locked thulium fibre laser cavities

targeting stable and robust mode locking operation. I demonstrate, to the best of

my knowledge, the first experimental realization of an all-PM thulium-doped 1.9 µm

dissipative soliton mode-locked fibre laser based on the nonlinear optical loop mirror

(NOLM) SA mechanism. This work is part of EPSRC funded project ‘Lighting the Way

to a Healthy Nation - Optical ‘X-rays’ for Walk Through Diagnosis & Therapy’. The

entire work was undertaken and completed by me independently, under the guidance of

my colleagues at ORC. The numerical simulation work was carried out by myself.

I first discuss the general design concerns for developing an all-PM mode-locked fibre

laser compared to a non-PM mode-locked fibre laser. Next, a series of experiments and

simulations are presented in Section 5.2. These experiments include building all-PM

mode-locked thulium-doped fibre laser cavities by using SESAM and NOLM mechanisms

as saturable absorbers. Mode-locked caivties with different net dispersion designs to

operate in conventional-soliton, stretched-pulse-soliton and dissipative-soliton regions

have been proposed and demonstrated. This section also includes experiments and

characterizations of the spectral response of the NOLM and polarization maintaining

107
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properties of the PM DCF that were employed in the mode-locked fibre lasers. A high

pulse energy and stable dissipative-soliton all-PM mode-locked laser cavity at 1900 nm

is successfully demonstrated, and a numerizal simulation of the laser performance is

also given. To the best of my knowledge, this is the first time that a dissipative soliton

all-PM mode-locked thulium-doped fibre laser cavity has been achieved (Huang et al.

got all-PM dissipative soliton result at 2-micron [82] but they used silicate based fiber).

5.1.1 Cavity design consideration

At this point, it would be useful to briefly discuss why we need an All-PM design dissipa-

tive soliton thulium-doped fibre laser cavity. Previously I have discussed the advantages

of dissipative soliton mode locking compared to other mode locking states in Chapter 2.

As its name suggests, PM fibres and components will significantly improve the stability

and reliability of the mode-locked laser. For instance, a non-PM fibre laser cavity re-

quires careful insulation and protection from external perturbation and environmental

temperature vibration due to the thermal and mechanical sensitivity of the birefrin-

gence of non-PM fibres. Furthermore, polarization controllers are required as essential

components to initialize mode locking in non-PM fibre cavities, the mechanical drift

or degradation of the polarization controller can cause instability into the mode lock-

ing. On the contrary, PM fibres naturely have high birefringence and are insensitive to

environmental temperature variations and can even tolerant tight fibre bending. Mode-

locked fibre laser cavities with all-PM fibres would considerably improve the long-term

operational stability of the laser systems we need for medical imaging.

Figure 5.1: Reflective spectrum of commercial SESAM (Batop, SAM-1920-36-
10ps). [15]
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Saturable absorbers (SAs) are essential for mode locking in the fibre laser cavity. In the

previous non-PM fibre cavity design in Chapter 4, commercial reflective SESAMs were

used for the mode locking. Although a SESAM based mode-locked cavity provides good

performance, the SA material has a low damage threshold and could exhibit degradation

of its optical properties during laser operation over a long time. In comparison to

SESAMs, a NOLM SA can handle much higher power levels without damage due to

its all-fibre nature. Moreover, a SESAM has a strong wavelength dependant response,

as shown in Figure 5.1, which can limit its application for laser cavity development

where more wavelength flexibility is required. On the contrary, a NOLM has a much

wider operation wavelength range compared to a SESAM so it can reduce wavelength-

dependant loss and allow for a shorter wavelength tuning for example to below 1800 nm

to optimize laser performance for deep-penetration bio-imaging applications.

So using an all-PM-fibre cavity and a NOLM as a SA, I have targetted realization of a

fully fiberized, self-starting and environmentally stable ultrafast laser. The NOLM SA

mechanism has been introduced in Chapter 2. It can be briefly described as: in the

fibre loop, the optical Kerr effect causes a phase shift difference for counter-propagating

pulses. An asymmetric splitting ratio of the fibre coupler and a long passive fibre in

the loop leads to an intensity dependent loop mirror reflectivity, which can act as a

fast modulator of losses in a laser cavity. Compared to the material-based SA, such an

“artificial” SA has the latent advantages of a high damage threshold and long working

lifetime.

At the very early stage of this project, there had been little research on the development

of all-PM dissipative soliton mode locked thulium-doped fibre lasers. I studied the laser

cavity design and experiments by employing SESAM and NOLM as SAs to demonstrate

and characterize all-PM thulium fibre mode-locked fibre lasers operating in conventional-

soliton, stretched-pulse-soliton and dissipative-soliton pulses regimes.

5.1.2 Review of prior art

In recent years, some works on passively mode-locked TDFLs with an all-PM fibre

configuration were reported. By using a SESAM as an SA, Liu et al. achieved mode-

locked pulses with a pulse duration of ∼ 10 ps [113]. However a PM fiber Bragg grating

(FBG) was required. Based on graphene SAs, soliton and stretched pulses were obtained,

respectively, by Sobon and co-authors [172, 173]. But graphene can not handle high pulse

energy due to its low damage threshold. Other than the material-based SAs, “artificial”

SAs such as a NALM and NOLM also can be used for mode locking operation in an

all-PM fibre configuration, which has been widely studied in the ∼ 1.1 µm and 1.5

µm spectral regime [17, 4, 219]. However, there are only few reports on 2 µm all-

fibre mode-locked lasers based on NOLM/NALMs. Michalska and Swiderski reported a

soliton mode-locked TDFL with an all-PM fibre configuration based on a NOLM [129].
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A NALM based all-PM thulium fibre cavity generating noise-like (NL) pulses was also

reported [130]. Dispersion managed mode locking by a NOLM was reported by [128]

but the dissipative soliton result from this paper was not all-PM (they replaced the PM

DCF (PM2000D) by non-PM DCF (UHNA4) and applied two polarization controllers).

5.2 Experiments and simulations

This section shows the systematical experiments I conducted on all-PM mode-locked

thulium-doped fibre lasers and the associated numerical simulation results. A SESAM

based cavity is studied and demonstrated first to provide conventional solitons. Following

that, NOLM based cavities with different dispersions are designed and developed. An

all-PM oscillator that can deliver dissipative solitons is successfully demonstrated from

the NOLM based cavity with a net normal dispersion and with a maximum output of 4

nJ pulse energy and 350 fs pulse width after external compression.

5.2.1 SESAM based all-PM fibre cavity

In this section, I present my work on investigating a SESAM based saturable absorber

all-PM mode-locked fibre laser ring cavity generating conventional solitons. At the first

stage, I was seeking a solution for an all-PM cavity with the SESAM mechanism. I

successfully got conventional soliton mode locking from the following design.

Figure 5.2: Schematic of SESAM based mode locking cavity
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A schematic of the mode-locked cavity is shown in Figure 5.2. All the fibre pigtails of

components in the cavity are PM single mode fibres (Nufern, PM1550) and its dispersion

at ∼ 1850 nm wavelength is -0.068 ps2/m [87]. A 1 m length of PM TDF (Nufern, PM-

TSF-9/125) was selected as the gain fibre for laser operation at the short wavelength end

of the thulium emission bandwidth. The dispersion of the gain fibre was -0.076 ps2/m

[87]. The total cavity length was 4.6 m and the net dispersion of the cavity was calculated

to be -0.32 ps2. The laser was pumped by a 1560 nm homemade fibre laser source

(LD seeded EDFA) through a PM 1560 nm/1840 nm wavelength-division multiplexer

(WDM). 1560-nm pump source is very cost-effective that can offer high power high

brightness and shorter fibre option for Tm-doped fibre system to achieve high efficiency

and shorter wavelength operation, mentioned in Chapter 2. A SESAM with a non-

saturable reflection of 60% and a modulation depth of 20% (Batop, SAM-1920-36-10ps)

was attached to the fibre end (sandwiched between two fibre APC patch cord) of a

polarization-dependent (PD) circulator which ensured unidirectional oscillation in the

cavity. A 10% PM output coupler (OC) was used to extract the laser output. A PM

isolator and a PM WDM are placed after the output of the OC to prevent any back

reflection and to filter out the residual pump. All fibre splices were undertaken by using

a PM fusion splicer (Fujikura FSM-100P) with careful fast/slow axis alignment.

Q-switched mode locking pulses from the cavity were observed on an oscilloscope when

the pump power was increased to around 250 mW. Frequent damage of the facet of the

fibre patch cord that attached to the SESAM occurred during the experiments, which is

likely due to the high intensity of the Q-switched pulses being over the damage thresh-

old of the SESAM component. No observation of conventional-soliton mode locking was

found in those experimental trials. As there was not much control and adjustment of

the all-PM cavity apart from varying the pump power, I applied an in-line polarization

controller (PC) on the fibre between the SESAM and the circulator to test whether the

PC would help to change the intra-cavity loss and favour the mode locking. The circula-

tor had a fast-axis block function, so that the polarization inside the fibre after passing

through the PC could be adjusted and consequently the loss from the cirulator could be

varied, from which we hoped to reduce the Q-switched mode locking pulses and avoid

damaging the fibre and SESAM. Also the PC can change the polarization of the light

on the SESAM surface. Interestingly, stable and single-pulse conventional-soliton mode

locking was obtained at a pump power of 325 mW by properly adjusting the PC. With

a fixed PC setting, the mode locking could be self started by turning the pump power

over this threshold level. The output power was measured to be 3 mW, and the output

spectrum had a central wavelength at 1850 nm with a 3-dB spectral bandwidth of 6 nm.

The spectrum exhibited a typical soliton-like shape with characteristic Kelly’s sidebands,

which generally results from the all-anomalous dispersion cavity, as shown in Figure 5.3.

The recorded oscilloscope traces of the pulse train is captured in Figure 5.5. The pulses

are equally spaced by 22.8 ns, which corresponds to a 43.9 MHz pulse repetition rate
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that matches well with the 4.6-meter-long cavity. From the auto-correlation measure-

ment shown in Figure 5.4, the auto-correlation width at FWHM is 1.06 ps which indicates

a real pulse width of 690 fs by Sech2 function fitting (typical for conventional solitons).

The pulse width obtained from the experiment is close to the value (631 fs) achieved

from my simulation (shown later in the text). The calculated time-bandwidth product

(TBP) of the output pulse is 0.36 which is close to the transform-limited value of 0.315.

The equipments used for the above measurements are optical spectrum analyzer (Yoko-

gawa AQ6375), 60 MHz digital oscilloscope (Tektronix TDS210), and auto-correlator

(APE pulsecheck). The mode-locked status remains stable and unaffected, irrespective

of physical interaction with the PM1550 fiber or Thulium-doped fiber (TDF).

Figure 5.3: Spectrum of conventional soliton mode locking output: experimental
result (solid red line) and numerical simulation result (dashed black line). Water
absorption lines (solid blue line)
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Figure 5.4: Auto-correlation of the pulse: red points: experimental auto-
correlation traces; dashed black line: Sech2 fitting of the auto-correlation.

Figure 5.5: Pulse train measured by the oscilloscope and photodetector.
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We can calculate the net group delay dispersion (GDD) of the laser resonator, according

to the following formula 5.1

|D2| = π · n
τ2p(

ln
(
1 +

√
2
))2 · 1

1 +

(
2πc · τp · ∆λ

λ2
c

)2 (5.1)

where D2 denotes the second-order dispersion, n is the sideband order, τp is the pulse

duration, ∆λ denotes the sideband separation, and λc is the central wavelength. By

using the values (690 fs pulse duration, 1852 nm central wavelength and 22 nm sideband

separation at n = 1) from measurement for the formula, we obtained a |D2| of 0.32 ps2,

which matches well with the net cavity dispersion calculated from the reference fibre

dispersion data.

The output spectrum exhibited some modulation at several wavelengths with sharp dip

lines could likely originate from the strong water absorptions within the 1.8 - 1.9 µm

wavelength region in atmospheric air in the optical spectrum analyzer (OSA). I have

compared the laser spectrum and the absorption spectrum of light over a 1 m path in the

air with 1% water content using the high-resolution transmission molecular absorption

(HITRAN) database [164] and plotted them in Figure 5.3 (with a blue line). The location

and amplitude of the dips in the spectrum match wells with the water absorption lines.

Figure 5.6: Simulation of intracavity laser performance characterization: (a)
(b) Spectrum heat map and 3D plot of range 1800 nm - 1900 nm in a single
round cavity, (c) (d) time domain heat map and 3D plot of range -10 ps - +10
ps in a single round cavity
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Figure 5.7: Intracavity laser performance characterization of peak power, spec-
tral width and pulse width based on numerical simulations.

To complement the experimental results, numerical simulations of the cavity were ex-

ecuted using Fiberdesk, a commercial software. This software operates based on the

generalized Schrödinger equation, which is solved using a split-step Fourier method. To

minimize computational effort, an arbitrary seed pulse was initially used, and simula-

tions were repeated until a stable state was attained. The parameters of the fibers, as

previously described, were factored into the simulations. Table 5.1 provides a summary

of all the fiber parameters used in the simulation. A saturable absorber model was

employed to calculate the SESAM. The established model was then used to investigate

intracavity pulse dynamics in a traditional soliton fiber laser. The intracavity spec-

trum and time domain evolution are presented in Figure 5.6, while Figure 5.7 illustrates

the position of key components within the cavity and the evolution of temporal, spec-

tral, and power aspects. The starting point of the simulations was the output coupler

(OC). In the passive fiber sections, due to the interplay of negative chirp and self-phase

modulation, the pulse stretches temporally and the spectral bandwidth narrows. After

traversing the gain fiber, the mode-locked pulse exhibits a substantial increase in pulse

energy and peak power.
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Fibre β2 (Group velocity dispersion parameter) D (Dispersion parameter)

PMF (PM1550) -0.068 ps2/m 37.4 ps/nm/km

TDF (PMTSF 9/125) -0.076 ps2/m 41.8 ps/nm/km

Table 5.1: Fibre parameters in the simulation.

The stable operation of the mode-locked thulium fibre laser by using all-PM fibres has

been achieved, however, the possibility of SESAM damaged and the employment of the

PC do not offer a reliable solution for long-term running of the laser system.

5.2.2 NOLM based all-PM cavity

This section introduces the design and development of all-PM mode-locked thulium fibre

lasers based on NOLM SA mechanism. The principle of the NOLM has been discussed

in the previous theory part which can act as a fast modulator of losses in a laser cavity

also known as a saturable absorber. The experiments to be presented in the follow-

ing sections includes conventional-soliton mode locking, stretched-pulse mode locking

and dissipative-soliton mode locking from all-PM NOLM-based fibre laser cavities, and

corresponding simulation results. Characterization of the loop mirror and numerical

simulations of those mode-locked laser cavities are also shown.

5.2.2.1 Conventional-soliton mode locking

The oscillator was structured in a ’figure of eight’ layout, where the main (left) loop

functioned as a ring laser and the right served as a nonlinear loop mirror, acting as

a saturable absorber. The cavity was constructed using all-polarization-maintaining

(PM) fibres, specifically Panda-type fibres. All fibre components were fused together

using a Fujikura FSM-100P filament fusion splicer. A 90-cm length of single-mode PM

thulium-doped fibre (from Nufern, PMTSF-9/125) was core pumped through a PM

1560/1840 WDM (from AFR) using a custom-built LD-seeded EDFA source, which

provided a continuous-wave (CW) output power of up to 5 W at 1564 nm. A PM fibre

optic isolator (from AFR) was integrated into the main loop to guarantee unidirectional

laser operation. A 2 × 2 PM tunable coupler (Phoenix Photonics FTDC-P-155-NO)

divided the power from the main loop into two waves propagating in opposite directions

in the nonlinear optical loop mirror (NOLM). To lower the peak power required for

saturation and reach the mode-locking threshold, and to provide sufficient phase shift
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difference for the counter-propagating beams, 20 m of PM1550 (from Nufern) was spliced

into the nonlinear loop. Pulses were coupled out of the resonator through a 10% PM

output coupler (from AFR). The total length of the resonator was approximately 27.4

m, including a 90 cm long PM thulium-doped fibre (TDF), 22 m-long PM1550 fibre in

the NOLM, and 3.5 m long PM1550 pigtail fibre on the couplers and optical isolator.

The dispersion of the PM1550 and PM TDF fibres was -0.068 ps2/m and -0.076 ps2/m,

respectively, and the estimated net group delay dispersion (GDD) was -1.87 ps2.

Figure 5.8: Schematic of the all-PM NOLM-based stretched pulse cavity (no
SESAM included)

The tunable coupler (shown in Figure 5.9) used in the cavity allows control of the

splitting ratio for the NOLM, which can be adjusted to vary the modulation depth of

the effective SA and help to initiate the starting of mode locking. There are 0 - 45 scale

settings on the rotary knob.
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Figure 5.9: Tunable coupler

Although the tunable coupler was originally designed for 1550 nm wavelength, I tested

the function at 1875 nm by using a narrow-linewidth CW diode laser and the results are

shown in Figure 5.10. The power coupling ratio of the coupler can be tuned seamlessly

from 0 to 100% The insertion loss was around 0.9 dB.

Figure 5.10: Tunable coupler coupling ratio
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In order to check the wavelength dependant coupling ratio of the tunable coupler, I char-

acterized it by using a PM fibre based wideband ASE source that covered wavelengths

from 1700 nm to 1950 nm. The ratio calculated by the power of split 1/split 2 is plotted

and shown in Figure 5.11. From the results, at three different scales of the tunable

coupler, the 1 to 1 ratio or 50% point has three different corresponding wavelengths.

The power ratio with respect to the wavelength has a close-to-linear function, which

indicates there will be some bandpass filtering effects from the tunable coupler.

Figure 5.11: Tunable coupler wavelength dependence (Scale setting on the ro-
tary knob 27 :blue, 28: green, 29 red.)

Mode locking was observed when the pump power was increased above 1.8 W when

the coupler ratio was set at around 70/30 (at wavelength of 1875 nm). At lower pump

powers, the oscillator lases at 1875 nm. Upon increasing the pump power to 1.8 W, we

observed a broadening of the spectral linewidth due to self-phase modulation and the

generation of multiple pulses, as depicted in Figure 5.15. The inclusion of the tunable

coupler in the NOLM led to radiation leakage through the loop mirror. This leakage

could supply the requisite noise to initiate the pulse formation process, potentially lead-

ing to multi-pulse operation just beyond threshold. When we reduced the pump power

to 0.3 W, the oscillator consistently produced single-pulse CW-mode-locked pulses (as
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shown in Figure 5.14). These pulses had a fundamental repetition rate of 7.44 MHz,

aligning closely with the length of the cavity. The output average power was measured

to be 0.6 mW, corresponding to a pulse energy of 80 pJ.

The mode-locked spectrum had a central wavelength of 1875 nm and a 3-dB bandwidth

of 5.2 nm, as shown in Figure 5.12. Kelly sidebands, which are evenly spaced around

the primary peak, can be seen. These sidebands result from the interaction between the

solitons and the coincident dispersive waves. An intensity auto-correlation measurement

is demonstrated in Figure 5.13, and the experimental data was aligned with a sech2-pulse

profile. The full width at half maximum (FWHM) of the auto-correlation trace measures

1.125 ps. Therefore, the estimated real pulse duration is 730 fs, and the calculated time-

bandwidth product is 0.324 matching the simulated 680 fs pulse width very well. The

mode-locked status remains stable and unaffected, irrespective of physical interaction

with the PM1550 fiber or Thulium-doped fiber (TDF).

Figure 5.12: Spectrum of conventional soliton mode locking output: experimen-
tal result (solid red line) and numerical simulation result (dashed black line).
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Figure 5.13: Auto-correlation of the pulse: red points: experimental auto-
correlation traces; dashed black line: Sech2 fitting of the auto-correlation.

Figure 5.14: Mode-locked oscilloscope traces (single-pulse)
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Figure 5.15: Mode-locked oscilloscope traces (multi-pulse)

Numerical simulations for the NOLM cavity were carried out with the fibre parameters

shown in Table 5.2. The modelling also included the 22-m-long PM1550 fibre-based

NOLM with a coupling ratio of 30/70. The intracavity pulse evolution of the conven-

tional soliton in the time and spectral domains is shown in Figure 5.16. Figure 5.17

presents the changes of pulse width, spectral width and peak power inside the cavity, in

which positions of key components have been shown to help understand the influence

of the fibres and components on the mode-locked solitons. The output coupler (OC) is

the starting point of the simulations. In the passive fibre sections, the pulse strongly

stretches in time. The spectral bandwidth narrows due to the co-action of the nega-

tive chirp and self-phase modulation. From Figure 5.17, the pulse energy and the peak

power increase significantly after the mode-locked pulse passes through the gain fibre.

The NOLM section is also modelled in the simulation, in which counter propagation of

the pulses experience different nonlinear phase shift due to the non-symmetrical split

ratio of the coupler hence resulting in a SA effect in the cavity. To simplify the plot in

Figure 5.17, the NOLM is represented as a single-point element.
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Fibre β2 (Group velocity dispersion parameter) D (Dispersion parameter)

PMF (PM1550) -0.068 ps2/m 37.4 ps/nm/km

TDF (PMTSF 9/125) -0.076 ps2/m 41.8 ps/nm/km

Table 5.2: Fibre parameters in the simulation.

Figure 5.16: Intracavity laser performance characterization: (a) (b) Spectrum
heat map and 3D plot of range 1850 nm - 1900 nm in a single round cavity,
(c) (d) time domain heat map and 3D plot of range -10 ps - +10 ps in a single
round cavity
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Figure 5.17: Intracavity laser performance characterization of peak power, spec-
tral width and pulse width based on numerical simulations.

Conventional-soliton mode locking was achieved experimentally from this NOLM-based

all-PM cavity and the numerical simulations were implemented to provide pulse evolution

inside the cavity.

5.2.2.2 Stretched-pulse mode locking

As discussed in Chapter 2, dispersion managed cavities can provide stretched-pulse mode

locking with net-anomalous-dispersion which allows higher output pulse energies com-

pared to conventional-soliton mode locking. This subsection presents the experimental

testing of a dispersion managed cavity achieved by adding a piece of normal dispersion

PM fibre for enabling stretched-pulse mode locking operation.

The PM1550 fibre section of the NOLM in Figure 8 was shortened to a length of 10

m and a piece of DCF (Nufern PM2000D) was added as shown in Figure 5.18. The

dispersion of the DCF was estimated to be + 0.085 ps2/m according to measurements
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reported in the literature [42], and a 4 m length was chosen to provide a net dispersion

of + 0.82 ps2 for the cavity. The length of the DCF were informed by simulations and

one of the best results chosen from several experiments.

Figure 5.18: Schematic of the all-PM NOLM-based dissipative soliton cavity.

Strong spectral broadening was observed from the cavity output when the pump power

was increased to over 1 W and the onset of multi-pulse mode locking was observed on an

oscilloscope at a pump power of 1.9 W. By decreasing the pump power, the multi-pulse

mode locking gradually evolved to single-pulse mode locking and the associated pump

power was found to be 0.38 W. The output pulses had a repetition rate of 10.5 MHz and

an average power of 3 mW. The corresponding pulse energy was calculated to be 0.28

nJ which is three times higher than that of the conventional-soliton pulse. The output

spectrum of the stretched pulse is shown in Figure 5.19.
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Figure 5.19: Spectrum of the stretched pulse mode locking output: experimental
result (solid red line) and numerical simulation result (dashed black line).

It was worth noting that the stretch-pulse mode locking was found to be unstable when

the DCF was moved or slightly bent. Since the all-PM conventional-soliton mode locking

operation was very stable and insensitive to the external perturbation of the PM1550

fibres, I decided to check the PM properties and performance of the PM2000D fibre. A

simple experiment was set up, as shown in Figure 5.20. A 1987-nm laser diode having

a PM1950 fibre patch cord pigtail was used as a linearly polarized light source. A 1

m length of PM1550 fibre patch cord was connected to the PM1950 fibre end, and the

output of the PM1550 fibre was collimated and passed through a half-wave plate (HWP)

and a polarization beam splitter (PBS) before a power meter. The HWP was adjusted

to align the beam polarization with the PBS to measure the maximum power. As

shown in Figure 5.20, the power was very stable during measurement over a 10-minute

period and slight bending of the PM1550 fibre did not change the power or by means

the polarization. In comparison, a 1 m length of PM2000D was spliced to the end of

the PM1550 fibre patch cord and the output power from the PM2000D was measured.

Although the splice point of the PM2000D to the PM1550 was protected and secured,

the power fluctuated significantly when touching or slightly bending the PM2000D fibre
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and power changes were observed even the fibre was not touched. It seems that the PM

behaviour of the PM2000D was not as good as expected. I have contacted supplier to

report fibre not working properly and there was no alternative PM DCFs available to

test the cavity performance.

Figure 5.20: PM2000D problem measurement compared with PM1550

Nevertheless, simulation of the stretched-pulse mode locking operation from the cavity

was performed while the non-ideal PM property of the DCF was ignored. The simulated

spectrum matches well with the experimental spectrum shown in Figure 5.19. Figure

5.21 shows the spectrum and pulse changes in the cavity during one round trip. Note

that in the time domain the pulse changes shape a lot during the round trip and it is

not a single peak pulse shape so it will not benefit bio-imaging due to the split peaks.
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Fibre β2 (Group velocity dispersion parameter) D (Dispersion parameter)

PMF (PM1550) -0.068 ps2/m 37.4 ps/nm/km

TDF (PMTSF 9/125) -0.076 ps2/m 41.8 ps/nm/km

DCF (PM2000D) 0.085 ps2/m -46.8 ps/nm/km

Table 5.3: Fibre parameters in the simulation.

Figure 5.21: Intracavity laser performance characterization: (a) (b) Spectrum
heat map and 3D plot of range 1800 nm - 1880 nm in a single round cavity,
(c) (d) time domain heat map and 3D plot of range -10 ps - +10 ps in a single
round cavity
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Figure 5.22: Intracavity laser performance characterization of peak power, spec-
tral width and pulse width based on numerical simulations.

5.2.2.3 Dissipative soliton mode locking

In order to reduce the effect of the non-ideal PM performance of the PM2000D, the

NOLM cavity was modified to shorten the PM2000D fibre length and to provide net

normal dispersion. With the PM1550 fibre being removed and only a 5 m long length

of PM2000D in the NOLM, the cavity net dispersion was estimated to be 0.047 ps2.

However, no spectral broadening was observed from the cavity output even at a high

pump power, which was probably due to the short length of fibre forming the NOLM

resulting in a high saturation threshold. To increase the signal gain, I changed the

TDF from PM-TSF-9/125 to PM-TSF-5/125 which has a higher absorption and also

shortened the PM2000D DCF from 5 m to 4 m. The cavity net dispersion was estimated

to be 0.03 ps2. Also, the 10% output coupler was replaced with a 30% OC to provide

more output power and pulse energy. In this cavity configuration, I removed the PM1550

fibre in the loop mirror and applied two in-line polarization controllers on the PM2000D
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fibre. They are used to stabilize the polarization of the DCF in the loop mirror and to

contribute to the band pass effect of the loop mirror.

Figure 5.23: Schematic

Mode-locked pulses were observed but they were extremely unstable even with the

PM2000D fibre was left untouched. In order to try to control the pulse polarization

inside the PM2000D fibre, both end sections of the fibre were mounted in in-line polar-

ization controllers (PCs).

By properly adjusting the PCs, a tunable coupler ratio and pump power, stable single

pulse dissipative-soliton mode locking could be achieved with a threshold pump power

level of 1.6 W and a tunable coupler coupling ratio of ∼ 0.3. The output pulses had a

repetition rate of 25 MHz which agreed with the total cavity length of 8.65 m (3.65 m

in the main loop, 5 m in the NOLM loop). The pulse train displayed on an oscilloscope

is shown in Figure 5.26. As can be seen from Figure 5.24, the output spectrum has

steep edges at both sides, which strongly indicates the dissipative-soliton mode-locked

operation. The spectrum has a central wavelength of 1905 nm and a 3-dB bandwidth

of 7.7 nm (10-dB bandwidth of 29 nm). The output pulse width was measured with

an auto-correlator and is shown in Figure 5.25. By using a Gaussian function fitting,

the output pulse width is found to be 4.9 ps. To check the compressibility, the output

pulses were coupled into and passed through a piece of single mode fibre (SMF28) before

making an auto-correlation measurement. With a 6.5 m long SMF28 fibre, the pulse

was compressed to 350 fs assuming a Gaussian fit (Figure 5.27). The power scaling of

the dissipative-soliton mode-locked laser has been characterized and the result is shown

in Figure 5.28. Due to concerns about damage to the WDM, the pump power was

only increased to 1.83 W and a maximum of 90 mW output power was obtained which



Chapter 5 All-PM mode-locked fibre laser development 131

corresponded to a pulse energy of 4 nJ. This result is significantly higher than those

from the other two mode-locked laser cavities.

Figure 5.24: Spectrum of dissipative soliton mode locking output: experimental
result (solid red line) and numerical simulation result (dashed black line).

Figure 5.25: Auto-correlation of direct output pulse
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Figure 5.26: Mode-locked oscilloscope traces (screenshot)

Figure 5.27: Auto-correlation of compressed pulse by 6.5 m long SMF.
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Figure 5.28: Cavity output power curve (Decrease the pump power).

The mode locking performance of this laser was found to be quite good. I have tested

and monitored the output of the dissipative-soliton mode-locked over a period of 100

minutes. Figure 5.29 shows the output power was relatively stable exhibiting only slow

and small variations (± 10 %) that could be due to the temperature changes/cycles from

the air conditioner in the lab and the movement of the PCs. Infinite persistence mode

of pulse measurement during the 100 minutes displayed on the oscilloscope is shown in

the inset of Figure 5.29. The output spectrum was recorded every 20 minutes, as shown

in Figure 5.30, showing no obvious changes, and further proving the good mode locking

stability. The mode-locked status remains stable and unaffected, irrespective of physical

interaction with the PM1550 fiber or Thulium-doped fiber (TDF).
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Figure 5.29: Cavity output power stability test over 100mins. Inset: Pulse
stability in the oscilloscope over 100 mins.

Figure 5.30: Spectral stability over 100mins
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A numerical simulation of the dissipative-soliton mode locking was also performed. Good

agreement of the output spectrum between the simulation and experiment has been

achieved and is shown in Figure 5.24. Figure 5.31 presents the intracavity spectrum and

time domain map/evolution. Figure 5.32 presents the cavity position of key components

and the temporal, spectral, and power evolution inside the cavity. The output coupler

(OC) is the starting and end point of the simulations. In the passive fibre sections, the

pulse strongly stretches in time. The spectral bandwidth narrows due to the co-action

of the negative chirp and self-phase modulation. From Figure 5.32, the pulse energy

and the peak power increase significantly after the mode-locked pulse passes through

the gain fibre. The NOLM with 1 m PM1550 and 4 m PM2000D fibre stretched the

pulse width significantly.

Fibre β2 (Group velocity dispersion parameter) D (Dispersion parameter)

PMF (PM1550) -0.068 ps2/m 37.4 ps/nm/km

TDF (PMTSF 5/125) -0.020 ps2/m 11 ps/nm/km

DCF (PM2000D) 0.085 ps2/m -46.8 ps/nm/km

Table 5.4: Fibre parameters in the simulation.

Figure 5.31: Intracavity laser performance characterization: (a) (b) Spectrum
heat map and 3D plot of range 1840 nm - 1980 nm in a single round cavity,
(c) (d) time domain heat map and 3D plot of range -20 ps - +20 ps in a single
round cavity.
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Figure 5.32: Intracavity laser performance characterization of peak power, spec-
tral width and pulse width based on numerical simulations.

5.3 Summary

In summary, I have shown the world-first demonstration of a compact and reliable, sta-

ble all-PM thulium-doped dissipative soliton mode-locked fibre laser by NOLM (Huang

et al. got all-PM dissipative soliton result at 2-micron [82] but they used silicate based

fiber). This laser is shown to have a 4nJ pulse energy and 350 fs pulse width (after

compression) with an 18.5 nm spectral width and 22 MHz rep. rate at around 1900 nm.

The mode locking was achieved by exploring the NOLM mechanism and the dispersion

was managed to net positive by inserting a piece of DCF in the loop mirror. I demon-

strated that it can be used either on its own as a light source or in association with the

following CPA system for bio-microscopy. I also presented the progress of demonstrat-

ing this laser including NOLM-based conventional soliton pulse and stretched pulse and

SESAM-based cavity with conventional soliton pulse output. Table 5.5 gives a summary

of every mode-locked laser cavities and figure 5.33 gives a summary of the NOLM based

mode-locked laser results based on different DCF length/GDD.
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Table 5.5: Summary of mode-locked laser cavities

Mode locking mechanism Cavity output Net dispersion (ps2) Pulse energy

SESAM Conventional soliton -0.32 80 pJ

NOLM Conventional soliton -1.87 80 pJ

NOLM Stretched pulse -0.82 0.28 nJ

NOLM Dissipative soliton +0.03 4 nJ

Figure 5.33: Evolution of the output spectrum by varying the intracavity dis-
persion

A SESAM based conventional soliton mode-locked all-PM fibre laser at 1850 nm was

developed. Due to the Q-switched mode locking, damage to the SESAM and fiber end

and limitation of shorter wavelength there is no further dispersion managed mode locking

by this SESAM based all-PM cavity. To obtain a much higher damage threshold and

a potential shorter wavelength operation rang, a NOLM saturable absorber based all-

PM 1875 nm conventional soliton mode-locked fibre laser is demonstrated. The pulse

energy of this configuration is too low to become a ideal seed laser of a MOPA/CAS

system for bio-imaging. To increase the pulse energy, a piece of DCF was inserted into

the loop mirror (net dispersion still negative). Stretched pulse mode locking at 1840 nm
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was achieved by 10 m PM1550 and 4 m PM2000D in the cavity. The pulse energy of

the stretched pulse was still relatively low and the PM2000D fibre did not maintain the

polarization well so the results were unstable and not useful.

By applying the NOLM technique in an all-PM fibre mode-locked cavity, our work gave

a more stable and compact option for THG imaging compared to SESAM-based cavities

or non-PM cavities.

The entire work was undertaken and completed by me independently, under the guidance

of my colleagues at ORC especially my supervisor Lin Xu.

We are in contact with Nufern to solve the problem with the PM2000D DCF. Next step

we should be able to use a true PM DCF in the cavity and apply a band pass filter at

1800 nm (less water absorption compared with 1900 nm) in the cavity such that the

pulse energy can also be increased by precise dispersion management and cavity design

without considering the damage to the SESAM or other low damage threshold materials

like graphene. In-line polarization controllers will not be needed in such a cavity.
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Conclusions and future directions

6.1 Summary of the thesis

In summary, I have shown the demonstration of a compact and reliable, tunable, CW

seeded synchronization-free PPLN OPA pumped by a picosecond, 1 µm commercial

pump laser and shown its performance when used as a simple yet powerful source for

label-free CARS and concurrent SHG and TPEF microscopy in an epi-detection geome-

try. This laser and OPA combination is shown to be well suited for label-free CARS and

concurrent SHG and two-photon fluorescence microscopy in an epi detection geometry.

Rapid and accurate tuning between Raman resonances was achieved by changing the

channels and temperatures of OPA and SHG crystals concurrently with tuning the CW

OPA seed wavelength. The average power level of above 175 mW, spectral resolution

of 8 cm−1, and 2 ps pulse duration are well optimized for CARS microscopy in bio-

science and bio-medical imaging systems. The final output tuning range is 775 nm -

805 nm. The corresponding pump-Stokes frequency detuning range was from 2700 to

3200 cm−1, thus fully covering the C-H stretching band that is typically used for the

imaging of lipids. I also presented a similar OPA but seeded by a CW laser diode source

which costs much less than a tunable laser source seed. This OPA was a versatile light

source module that can be tailored to the tunability and affordability requirements of

the specific application. I demonstrated that it could be used either on its own as a light

source or in association with an OPO for multimodal CRS microscopy corresponding

Pump-Stokes frequency detuning range from 340 to 2400 cm−1 which covers the finger-

print region. By combining elements of multiphoton techniques in an inexpensive and

compact configuration, our work paves the way for the simple implementation of mul-

timodal CARS with concurrent SHG/TPEF imaging capability. Power level, spectral

resolution and dwell times are all comparable with previous reports [175], while utilizing

a much simpler setup. This stepping stone points to a lower cost future route to the

translation of nonlinear laser microscopy imaging for biomedical research and imaging

based diagnostics in the clinic. The next steps in the translation of the nonlinear source

139
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to clinics and hospitals will involve progressing the system into a robust prototype that

can operate in a non-specialised environment.

An all-fiberized 1840-nm thulium fibre laser source comprising a dissipative-soliton

mode-locked seed laser and a chirped-pulse-amplification system has been developed

and applied for label-free biological imaging through multiphoton microscopy. The

mode-locked thulium fibre laser generated pre-chirped pulses with duration of 7 ps and

pulse energy of 1 nJ. A chirped-pulse fibre amplification system was built, where com-

mercially available low-absorption and in-house fabricated high-absorption single-mode

thulium fibres were employed and compared, which delivered pulses with energies up

to 105 nJ. The pulses were compressed to 416 fs by passing through a grating pair.

The third-harmonic generation microscopy imaging capability of the laser system was

demonstrated on BaTiO3 nanocrystals and soft and hard biological tissues.

I have shown the world-first demonstration of a compact, stable and reliable all-PM

thulium-doped dissipative soliton mode-locked fibre laser by NOLM (Huang et al. got

all-PM dissipative soliton result at 2-micron [82] but they used silicate based fiber). This

laser was shown to have a 4 nJ pulse energy and 350 fs pulse width (after compression)

with an 18.5 nm spectral width and 22 MHz repetition rate at around 1900 nm. The

mode locking was achieved by the NOLM mechanism and the dispersion was managed to

net positive by inserting a piece of DCF in the loop mirror. I demonstrated that it could

be used either on its own as a light source or in association with the following CPA system

for bio-microscopy. I also presented the progress in demonstrating this laser including

NOLM-based conventional soliton pulse and stretched pulse and SESAM-based cavity

with conventional soliton pulse output. By applying the NOLM technique in an all-PM

fibre mode-locked cavity, our work gave a more stable and compact option for THG

imaging compared to SESAM-based cavities or non-PM cavities.

6.2 Future work

6.2.1 Wider range OPA imaging system

In order to manage CARS imaging of multiple different biological samples, a wider

wavelength/frequency coverage OPA system will be developed based on a new designed

1.95 µm fibre laser combined with the existing OPO system. IfLS has ordered several new

laser diodes as seeds of the OPA to extend the wavelength tuning range. In addition,

IfLS might take over this OPA system and apply it to stimulated Raman scattering

(SRS) microscopy.

Additionally we will need to progress with clinical feasibility studies with such a mi-

croscope system based on the developed laser to demonstrate reproducible performance

and visualisation ability for improved diagnosis.
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6.2.2 Higher power non-PM laser system for deeper THG imaging

In the future, adaptive pulse control will be applied in the 1840-nm femtosecond thulium

fibre laser system for label-free third-harmonic generation microscopy. In order to in-

crease the pulse energy we can reduce the repetition rate by using an Acousto-optic

modulator (AOM) or Electro-optic modulator (EOM) in the control loop shown in Fig-

ure 6.1.

The idea of reducing the repetition rate of the non-PM system is aiming to achieve

higher peak powers and better imaging results (deeper). For this purpose, nonlinear

effects in the amplifiers need to be considered and addressed. For example, to increase

the stretched pulse width, use larger mode area gain fibres and etc.

Figure 6.1: Schematic of adaptive pulse control

We have developed a preliminary adaptive pulse control laser system by applying an

AOM in the control loop. It can deliver 400 fs pulses with 20 MHz repetition rate and

60 kW peak power, 10 MHz repetition rate and 118 kW peak power, 5 MHz repetition

rate and 235 kW peak power, 2 MHz repetition rate and 625 kW peak power. Some

THG imaging experiments have been tested as well. From THG images of the spongy

bone in Figure 6.2, obviously 2 MHz repetition rate operation had the best contrast

comparing to 20 MHz, 10 MHz, 5 MHz repetition rate operation. In addition, 2 MHz

repetition rate operation could go deeper up to 110 µm compared to 60 µm in 20 MHz

repetition rate operation.
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Figure 6.2: THG images of the spongy bone (part of human femoral head) from
20 MHz, 10 MHz, 5 MHz and 2 MHz repetition rate operation.

Additionally, we have several carbon nanotube (CNT) samples from Cambridge so they

can be applied in the seed cavity to replace the SESAM. SESAMs generally have a limited

bandwidth which results from their resonant design and require complex semiconductor

fabrication processes, packaging and integration. CNTs possess ultrafast recovery time,

large modulation depth and wide operation bandwidth [216], [192]. It means it will have

a wider spectral tuning range, a shorter pulse width and is easier to get mode locking

compared with SESAMs.
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6.2.3 Apply bandpass filter in all-PM laser system

We are in contact with Nufern to solve the problem with the PM2000D DCF. Next step

we should be able to use a true PM DCF in the cavity and apply a band pass filter at

1800 nm (less water absorption compared with 1900 nm) in the cavity such that the

pulse energy can also be increased by precise dispersion management and cavity design

without considering the damage to the SESAM or other low damage threshold materials

like graphene. In-line polarization controllers will not be needed in such a cavity.

A 1800 nm fiberized bandpass filter has been ordered. The design of the cavity is shown

in Figure 6.3. Ideally we will get dissipative soliton mode locking at 1800 nm with more

than 5 nJ pulse energy. It can act as a direct laser source on its own or following a CPA

as a whole system for THG/3PM microscopy.

Figure 6.3: Schematic of the cavity with a bandpass filter.
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