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ABSTRACT

This research presents the development of a high intensity ultrafast pulsed laser in the
short-wave infrared (SWIR) region for deep-tissue medical imaging. The challenge is
catering for the inhomogeneous biological system. To address this and uncover deep bi-
ological tissue structure, a mode-locked (ML) laser source with an operating wavelength
of 1845 nm and 20.5 MHz repetition rate (RR) was used to seed a master oscillator
power amplifier (MOPA) system. In addition, an acousto-optic modulator (AOM) and
a pulse picker (PP) were added before the final amplifiers for peak power scaling at lower
RR without increasing the average power responsible for thermal damage. The system
features chirped pulse amplification (CPA), where pulses were temporally stretched,
then amplified before recompression at the output using a grating pair to increase the
peak powers of the pulses. As low as ~380 fs compressed pulse duration was attained
at 2 MHz of RR, resulting in peak powers up to 410 kW. Imaging experiments were
carried out using this laser in-vitro on human and animal bone samples. The results
revealed an increase in the imaging depth up to 400 um as RR was reduced. To im-
prove soft tissue imaging, a carbon nanotube (CNT) based ML laser was developed
with a shorter emission wavelength of 1789 nm, which minimises water attenuation and
enhances penetration in soft tissue. This was combined with a nonlinear amplification
and compression achieved by provoking self-phase modulation (SPM) to broaden the
pulse spectrum using a highly nonlinear fibre (HNF) before applying CPA to achieve
pulse durations of 180 fs. The limit of short wavelength generation from an ML thulium
(Tm) fibre system was explored next by developing a tunable source from 1900 to 1725
nm and an amplifier optimised for the short wavelength with the incorporation of a
bending-induced low-pass fibre filter. Finally, a gain-switched laser diode (GSLD) was
used as an “off-the-shelf” alternative for generating ultrafast pulses by initially applying
SPM to broaden the spectrum, a spectral filter to clean the pulse chirp and a 2-stage
compression method comprising a 100 m single-mode fibre (SMF) linear compressor and
a nonlinear Tm-doped fibre amplifier compressor to achieve simultaneous pulse ampli-
fication and compression from 40 ps to 560 fs. A GSLD was also used to demonstrate
an adaptive approach for selective imaging of regions of interest (ROI), increasing the
resolution while minimising the effects of photo-toxicity, photo-bleaching, and thermal
damage to surrounding tissue. Non-uniform pulsed patterns were generated and ampli-
fied to simulate this form of imaging, and the gain saturation effects during amplification
were analysed. Analytical and numerical solutions were developed to predict and shape
the amplifier input pulses to compensate for uneven pulse amplification on a single 50
ns burst and adapted for a 1 ms non-uniform multi-burst signal. Various advanced ul-
trafast Tm fibre laser technologies were developed for deep-tissue biomedical imaging,

including source and amplifier design optimisation, and pulse manipulation.
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List of abbreviations

Table 1: List of abbreviations.

Abbreviation Full Term

2PF Two-photon fluorescence

3PF Three-photon fluorescence
ACF Autocorrelation function

AWG Arbitrary waveform generator
AOM Acousto-optic modulator

ASE Amplified spontaneous emission
CNT Carbon nanotube

CPA Chirped pulse amplification
CMA Chirp-managed pulse amplification
CPAN Chirped pulse amplifier and nonlinear broadening
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CcT Computed tomography
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Chapter 1

Introduction

The PhD research presented in this thesis is part of the EPSRC-funded InlightenUS
project, which aims to deliver rapid, non-invasive diagnostic technologies for the health-
care needs of the future. A study was conducted throughout the project to determine

the optimum laser parameters for deep-tissue multiphoton microscopy (MPM).

In this section, the biological properties as well as the best-suited laser parameters for
safe operation while maximising both the measured signal and penetration depths are

discussed.

1.1 Research background

Current medical imaging modalities, such as X-rays and Computer Tomography (CT),
expose patients to harmful ionising radiation. Positron Emission Tomography (PET)
also involves radioactive frequencies and requires the injection of radioactive chemical
tracers like '®F-Glucose for visualisation purposes [1]. Magnetic Resonance Imaging
(MRI) does not involve radiation or tracers. However, obtaining MRI scans is time-
consuming, requiring patients to remain still for extended periods to prevent image
artefacts. This can cause discomfort and, in some cases, claustrophobia due to the
scanner’s design [2]. Additionally, MRI poses risks for patients with metallic implants
or tattoos due to its strong magnetic field [3]. Both MRI and PET scanners are complex,

leading to high costs for their construction and maintenance. [2].

Nonlinear MPM excitation techniques have gained significant interest for non-radiative
optical deep-tissue microscopy, although further development is needed for clinical ap-
plications. Such techniques include second/third-harmonic generation (SHG, THG)
and two/three-photon fluorescence (2PF, 3PF). These techniques require high-intensity
pulses in the near infrared region to generate observable signals in deep-tissue [4]. They

offer advantages over existing clinical technologies by being inexpensive to build and

1
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maintain, providing rapid label-free images without imposing ionising radiation or harm-
ful tracers to biological tissue. The disadvantages of MPM, however, arise from the
limited penetration depths of up to a few hundred micrometres to a millimetre due to
the absorption of light to various degrees from different tissue. There are key factors
that need to be considered for deep-tissue imaging, such as tissue absorption and scat-
tering, which limit the allowable wavelengths for deep penetration as demonstrated in
Fig. 1.1. These factors vary with wavelength across the visible and infrared regions,
and that minimum loss can be achieved between 1600-1850 nm; this region is known as
the optical transparency window [5]. Moreover, common issues that arise from the need
to use high-power pulses for deeper tissue penetration include thermal tissue damage,
photo-bleaching and photo-toxicity [6, 7]. Thermal damage arises from high average
powers [6]. However, photo-bleaching occurs when the tissue is exposed for extended
periods and the pulse RRs surpasses the fluorescence decay time (7¢) of the tissue [4].
The risk of photo-toxicity rises with prolonged exposures and elevated laser powers [8].
The depth and type of tissue affect the optical losses and thresholds associated with
these effects. Hence, progress towards the optimisation of the laser parameters and even

developing adaptive imaging mechanisms is required.
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FIGURE 1.1: Optical transparency of human skin across the visible and near infrared,
as a result of absorption (red) and scattering (green). This figure was adapted from
Eva Hemmer, 2016 [9)].

To tailor laser systems for MPM, the optical transparency wavelength can be generated
using of thulium-doped fibre (TDF), which has an emission bandwidth ranging from
1625-2100 nm. However, an operating wavelength below 1850 nm is more beneficial for
deep-tissue applications. To achieve this emission, pump sources targeting the various
absorption bands of Tm can be utilised. These include tandem pumping, high-power
laser diodes at 790 nm, or erbium-doped fibre lasers operating between 1450-1600 nm
[10, 11] (more on this chapter 2). The overlap of the emission and absorption bands in the
relevant wavelength region for MPM presents a challenge for generating and amplifying

a high-power signal for deep-tissue applications. High pulse energy, on the order of tens
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of nanojoules, along with very short pulse durations of hundreds of femtoseconds, is
essential for nonlinear imaging. This challenge becomes more significant as the power
requirements increase at greater depths [12]. The pulse width requirement can be met
with the use of an ML laser cavity and careful management of the net dispersion and
pulse evolution [13]. The output power from these lasers is low. Therefore, an amplifier
or a series of amplifiers to produce a MOPA system can be used to scale the pulse
energy to meet the pulse requirement for imaging [14]. A common method to amplify
ML lasers to achieve high peak powers is CPA, which involves initially stretching the
pulse temporally in orders of tens of picoseconds, then amplifying before recompressing
the pulses. The result is propagation of the pulse without any nonlinear distortion that
affects the spectral coherence of the pulse and an increased pulse peak power at the

output as a result of the reduced pulse width and amplifiers [14].

On these bases, a thulium-doped ML fibre laser and amplifier featuring CPA was built
for third-order MPM at the start of my PhD. The work was carried out in collabora-
tion with the Institute of Life Sciences (IFLS), where the laser was used for imaging.
The performance of the laser was closely monitored, and limitations were discussed. My
project revolved around continuing to improve and upgrade the imaging laser with novel
technologies, making it a better fit for deep-tissue imaging based on the end user feed-
back. Traditional methods were initially adopted and pushed to their limits, and over
time, a shift from conventional approaches was investigated, and the development of
novel ultrafast technologies was demonstrated with ease of integration into the imaging

laser in mind.

1.2 Aims and objectives

The project aimed to develop a compact, robust, high-power, ultrafast pulsed laser
system for high-resolution, adaptive and efficient multiphoton imaging deep in biological
tissue. The objectives set to accomplish the aims were to develop all-fibre Tm-doped
fibre laser source and amplifiers, and shift the operational wavelength towards the shorter
emission bandwidth of thulium, which coincides with the third optical transparency
window of biological tissue. The absorption bandwidth of thulium overlaps with this
wavelength region, making it challenging but necessary to achieve. Low average powers
but high peak powers are needed; therefore, pedestal-free short compressed pulses in the
order of hundred femtoseconds were required, increasing the efficiency by maximising the
peak powers while maintaining a low average power. Additionally, the RR of the laser
needs to be lowered to maximise the amplification per pulse while being high enough
to avoid parasitic self-lasing in the amplifier and photon shot noise during microscopy.
The RR manipulation can be achieved by the length of an ML cavity or externally via
the use of optical intensity modulators such as an AOM or an electro-optic modulator

(EOM). The efficiency of imaging can be further enhanced with adaptive imaging by
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selective imaging of the ROI. This can be realised by firstly identifying the ROIs and
secondly, encoding their spatial distribution into intensity-uniform temporal patterns.
The synchronisation of the laser source with an arbitrary waveform generator (AWG)

and AOM is essential for complex waveform generation.

1.3 Thesis Layout

This thesis is composed of 8 chapters.
The first chapter outlines the research background and defines the aims and objectives.

The second chapter reviews the multiphoton background and recent advancements in
adaptive nonlinear imaging. It covers the relevant theoretical background, including the
mechanisms of stimulated and spontaneous emission, an explanation of thulium fibre

amplifiers, gain dynamics, mode-locking fundamentals, and pulse compression.

In the third chapter, the development and characterisation of the 1845 nm imaging
laser will be presented, along with the results from a third-harmonic-generation imaging

experiment.

The fourth chapter outlines the steps taken to create a novel fiberised imaging tech-
nology to enhance the existing imaging laser, addressing its limitations. A ML laser was
constructed to test various nonlinear pulse amplification and compression techniques

that enable shorter pulse durations and wavelength generation.

The fifth chapter explores the limitations of short wavelength generation in thulium
ML fibre lasers. It discusses how a low-pass filter, induced by bending a weakly guiding
dispersion compensation fibre (DCF), leads to the development of a dispersion manage-
ment ML cavity with wavelength-tunable operation, dependent on the bending diameter
of the low-pass filter. This chapter also introduces a novel fibre amplifier design for short

wavelength amplification.

In the sixth chapter, methods for achieving ultra-short pulses without using ML laser
systems are discussed. Techniques such as chirp cleaning and nonlinear compression are
applied to the output of a GSLD, converting picosecond pulses into femtosecond pulses
with output that approaches the near-transmission limit, owing to the induced soliton
effect.

The seventh chapter features work on gain saturation compensation and burst pre-
shaping for adaptive imaging, aimed at increasing the functionality of the imaging laser

technology.

Finally, in the eighth chapter, I conclude with a discussion on future work and provide

a comprehensive list of publications.



Chapter 2
Theoretical background

In this chapter, the relevant theories and recent research will be discussed, starting with
a review of both adaptive and multiphoton imaging methods. This is followed by an
examination of the theories behind amplification, ML laser development, alternative
laser sources, and pulse compression, as well as specialised equipment used for both

manipulating and measuring the laser output.

2.1 Multiphoton imaging

The second-order nonlinear multiphoton excitation process is depicted in Fig. 2.1. The
differences between 2PF and SHG are shown. The latter is the frequency doubling of
two identical frequencies, where w + w = 2w. The process requires a nonlinear medium
for the phase-matching condition to be met. On the other hand, the excitation in the
former process is caused by two photons of a similar wavelength that match the energy
band gap of a molecule which is excited to an upper state, causing the signal to decay
non-radiatively. Thus, the generated fluorescence frequency is wi + wy > w, where w;
and we are the frequencies of the incident photons and w, is the frequency caused by

fluorescence decay [4].

The third-order nonlinearity effects, such as THG and 3PF, follow similar principles
with an additional photon, and the peak power requirements scale up with the order
of nonlinearity. As a result, the images show enhanced axial resolution due to the
concentration of higher intensity areas within a smaller focal region, as shown in Fig.
2.2. Therefore, the higher-order nonlinearity is favourable for high-resolution imaging
[16].

Moreover, 3PF and THG require longer excitation wavelengths compared to 2PF and
SHG for the same electronic transition to achieve a visible signal. Whereas the ab-

sorption is wavelength-dependent, the use of the longer wavelengths benefits deep-tissue

5
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FIGURE 2.1: Two-photon fluorescence (2PF), second-harmonic generation (SHG),
three-photon fluorescence (3PF) and third-harmonic generation (THG) processes. This
figure was adapted from C. Lefort, 2017 [15].

imaging, as they are less prone to scattering and reduce the effects of photo-bleaching

and photo-toxicity since the energy per photon required for excitation is lower [17].
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FIGURE 2.2: Single-photon (linear), two-photon (2PM) and three-photon microscopy
(3PM) intensity and focal region dependence. This figure was reproduced from Class
5 Photonics, 2025 [18].

A study by Li et al. compared the effectiveness of 3PF and 2PF techniques for imaging
the same neurons in a mouse brain [6]. The authors found that with 3PF, they were able
to reach imaging depths of up to 750 um compared to only 680 pm when using 2PF. A
high-power laser source was used to excite the nonlinear processes at these depths, which
raises a fundamental limitation on the imaging of biological samples. Since high intensity
pulses are required for high-resolution imaging at high penetration depths, maintaining
a low average power is essential for minimising the effects of thermal damage. This
trade-off is known as the “photon budget” and is a property of the biological tissue
[6, 19].
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2.2 Selective imaging

The fundamental limitation arising from the photon budget was addressed by Li et
al. [6]. The authors developed an adaptive laser source with variable peak and average
powers for illuminating different regions on a sample. The developed laser system, which
is presented in Fig. 2.3, illustrates the involved methodology; firstly, raster scanning of
the sample using low average power, then identifying the ROI with the aid of image
processing. The information was then relayed to an AWG, which is a device used to
produce electrical pulse signals with variable RR and amplitudes based on the desired
function and input signal. The AWG output was used to generate a complex electrical
pulse train to modulated the laser output by using an AOM to be “off’” outside the
locations of the ROI’s. Since the modulator is placed before the amplifier, the peak
powers are increased with a lower RR. As seen in Fig. 2.3, the AWG was used to drive
the AOM based on input from the imaged samples and the output of the amplifier.
Feedback from the output of the amplifier is required because with a non-uniform RR
(bursts of signal), the pulses produced are amplified to different magnitudes, and the
gain needs to be compensated [6]. The AWG and AOM need to be synchronised with
the microscope, laser source, and identified ROI to achieve this adaptive output. An
iterative method is used by Li et al. for gain compensation. They reported that it takes
30 iterations and up to 15 s to produce a uniform signal [6]. Control over the signal
is important to ensure that the intended average power is maintained throughout the

sample and damage is avoided.
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FI1GURE 2.3: Adaptive multiphoton imaging laser source developed by Li et al.. This
figure was reproduced from Bo Li, 2020 [6].
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Different biological tissues have different damage thresholds depending on the depth and
the wavelength used for imaging. However, an average power in the range of 200-800
mW is needed for imaging biological samples, and a minimum RR of around 1 MHz is
needed for fast imaging [6]. This power and RR combination can only be achieved with
the use of adaptive imaging. The imaging speed and average power determine the pixel
density, resolution, and duration of continuous sample monitoring. Using this adaptive
technique, L7 et al. tested the photon-to-noise ratio by counting the number of photons
causing a signal. they found that the number of photons causing a signal per frame
increased while the noise levels were decreased [6]. Therefore, it can be deduced that
efficiency has been improved while using adaptive methods because the excitation is
more probable when higher intensities are focused on specific areas. The laser source in
Fig. 2.3 shows that Li et al. have converted a 1550 nm signal to 1700 nm via a soliton
self-frequency shift (SSFS). In my project, thulium is proposed in an all-fibre laser system
to directly generate the desired wavelength. Enhancing the method proposed by Li et

al. creates a simpler and more efficient laser source.

Pinkard et al. have demonstrated a different approach for adaptive optical deep-tissue
imaging [19]. Their approach is to minimise scattering effects depending on the sample’s
geometry and tissue type, since the optical path to the focus point will be affected
differently. This implementation uses the 3D topology data from the sample as input
for a machine-learning algorithm to predict the laser intensity needed to overcome the
tissue scattering, whereas the method proposed by Li et al. requires the use of a feedback
loop iterative model to highlight specific regions on the sample. Both allow imaging
to be carried out deeper in tissue. But the former was demonstrated for providing
3D structural information, whereas the latter was demonstrated for monitoring tissue
activity over time. Pinkard et al. have reported a significant increase in imaging depth
when compared with constant illumination of the sample [19]. Specialised instruments
are needed to map out the 3D structural information of the sample’s surface, whereas
the work carried out by Li et al. requires the modulation to occur in the laser system.

This can be integrated with any microscope [6], making it easier to implement and test.

2.3 Laser theory

The intensity I of an electromagnetic (EM) wave propagating through an absorbing

medium will be reduced with distance z as governed by the Beer-Lambert law [20].

dI
7= No@I(w) (2.1)

By integrating equation 2.1, it becomes:

I = Ipe NoL (2.2)
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Where N is the number of absorbing centres per unit volume, o is the optical cross-
section, and Iy is the initial intensity. Equation 2.2 shows an exponential decrease
in the intensity. This basic concept governs many of the laser phenomena associated
with emission and absorption in the gain medium of a laser and is used throughout the

following sections for their derivation.

2.3.1 Laser amplification

The following equation describes the steady state behaviour, both spatially and tempo-

rally in a gain medium, and it states:

R L R

(2.3)
Where, h is the reduced planck’s constant such that A = h/2m, the term describing the
pumping rate density (I') increases the population of the upper excited state, Na/T,
which is the depletion of the upper energy state due to spontaneous emission. The last
two terms show the depletion of the upper energy level via stimulated emission (negative
term) and the reabsorption (positive term) of signals emitted by both stimulated and
spontaneous processes. For a thin material such that z is small, the re-absorption term
can be neglected and the intensity of the beam remains approximately constant [21].
The derived rate equation applies to a 4-level laser. If Ny is the population in the
ground energy level, N3 is the pumped population from the ground state, Ny and Ny
are the populations in the upper and lower laser transition energy levels, respectively,
as indicated in Fig. 2.4. Transitions from levels 3 to 2 and 1 to 0 are transient and
non-radiative [21] and describe the quantum defect ¢ of an amplifier such that ¢ =
(hfpump — fsignal) /P foump. Therefore, their temporal variation can be neglected, and

population inversion can be assumed in terms of No.

Solving the steady state equation such that dNy/dt = 0 in equation 2.3, gives an expres-

sion for the population inversion Ny as follows:

Ny — Ity
2= 1+ I(z)oTy
oo (2.4)
huw
Let, Isat = 0.77_]‘

The saturation intensity (Is.) describes the value of the signal intensity where the
population inversion is reduced by half. It is a limitation on the gain caused by the
properties of the absorbing material as seen in equation 2.4. In confined structures such
as an optical fibre, spontaneous emission can also saturate the gain as it can deplete

the population inversion. The intensity of the spontaneous emission can be described
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FIGURE 2.4: 4-Level laser gain medium. This figure was reproduced from Paul Mc-
Manamon, 2015 [22].

in terms of the power P of the spontaneously emitted signal, the area of the medium a,

and the solid angle projection €2 as seen in equation 2.5.

_ro

a4

I (2.5)

The gain can be modelled by plugging the expression for IV from equation 2.4 in equation
2.1 and integrating it to get an expression of the intensity I after propagating through

the thickness L of an active medium.

I(L)
1(0)

I(L) — I(0)

I sat

NooL = log( )+ (2.6)
This shows an initial exponential increase in the intensity by neglecting the second term
when I(L) — I(0) << Isq. As the intensity increases such that I(0) << I(L), the first

term can be neglected, and a linear increase is observed.

2.3.2 Pulse gain dynamics

Another important theory to develop is the gain dynamics for a short interval (i.e. the
gain function throughout a pulse). This is critical for selective imaging since amplifying
non-uniform bursts results in a signal where the intra- and inter-pulse intensities vary
due to the effects of gain saturation. To develop this theory, it is assumed that the
effects of pumping remain constant over the burst duration, which is small relative to
the period and excited-state lifetime. Therefore, the effects of amplified spontaneous
emission (ASE) and additional build-up of the population inversion can be neglected

across the burst duration [23]. Therefore, equation 2.3 becomes:



Chapter 2 Theoretical background 11

And by substituting in equation 2.1.

dN 2%
= (o~ 1)) ()

Where 2% is a newly introduced factor that varies between 1 and 2 depending on how

(2.8)

fast the lower excited state depletes; this is known as the “saturation factor” [23].

A term for the gain per unit length of doped fibre can be derived by slightly adjusting

the terms and rearranging equation 2.2, whereby:

From equation 2.4, the gain saturation energy per unit area becomes:

hw

2%x0

Usat =

(2.10)

By integrating I(¢) to get U(t), the energy per unit area and using equation 2.8 an

expression for transient gain can be developed as follows:

E)out

G(t) =1+ (Go— 1)e Esat (2.11)

Where Gy = e“No is the small signal gain and E' = U * Acyy, Acyy is the effective area
given by Acp¢r = k(w/4)MFD [24], k is the wave-number and M FD is the mode field
diameter, which for an SMF (SMF28e) is calculated to be 10.4 + 0.4pm at 1550 nm.

By combining equation 2.9 and equation 2.11, the final mathematical term that models
the pulse shape evolution through an amplifier can be attained, which is written as

follows:

I(t n
1(t)out = Win (2.12)

1+ (Go—1)e Fsat

For a given amplifier (amplifier chain), equation 2.12 can be used to predict the amplifier
input burst intensity profile I(t);, for a target output intensity shape I(t)yy. This
method is used throughout the literature for pulse shaping [23, 25] and burst shaping
[26, 27]. Practical limits are imposed by the speed of the optical modulators used to
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shape the burst. Typical rise and fall times of AOM and EOM are in the order of ~ 100

ns.

2.3.3 Emission and absorption of thulium-doped fibres

The target wavelength for deep-tissue imaging is 1600-1850 nm as mentioned in section
1. As seen in Fig. 2.5(b), Tm has an emission bandwidth that covers the desired
range. Moreover, Fig. 2.5(a) shows two pumping wavelengths at 785 nm utilising the
cross-relaxation between 2 Tm>* ions or by pumping directly at around ~ 1550 nm.
Laser diodes at 785 nm tend to have high power at the cost of low brightness, making
them more suitable for cladding pumping. Furthermore, as seen in Fig. 2.5(b), Tm
has the highest absorption peak at 785 nm pump wavelength. However, due to cross-
relaxation, this method requires a long length of high Tm density in the fibre to be an
effective method of generating the required wavelength [28]. Moreover, a high doping
concentration can also lead to a higher re-absorption between 1600-1800 nm, especially
at increased fibre length, as shown in Fig. 2.5(b), which can limit the gain and energy

in this range.
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[28].

FIGURE 2.5: Tm3* energy levels corresponding to 2 pm emission and the bandwidth

spectrum of emission and absorption.

On the other hand, erbium (Er) doped fibres can be used to build lasers and amplifiers
capable of a broad emission band between 1450-1600 nm and an absorption wavelength
at 980 nm, as shown in Fig. 2.6(a). The absorption at the pump wavelength is relatively
small. Therefore, the efficiency of Er can be further enhanced by co-doping the fibres

with ytterbium (Yb), as it has a higher absorption cross-sectional area as seen in Fig.
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2.6(b). Thus increasing absorption of the pump wavelength before non-radiatively emit-
ting the pump wavelength to Er dopants [30, 31]. Such pump sources can be achieved
from laser diodes with SMF pigtails for ease of integration with multiple laser diodes to
increase the output power of erbium-doped fibre lasers/amplifiers (EDFL/A) with the
advantage of high brightness, courtesy of all single-mode operation (pump input and sig-
nal output) [32]. Pumping Tm with Er-doped lasers is known as in-band pumping, and
due to the smaller shift in the wavelength of the pump and signal, the quantum defect
and heat generation are reduced [33, 34]. In-band pumping is best used for core pumping
of thulium laser systems. This allows the use of shorter TDF lengths, higher gain in
the shorter wavelength and higher brightness at the output with near diffraction-limited

beam quality essential for confocal imaging.
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(a) Er-Doped Optical Fibre emission and absorption spectra. (b) Yb-Doped Silica Fiber emission and ab-
This figure was adapted from Benish Kanwal, 2023 [35]. sorption spectra. This figure was adapted from
Maryam Ilchi-Ghazaani, 2016 [36].

FIGURE 2.6: Emission and absorption rare-earth dopants.

The wide emission and absorption spectral bandwidth seen in Fig. 2.5(b) can be under-
stood by observing the energy levels in Fig. 2.5(a). Doping rare earth metal ions such
as Tm3* in a glass fibre distorts the electronic configuration of the material, leading
to the broadening and splitting of the energy levels into manifolds. This is known as
inhomogeneous broadening, and different host materials can cause deviation in the the
emission and absorption spectra [11]. Finally, the parameters of interest for a single-
mode TDF with a 9 pum core were calculated using the formulas previously mentioned
and are shown in Table 2.1 below. These parameters were assumed for all the TDFA’s

used in this project.

TABLE 2.1: Relevant 9 pm diameter core single-mode TDF parameters [37].

Thulium fibre parameter Symbol | Value
Peak emission cross section (m?) | o 6.00E—25
Effective mode field area (m?) MFA 8.39FE—11
Fluorescence lifetime (s) Ty 0.00056
Saturation energy (J) Egut 1.48E—5
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2.4 Mode-Locked fibre lasers

Mode-locking is one of the most common ways of generating ultrafast laser pulses in the
range of sub-100 fs, with variable RR of up to a few hundred megahertz depending on
the laser cavity length [38]. Specifically, passive mode-locking is better suited for the
short-pulse generation since it relies on the relatively fast effects of a saturable absorber
(SA) over the electronically driven AOM and EOM used in active mode-locking.

Nonlinearity and chromatic dispersion play an important role in attaining mode-locking;
both parameters can be easily controlled with the use of fibres. Both properties are
influenced by fibre design, material, and wavelength [38]. The propagation of a pulse in
a passive optical fibre and how the pulse shape evolves during propagation is a result
of the interplay between the nonlinearity and the dispersion. This is described by the

nonlinear Schrodinger equation (NLSE), which states:

. 2

Sz 2 2 612

Where A = /Pye'® is the slowly varying pulse amplitude, ¢ = konz — wot, n is the
refractive index, z is the propagation distance, kg is the wavenumber in a vacuum, w
the angular frequency of the pulse, T is the time variable measured in the frame of a
moving pulse, and « is the attenuation constant of the fibre due to material absorption
and Rayleigh scattering caused by imperfections in fibre fabrication that lead to density
fluctuation, causing wavelength dependant losses defined as L. = —10log(P/P,), where
the minimum loss in silica fibres is 0.2dB/km at 1550 nm [39]. Lastly, 52 and -~y refer to
the second-order of dispersion known as group velocity dispersion (GVD) and a property
of the fibre known as the nonlinear coefficient, respectively. It should be noted that the
spatial mode distribution in the presumed SMF is ignored since the variation in the

pulse spectrum over the effective area A.s; of the fibre is negligible [39].

The formation of stable pulses known as solitons in ML lasers arises from the breakup of
continuous wave (CW) radiation travelling in a nonlinear anomalous dispersion medium.
This effect, known as modulation instability, is spontaneous, and mathematically is

described as the accumulation of power-dependent nonlinear phase shift [40] as follows:

OnL =Pz (2.14)

The following sections will introduce the theory behind mode-locking and the compo-

nents used to achieve it, followed by the soliton pulse dynamics in a laser cavity.
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2.4.1 Nonlinearity and dispersion

The effects of nonlinearity and dispersion on propagation in a passive fibre will be
considered separately. This can be understood by examining the effective refractive
index of the fibre, which is the sum of the linear and nonlinear components [41], such
that:

Nepi(w, B) = n(w) + na| E? (2.15)

Where n is the linear (first-order) refractive index that depends on the material and
the wavelength of radiation, and no is the nonlinear refractive index mathematically
defined as ny = Re(x?®)3/8n. Only third-order susceptibility exists in silica fibres since
the molecules are centrosymmetric; thus, the second-order nonlinearity vanishes and the

strength of higher-order nonlinear effects is negligible in comparison [39].

From equation 2.15 it can be observed that while the linear refractive index is influenced

by the wavelength of light, the nonlinear component scales with peak power instead |E|2.

Therefore, two parameters can be introduced: dispersion length Lp, and the nonlinear
length Ly, which help visualise mathematically the propagation distance at which each

effect becomes significant on the evolution of the pulse. They can be expressed as follows:

T
Lp=-2

B2 (2.16)
Lyp = —
NL ~Pp

Where Tj is transform-limited (TFL) pulse width, Py is peak power and the nonlinear

coefficient v can be defined as,

nawo
= 2.1
i cAcyy (2.17)

Where the effective area is A.rp = 7r2. A higher peak power leads to a shorter nonlinear
length L, which enhances the impact of nonlinearity on the pulse. Conversely, a longer
pulse duration represents a longer Lp, leading to weaker effects of dispersion on the pulse
evolution. Equation 2.17 shows that the nonlinearity of a fibre is not only wavelength
dependent but also varies depending on the material and fibre design represented by the

nonlinear refractive index no and A.ys, respectively.

The relevant parameters at 1.8 um for the fibres used throughout the project are given

in Table 2.2, based on manufacturer data sheet and reports in the literature.
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TABLE 2.2: Relevant fibre parameters [42—44].

Fibre SMF28e [ OFS TDF | UHNA7 | UHNA4 [ PM1550 [ PM2000D | HN1550
Bo(ps®m~T) [ -0.058 [ -0.02 0.046 0.093 0.065 0.09 0.000531
B3(ps®m~—1) | 0.00104 | 0.00096 -0.00014 | 0.000033 | - - -
Acpr(um?) ] 93.3 27.5 11 23 80.1 12.6 12.4
y(W=Im=1) ] 0.00074 | - - - - - 0.0108

2.4.1.1 Chromatic dispersion

Variable 8 has been introduced in many equations as it plays an important role in
describing the wave propagation vector perpendicular to the wavefronts, where f(w) =

nw/c. Using Taylor’s expansion gives us the following expression:

Bw) = Bo + Br(w — wo) + 1/2B2(w — wo)® +1/6f3(w — wo)® + ... (2.18)

Where, 5, = g::—f, Bo is the wavenumber also denoted as k = nw/c, vy = ] 1is the
the group velocity, which is the speed at which the pulse envelope moves through a
material, B is the GVD responsible for pulse broadening by inducing a linear chirp
across the pulse, and S5 is the third-order dispersion, which imposes a nonlinear chirp
(temporal variation of the instantaneous frequency) on the pulse causing asymmetric
pulse evolution. [3 is negligible for pulses with a spectral width Aw << wp [41]. Its
effects become more significant for pulse widths below 100 fs and can be detrimental to
the overall pulse shape because, unlike 35 they can’t be reversed by normal means of
pulse compression (more on this section 2.5). The first two terms of the Taylor expansion

are defined as follows:

Blzl/c(n—l—w;l—z):ng/c:l/vg (2.19)
2 d
B =1/e( %+ 2T (220)

Where n, is the group index that describes the variation in the velocity of different
wavelength components of a pulse. For silica fibres, the refractive index variation with
wavelength can be seen in Fig. 2.7. However, equation 2.20 does not account for
the waveguide dispersion, shifting the total dispersion by manipulating different fibre
parameters such as birefringence, core size, and core-cladding index [39]. The modified

dispersion formula becomes:

Bo2mc

D= 2

(2.21)

Two key features can be seen from Fig. 2.7. D is negative and decreases in magnitude

with wavelength until reaching zero dispersion at 1.284 pum for fused silica [45]. This
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region is known as normal dispersion. Below-zero dispersion, D becomes positive and
increases in magnitude for longer wavelengths; this region is known as anomalous disper-
sion, and it is where the wavelength of choice for deep-tissue imaging laser development
resides. In the normal dispersion region, the shorter wavelengths travel more slowly
than the longer wavelengths and for anomalous dispersion, the opposite is true. Waveg-
uide design can shift the dispersion, as seen in fibres such as the ultra-high numerical
aperture fibres e.g UNHA7 and UHNA4 (from Coherent, Inc.). As the name suggests,
the increased numerical aperture allows the capability of normal dispersion at 1.8 um
by decreasing the core size and increasing the doping concentration of germanium in the
core [46].
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FIGURE 2.7: Dispersion wavelength dependence for fused silica (solid curves). These
figures were reproduced from Agrawal, Govind P., 2019 [47].

To investigate the effects of GVD acting on the pulse in the absence of nonlinearity and
losses, equation 2.13 changes such that all & and « terms go to zero, leaving —idU/dz =
Ba/ 2%. This can be used to create an equation for the pulse shape in terms of the

normalised pulse amplitude U(z,T) as a function of time and distance as follows:

U(z,w) =U(0, w)e(_’ﬂ”ﬁzﬂ) (2.22)

By applying the Fourier transform to equation 2.22,

Uz, T)=1/2n /Oo U(z,w)e =T dw (2.23)

—00

Equations 2.22 and 2.23 provide spectral and temporal information about the pulse [47].

Assuming an initial Gaussian pulse shape such that:

U(0,T) = e~T%/275) (2.24)

and spectrally,
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U(0,w) = / U0, T)e ™) qr (2.25)
Therefore [47],
U(z,T) i g (2.26)
z = — = 35€ .
’ (T§ — if22)1/?

Where Tj is the full width at half maximum (FWHM) of an unchirped pulse duration.
A graphical representation of equation 2.26 is seen in Fig. 2.8, whereby it shows that
under the influence of GVD, a pulse would maintain its shape, but the temporal width
would increase by the following relationship:

T = To(1 + (282)T2)%)"/? (2.27)

For values where 1 << (22/T¢)?, equation 2.27 becomes T' =~ z[33/Tp, which shows that
the output pulse width would be larger for longer propagation distances, higher £o, and
for a narrower initial pulse width.
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FiGURrE 2.8: Dispersion-induced broadening of a Gaussian pulse inside a fibre at dif-
ferent propagation distances z = 2Lp and z = 4Lp. This figure was reproduced from
Govind P. Agrawal, 1995 [48].

On the other hand, the effect on the phase shift temporally is:

_sgn(B2)(2P2/T5)T°
T2(1+ (282/T3)?)

(2, T) = + 1/2tan™ Y ((262/T3)) (2.28)

The frequency shift can be calculated from the first derivative of phase such that dw =
—0¢ /0T [48].
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_ sgn(Ba) 225/ THT?

T2+ (Po/ T2 (2.29)

Equation 2.29 shows that the spectral components will spread out across the pulse,
causing a linear frequency shift known as a linear chirp, which is negative or positive

depending on the sign of (s.

2.4.1.2 Self-phase modulation

SPM is the manifestation of the third-order nonlinearity. It is an instantaneous effect
that causes spectral broadening to occur in a pulse propagating in a nonlinear medium
by generating new spectral components [49]. To understand the effect of nonlinearity on

the pulse, all the dispersive and loss terms in equation 2.13 can be neglected to become,

U .
5 ~|UPU (2.30)

The equation above can be solved to give the following expression for the field amplitude

as a function of propagating distance z and time frame of pulse T

U(z,T) = U(0,T)elione(zT)) (2.31)

where,

one(zT) = U0, T)*(=vFo) (2.32)

It should be noted that, due to the peak power dependence of the nonlinearity, the
presence of losses in the distance travelled z is replaced with z.fr = (1 — e™**) /.
Equation 2.31 shows that the temporal profile of the pulse doesn’t change under the
influence of SPM. The maximum phase shift (¢,q,) occurs at the center of the pulse
where U(0,0) = 1 resulting in ¢qe = 1 = 27Py. The spectral effects can be understood
by taking the first derivative of the phase such that:

_du(0,T)P?

—d¢NL(Z,T)/dT = 5w(T) = dT

(z7P) (2.33)
The time dependence of dw shows a frequency chirp that is proportional to the derivative
of the pulse intensity profile, suggesting that the new spectral components are being

continuously generated during propagation, increasing the magnitude of the pulse chirp
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[48]. Assuming a Gaussian pulse profile as shown in equation 2.24, the solution to

equation 2.33 can be written as follows:

5w (T) = (2zyPyT/T2)eT/T0)? (2.34)

A plot visualising equation 2.34 is shown in Fig. 2.9. Equation 2.32 showed that the
temporal phase shape follows the pulse intensity profile. Using these equations, three
main features can be understood about the SPM-induced spectral broadening. Firstly, is
zero at the centre and the chirp increases positively and linearly through central part of
the pulse from negative at the leading to positive at the trailing edge. This results in the
production of lower frequencies at the trailing edge, known as the red shift, and higher
frequencies at the leading edge, known as the blue shift. The peak frequency chirp occurs
at the steepest part of the pulse and increases with “steepness” and becomes nonlinear

towards the edges.

3.
o °F
3 I
wq m=1
§ No
5 /
0' '-._‘- 7
o] r =~ //
& _, ~ -
Y
8 L
e [
\...-2_
-3 L i PP DU PSS
-2 -4 o} 1 2
T/ Ty

FIGURE 2.9: SPM induced frequency chirp on a Gaussian (dashed) and super-Gaussian
(solid) pulses. This figure was reproduced from Govind P. Agrawal, 1995 [49].

2.4.1.3 Four-wave mixing

Generating new spectral components is also possible through a process known as four-
wave mixing (FWM). Unlike SPM, it is the manifestation of the third-order nonlinearity
when a phase-matching condition is met [50]. The process occurs when photons anni-
hilate, creating two new photons where their energy and momentum are conserved.
To analyse this, four linearly polarised photons with the same or different frequencies,
denoted as (w1, ws,ws,ws), are considered. Their total electric field (E) and induced

nonlinear polarisation (Pyz) in the fibre can be described as [50]:

=

I

=

N |
-

E; expli(kjz — wjt)] (2.35)

<
Il
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4
L1 Z ,
PNL =X 5 Pt Pj exp[z(ka - wjt)] (236)

Solving the equation 2.36 shows that a single polarisation is induced as a product of

three electric fields. For example, for Pj:

Py=no {|Ea> + 2 (|E1 > + | B2 + | E3*) ) By

(2.37)
+ 2E1E2E3 exp(z'9+) + 2E'1.E2E§< exp(ie,) + e
Where,
Or = (k1 +ka+ ks —kg)z — (w1 + wa + w3 — wy)t, (2.38)
O0_ = (k1 + ko — ks —kq)z — (w1 + w2 — w3 — wy)t. (2.39)

The term proportional to |E4|? is responsible for SPM, which has been discussed in
section 2.4.1.2, whereas the rest of the terms describe FWM. Two types of FWM mixing
are seen from the equations describing phase-matching conditions. The first, is THG,
where w1 + w2 + w3 = wy such that w; = wy = w3 or w; # ws = ws. The second is
the annihilation of two photons while simultaneously generating two new photons such
that wi + we = w4 + ws. The phase-matching condition required for FWM is such that
the relative phase between photons vanishes (AK = 0). The phase matching condition
is harder for THG and is how a visible signal is achieved during third-order nonlinear
imaging, but it is harder to achieve in a fibre relative to the second process. Therefore,
only the second case of FWM will be considered moving forward in this section. The
frequency shift as a result of FWM is given by Q0 = wi —wo = w3 —wy; where w3y < wy are
referred to as Stokes and anti-Stokes, respectively. The process is considered degenerate

if the pump photons are equal, such as w; = wo.

Assuming a single-mode operation, degeneracy, and using the paraxial wave propagation

equation, key equations can be gained from solving equations 2.35 and 2.36. For two

pump photons with incident pump powers P, and Py, such that P; = |E(0);]? :

9=[(47*PaPr) — (1/2)*)'/? (2.40)

where,
k=AKpy +AKyw + AKpny, (2.41)
Leon =27/ Ak (2.42)

Where g is the parametric gain, which depends on the pump power and relative photon

phase, which is maximised when the net phase mismatch k = 0. The coherence length
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L.,p, defines the length at which the phase mismatch is negligible, since it is challenging

to maintain phase matching over long distances in the presence of dispersion.

There are several ways of achieving phase matching. The first thing to consider is that
phase shift can be caused by material dispersion AKj;, waveguide dispersion AKjyy,

and nonlinear effects AKpyy. They are mathematically defined as:

ngws + Nqawq — N1W1 — Naw2

N (2.43)
C
ARy — Anzws + Angwy — Anjwy — Angws (2.44)
C
AKnp =v(P + P) (245)

Therefore, to achieve phase matching, at least one of these components needs to be

negative. In a SMF, there are three possible ways to achieve this [50]:

e Reduce AKj; and AKyy, by using small frequency shifts and low pump powers.

e Operate near the zero-dispersion wavelength so that AKy nearly cancels AK s
+ AKnrp.

e Operate in the anomalous GVD regime so that AK); is negative and can be
cancelled by AKyr + AKywy .

Alternatively, birefringent fibres can be used to achieve phase matching. Fibres may be
strongly birefringent, as in polarisation-maintaining (PM) fibres, or weakly birefringent,
as in non-PM fibres. In PM fibres, stress rods are embedded in the cladding to induce

a higher refractive index along one axis compared to the other as shown in Fig. 2.10.

Stress Rods

Cladding
R —

Non-Pm Fibre Panda Pm Fibre

FIGURE 2.10: A cross-section comparison of pm and non-pm fibres showing the asym-
metrical induced refractive index due to the addition of stress rods.

The conditions that need to be met are given in Table 2.3 [50]:
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TABLE 2.3: Wave polarisation, frequency shift, and phase-matching condition for dif-
ferent processes. Reproduced from Govind P. Agrawal, 1995 [50].

Process | Wave Polarization | Frequency shift 2, | Condition
Ay Ay Az Ay
I s f s f on/(|B2| c) B2 >0
I s f f s on/(|Bz2|c) B2 <0
111 s s f f (47 6n /| B2 A1)/? B2 >0
v f o f s s (47 0n/|Ba| A1)/ Ba <0

Where én is the fibre birefringence defined as én = An, — An,, and s and f refer to the

slow and fast axes, respectively.

2.4.2 Saturable absorber

SAs can be either physical optical components, such as CNTs, semiconductor saturable
absorber mirrors (SESAMs), or artificial ones that rely on the nonlinear properties of
light. The most common types of artificial SA are nonlinear amplifier /optical loop mirror
(NALM/NOLM), nonlinear polarisation rotation (NPR), and a Mamyshev regenerator
(MR). Both techniques are intensity-dependent; however, the latter are known as fast
SAs since the pulse regulates itself, whereas the SA carried out by the material tends
to be a slower process, reshaping the pulse. Material SA have limitations in high-power
applications due to their low damage thresholds [51, 52]. Both types were explored
throughout the project, and the working principles behind each are discussed in this
section. In classifying and evaluating SAs, several key properties are considered, as
they directly determine the suitability of an absorber for mode-locking. The satura-
tion fluence, which defines the optical power required to bleach the absorber, while the
modulation depth quantifies the maximum change in transmission and therefore the
strength of pulse shaping. The non-saturable loss represents residual absorption that
cannot be bleached and thus limits overall laser efficiency. Another critical factor is the
recovery time, which distinguishes fast absorbers (fs—ps timescales, suitable for ultrafast

mode-locking) from slower ones (ns—us, typically used for Q-switching).

2.4.2.1 Material saturable absorber

A CNT is a thin layer of transmissive material that can be embedded into the cavity. On
the other hand, SESAM consists of reflective components made up of a Bragg grating
mirror and quantum well absorber layer with a bandgap that determines the operating
wavelength, recovery time, and modulation depth of the SESAM. Moreover, the Bragg
grating structure is set up so that each layer is optically equivalent to a quarter wave-
length nd = \/4 [53]. The properties of both SAs that have been used throughout the

project are shown in Fig. 2.11. The different CNT samples characterisation was carried
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out by Dr.Panuwat Srisamran; however, CNT sample number 4 was used in the imaging

laser for its relatively higher losses at longer wavelengths of the thulium emission.
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(a) SESAM structure showing quantum well layer (b) Wavelength dependant reflectance of SESAM-
followed by the Bragg gratings. This figure was re- 1960 from “Batop optoelectronics”. This figure was
produced from D. Kopf, 1997 [53]. reproduced from BATOP GmbH, 202/ [54], in accor-

dance with their open access policy and terms of use.

100
75

50

Sample 1
Sample 2
Sample 3
Sample 4

Transmittance

16|00 2000 2400
wavelength (nm)

(¢) CNT cross-section structure. This figure was re- (d) Measured transmission spectrum of different
produced from Grzegorz Sobon, 2017 [55]. CNT samples.

FI1GURE 2.11: Schematics and spectral response of both the SESAMs and CNTs used
in this study.

SAs are classified as either slow or fast-acting depending on the recovery time relative
to the pulse duration. In the case of a fast SA, the recovery time is shorter than the

pulse duration [56] and the losses follow the shape of the pulse temporally given by,

Qg
T Ume2
1+ O

at

asa(T) = (246)

Where «q is the unsaturated loss of the SA, P, is the saturation power of the SA,
which is the power it takes to reduce the initial value to 1/e [57]. In the case of a slow

absorber with a recovery time 75, longer than the pulse duration, the losses become,

dage (T, t) asa — o sa|U(T) t)|?

2.47
dt Tsa Usat ( )
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As a result of the loss-gain dynamics from the active fibre and saturable absorption,
the areas of the pulse where the losses fall below the gain threshold are amplified each
round-trip, thus shaping the pulse. The non-uniform slow response of the SA results in

a time delay in the pulse train caused by a shift in the peak intensity of the pulse.

2.4.2.2 Artificial saturable absorber

As shown in Fig. 2.12, NPR can be set up by having two polarisers separated by a
long piece of fibre and a polarisation controller (PC) in front of the input polariser.
The first polariser ensures that a linear polarisation propagates in the fibre, and the
polarisation controls the orientation of the linear polarisation, which evolves by the
pulse experiencing an intensity-dependent nonlinear phase shift, and is filtered by the

polariser at the output.

controller

4
_
Polarization /
s

Polarizer

’ o4

Low-power signal High-power signal

FiGURE 2.12: NPR mechanisms in fibre. This figure was reproduced from Michel
Olivier, 2016 [58].

In a MR, as the pulse propagates a nonlinear dependent phase shift manifests as SPM,
causing the input spectrum to broaden, generating new spectral components that cor-
respond to the high-intensity part of the pulse [59] as shown in Fig. 2.13. In practice,
a red or blue shifted (with respect to the input spectrum) filter is added to filter the

newly generated spectrum.

Filter offset

to the
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SPM ﬂ
‘ ‘ @
Narrow Broadened Narrow
spectrum spectrum spectrum

FIGURE 2.13: MR mechanisms in fibre.
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An optical loop mirror can be set up as shown in Fig. 2.14. The power of an incoming
pulse (input port marked in Fig. 2.14) is split as depicted by the coupler ratio to then
recombine at the coupler to form the reflection (output port marked in Fig. 2.14). At
low powers, the reflectance is linear and purely depends on the coupling ratio as shown
in Fig. 2.15.

Input

output

FIGURE 2.14: Optical loop mirror schematics.

At higher powers, the saturable absorption is set up by creating asymmetry in the power
transmission in each port, either by a difference in the coupling ratio or by introducing
a DCF into one of the ports, which forms a NOLM. A NALM, on the other hand, is set
up by introducing an active fibre to create the phase change in the counter-propagating
pulses, where one with higher intensity experiences a higher nonlinear phase shift than
the lower-power arm [49, 60]. Therefore, the transmission (7) is given as a function of

the linear and nonlinear process (power-dependent component) described as:
Ty = 1—2f(1— ) {1 +cos[(1— 2}y PoL]} (2.48)

where (T'=1— R), and f is the fraction representing the coupling ratio.
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FicURE 2.15: Reflectance of a linear fibre loop mirror based on the splitting. This
figure was reproduced from RP Photonics, 2024 [61].
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2.4.3 Solitons

Thus far, the description of a soliton was developed for passive fibres where a stable pulse
whose temporal and spectral features remain unchanged during propagation. However,
in a laser cavity where active fibres, SAs and spectral filters are introduced that dynam-
ically change the pulse during a round trip. Therefore, the solitons generated have to
be defined by a more complex form of the NLSE [62], which is modified to include the
loss-gain dynamics and higher-order effects as follows for a more accurate estimation
[62]:

bA  Ala—g) | ilBatig) A _i(B) A
5. + 5 + 5 572 6 318 = iv|Al*A (2.49)

Where many of the parameters have already been introduced in equation 2.13. The new
parameters include third-order dispersion (33), the gain linewidth is given by 2, and g the
gain coefficient. Solving this equation reveals multiple converging solutions, highlighting
the presence of various types of stable solitons. The primary types of stable solitons are
conventional solitons (CS) and the dispersion-managed solitons, which include stretched
pulse solitons (SPS) and dissipative solitons (DS) [63—-66]. The type of soliton formed
can be controlled by the net dispersion of the cavity. As for CS, they are formed in a
cavity with a large net negative dispersion (all or partially anomalous). The order of
a soliton is determined by the ratio of nonlinearity to GVD. This can be examined by

introducing the following relationship [40]:

N%=Lp/Lnr (2.50)

20 =mLp/2 (2.51)

Where N is an integer that refers to the order of the soliton. Ideally, a first-order
soliton (fundamental soliton) is stable throughout propagation and remains unchanged.
Practically however, an average (fundamental) soliton produced in a CS ML cavity, varies
in both amplitude and pulse width depending on the interaction at different positions in
the cavity, as shown in Fig. 2.16. Higher-order solitons will change periodically during
propagation, compressing and stretching and splitting (generating multiple peaks and
pulse function depending on the soliton order), alternating between a TFL state and a
chirped state in a distance known as a soliton period (z¢) as shown in equation 2.51 [40].
CS propagate with a TFL pulse duration, and their intensity profile is best described

as:

U(T) = UpSech*(T/Ty) (2.52)
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Another distinct feature of CS is Kelly’s side-bands, which are discrete spectral lines
that represent the amplification of the background CW radiation with excess soliton
energy [67]. This manifests from the large anomalous dispersion and greatly limits the
pulse energy output [68, 69]. The energy limit in an all-anomalous dispersion fibre laser
system is defined as E, oc \BAs¢/At, where E, is the pulse energy, A is the wavelength,
B is the dispersion coefficient of the fibre, A.ts, the effective fibre area, and At is the
pulse duration. To combat this, a normal dispersion fibre can be inserted into the cavity,

which gives rise to other types of solitons.

Dispersion-managed solitons are created by adding a normal dispersive fibre into the
cavity, creating breathing of the pulse as shown in Fig. 2.16. This mitigates the pulse
break-up in the cavity, resolves the Kelly’s sideband and enables high pulse energy gen-
eration not confined by the limits of the CS found in all-anomalous-dispersion cavities.
The first of those dispersion-managed solitons is the SPS, which is formed in a cavity
with a small net anomalous dispersion; it is capable of larger pulse energies than CS,
and its bandwidth increases as the net dispersion tends to zero [70]. This makes it very

attractive for ultrafast pulse generation.
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FIGURE 2.16: [The pulse evolution with distance of an (a) Ideal soliton, (b) is an
avarage soltion, and (c) is dispersion managed soltion. This figure was adapted from
Tohoku University [71].

DS, on the other hand, are formed from net normal or near-zero dispersion cavities.
Unlike the SPS, the large normal dispersion and high nonlinearity required to form DS
give rise to a self-similar pulse evolution and can provide even higher pulse energies [44].
Their spectrum exhibits distinctive flat edges, and as the net dispersion approaches

zero, the bandwidth increases [70]. The pulses generated are chirped; thus, the ML
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cavity needs to be accompanied by a compressor to generate short pulses. However,
the large magnitude of nonlinearity associated with them also makes it challenging to
compress these types of pulses, often resulting in a temporal pedestal [70]. Moreover, it
has been reported that the output central wavelength of the pulses can be controlled by
the addition of spectral filters, provided the active fibre emission spectrum covers those
wavelengths, and the pump power is adjusted to compensate for the discrepancy in the

gain at the desired wavelength [72].

Finally, it is worth noting the existence of noise-like solitons (NLS), which are pulses
made up of much smaller wave-packets that are spread in time and are formed from ML
cavities via different mechanisms depending on the net dispersion. For example, in a
net anomalous dispersion cavity, the forming mechanism is based on a soliton collapse,
whereas a peak power clamping effect (PPC) is the cause of NLP formation in the net
normal dispersion. The change to an NLP can be abrupt from a stable soliton, indicating
a switching point from a positive to a negative cavity feedback from the SA. This is when
the gain no longer amplifies the pulse but amplifies the background instead in PPC, and
the pulse breaks up due to high pulse energy in a soliton effect. They are used for
applications where high pulse energies are required, as they are capable of generating

microjoules of pulse energies [73].

2.5 Pulse compression

Pulses can be compressed either linearly or nonlinearly. In both cases, gratings, prisms,
fibre gratings, or fibres are used. As mentioned in section 2.4.1.1, GVD imposes a
linear chirp on the pulse during propagation inside a dispersive medium, causing the
linear spectral phase shift in a pulse made up of several spectral components. However,
in the latter, the pulse is propagated in a nonlinear medium (usually a fibre) before
compression, allowing for spectral broadening [72]. An increase in the pulse’s spectral
bandwidth then allows the pulse to be compressed to an even shorter duration. Since
the shortest temporal width is inversely proportional to the spectral width, as described
by the time-bandwidth product (TBP), it is constant and depends on the pulse shape.
For Sech? and Gaussian pulses, TBP is 0.315 and 0.44, respectively [74].

TBP = ATAv (2.53)

Where v and T' are the FWHM spectral and temporal widths, respectively. Equation
2.53 also shows that a TFL pulse cannot be compressed. A comparison of two com-
pression methods was demonstrated by W.Jinzhang et.al [72] where a 2 um pulse with
a 3 dB bandwidth of 103 nm was linearly compressed in a fibre UHNA4 that has a

normal dispersion coefficient $o at 2 um to compensate for the negative chirp of the
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pulse. This generated a pulse width of 75 fs. However, 29 fs pulses were generated when
nonlinearly compressing the pulse. This was realised by incorporating sections of HNF
in intervals with SMF in the compressor to maintain a similar pulse shape and high
peak powers throughout propagation, resulting in a more efficient nonlinear response.
This was followed by UHNA4 fibre for compression as in the previous case [72]. Another
method used for nonlinear pulse compression was demonstrated by M. Gebhardt et.al
[75] where a gas-filled anti-resonant hollow-core fibre (ARHCF) was used to produce a
self-compressing pulse due to the weak anomalous dispersion effects of the fibre in com-
bination with a broadening of the spectrum caused by the nonlinear interaction with

the gas molecules [75].

Figure. 2.17 shows a “Treacy configuration” grating pair, composed of 2 parallel trans-
mission gratings and a mirror that reflects light back towards the input, doubling the
effect of the dispersion of one pass used for compressing pulses. Dispersion is achieved
as a result of a time delay caused by a difference in the optical paths experienced by

different wavelengths (shorter wavelengths travel less than longer ones).

FiGURE 2.17: Diagram of “Treacy configuration” transmission grating pairs. This
figure was reproduced from A. Garza-Reyes, 2012 [76].

The frequency dependence of diffraction angle is given by [76]:

sin(0,) = mQZC — sin(6;) (2.54)
w

Where m is the order of diffraction and is 1 for the first-order diffraction, which is
used to generate dispersion, ¢; and 6, are the incident and diffracted angles to the
normal to the grating plane, respectively, and A is the grating period. As for linear
pulse compression, the GVD effect on the pulse in a fibre has been previously explained
in section 2.4.1.1 to depend on the fibre refractive index. The group delay dispersion
(GDD) is GDD = GV D % L, which describes the total dispersion experienced by the
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pulse during propagation. GDD for a grating pair can be written as follows:

26 mINL A B

Where L, is the distance between the diffraction gratings. As seen from equation 2.55
0, is inversely proportional to w, which means that the longer the wavelength, the larger

the diffraction angle.

Grating pairs in this format are used frequently throughout this project due to their
compactness while generating higher dispersion values than other methods. Two differ-
ent pairs of gratings were used for separate experiments. For the imaging laser, fused
silica transmission gratings with a groove density of 560 lines/mm and a roof mirror were
used (see chapter 3), whereas fused silica transmission gratings with a groove density of
900 lines/mm were used for the sub-100 fs pulse generation experiment (refer to chapter
4). Grating compressors in Treacy configuration can only impose negative second-order
dispersion on the pulse, which only acts to compensate for positive linear chirp compo-
nents, meaning that any nonlinear chirp components (caused by higher-order dispersion
or nonlinearity) are incompressible and appear as temporal side pedestals in the com-

pressed pulse shape [77].






Chapter 3

1847 nm femtosecond thulium

fibre laser for biomedical imaging

In this section, the details of the development and characterisation of the imaging laser
system shown in Fig. 3.1 are discussed. This laser was constructed from a ML cavity
capable of generating a few-hundred-femtosecond pulse, which is then stretched and
amplified, and then compressed in CPA fashion. An optical modulator is placed before
the final amplifiers in the system to control the RR of the laser and scale the peak power
of the pulses while maintaining a low average power in order to achieve deep-tissue
penetration without causing thermal damage to the biological sample. Finally, the
results acquired from THG imaging at the different RR will be presented, and optimum

experimental parameters will be discussed.
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F1cURE 3.1: Imaging laser schematics; inset picture of the final laser.
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The imaging laser was developed by drawing inspiration from a study by D. Xu et al.,
where an NPR and SESAM-based ML laser cavity seeded CPA system operating at the
fundamental laser RR of 16.6 MHz and capable of generating 630 fs compressed pulse
duration (assuming Gaussian shape) with an average power of up to 2.5 W and a pulse
energy of 150 nJ [78]. The laser was used for THG imaging, allowing up to 40 um of

penetration depth was reported in rat tail samples.

3.1 CNT Mode-locked seed laser

An all-fibrised ML cavity was built in collaboration with a former PhD student in my re-
search group, Dr. Panuwat Srisamran, using a single-walled carbon nanotube (SWCNT)
SA sample provided to our research group in collaboration with the Cambridge Univer-
sity graphene centre. I was involved in adapting this cavity to meet the requirements
for medical imaging, then integration, development and characterisation of the whole
system. The schematics of this cavity are presented in Fig. 3.2. A laser diode (Princeton
Lightwave, DEI14919) operating at 1550 nm wavelength and 170 mW average output
power was used to pump this cavity, delivered into the cavity with the use of a 1560/1960
wavelength division multiplexer (WDM, AFR 223005). The cavity comprised a 0.5 m
Tm-doped fibre (OSF TmDF200) gain medium, a 4.5 m DCF (Nufern UHNA4) manag-
ing the dispersion in the cavity, an isolator (ISO) for unidirectional flow of light, SMF28e
passive fibre between components, two PCs placed on either side of the SA to adjust
the phase shift for obtaining mode-locking, and a 75/25% output coupler (OC, Thorlabs
TW2000R3A2A). T adjusted the OC port from the original design, using the 75% output
port for a higher output power of 14.5 mW, compared to the 1 mW reported with a
25% tap by Dr. Panuwat. This meant an increased pumping threshold to compensate
for the higher losses. Due to the polarisation-insensitive nature of the SA in an all
non-PM (polarisation maintaining) design, the cavity showed long-term stability under

continuous use.

75%
SMF output
oc

ISO

FIGURE 3.2: Mode-locked laser cavity schematics, featuring a CNT acting as a SA.
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A DS pulse operation was achieved, represented by the distinctive sharp edges of the
spectrum as seen in Fig. 3.3. Using an optical spectrum analyser (OSA, AQ6375), the
generated pulses were measured to have a central wavelength of 1847 nm and a 3 dB
bandwidth of around 30 nm. The temporal pulse duration, on the other hand, was
measured using an autocorrelator and the width of the autocorrelation function (ACF)
was found to be 5.4 ps. The cavity length resulted in an RR of 20.4 MHz and a net
dispersion of 0.01 ps2. It should be noted, that the ML spectrum shown in Fig. 3.3 is
the final optimised output spectrum used for the imaging experiment; multiple alternate

ML states were used throughout the optimisation and characterisation of the system.
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F1GURE 3.3: CNT ML cavity output pulse characteristics.

3.2 Stretcher and Pre-amplifier

The first amplifier schematics are shown in Fig. 3.4. A 50 m long piece of PM-DCF
(Choerent, PM2000D) was used to stretch the pulses while allowing for the preservation
of the polarisation of all spectral components over long distances compared to the non-
PM counterpart. This was evident by minimal distortion to the pulse spectrum caused
by the wavelength-dependent phase shift passing through a fast-axis block PM-isolator

as seen below in Fig. 3.5.

F1cURE 3.4: First amplifier and pre-stretcher schematics pumped by an EDFA, PM-
ISO: polarisation maintaining isolator.
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The addition of the PM-fibre increased the efficiency since less energy is lost in the
ISO due to the poor alignment of the polarisation with the pass axis of certain pulse
components. This was observed when measuring the maximum power attainable from
the first amplifier after the PM-ISO, with the output power increased from 26.5 mW
when using a non-PM DCF to 31 mW when a PM-DCF was used for an overall amplifier
slope efficiency at ~ 18.3%.
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FIGURE 3.5: Pulse spectrum A\, = 1869nm and 3 dB A\ = 38nm before and after
PM-isolator using a PM and nonPM DCF fibre.

Moreover, the DCF length increased the pulse duration to 50.3 ps (assuming Gaussian
shape) as shown in Fig. 3.6. The effects on the pulse compressibility pre and post PM-
ISO transmission were also examined for both DCFs, and no distortion to the compressed

pulse shape was observed when incorporating the PM-fibre.
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FIGURE 3.6: Pulse ACF trace at the output of the DCF; ACF width = 50.3*%1.41 ps.
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3.3 Pulse picker

Oscilloscope data provided in Fig. 3.7 demonstrate RR division capabilities of the
optical signal of both the AOM (GOOCH & HOUSEGO T-M250-0.3C16Z-3-F2P) and
the electro-optical modulator (EOM, Exail MX2000-LN-01) that were driven by a PP
(TOMBAK AreoDIODE). The modulation capabilities of both modulators were tested,
and the AOM was chosen for the final design due to having a 2 dB lower insertion loss

than the EOM and a higher extinction ratio, as seen in Fig. 3.7.
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FIGURE 3.7: 2 MHz output from AOM and EOM; offset temporally for visualisation.

Next, the power was measured at the output of the AOM while incrementally dividing
the fundamental optical repetition frequency from 20.4 MHz using the PP to generate
outputs of 10, 5, and 2 MHz. The characterised results are presented in the Table 3.1

below:

TABLE 3.1: Optical powers and losses after the AOM.

Repetition Rate (MHz) | Av. Power(mW) | Loss(dB)
20.4 14.1 -3.4
10.2 6.9 -6.5
5.1 3.47 -9.5
2.04 1.2 -14.1
1.02 0.61 -17.1

3.4 Second amplifier

The amplifier shown in Fig. 3.8 was backwards-pumped in an attempt to reduce the

number of components in the system and reduce the overall fibre length that contributes
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to pulse compression. This has the advantage of using a single WDM following the TDF
for joining and filtering the pump with the signal instead of two WDMs on either side
of the amplifier in a forward pumping scheme. This orientation also makes use of the
ISO before the AOM to prevent back-reflection of the signal to the source.

TDF

FIGURE 3.8: Second stage amplifier schematics pumped by an EDFL.

This stage was core pumped from an in-house built EDFL capable of up to 1.1 W of
power. The second amplifier output power was measured and is shown in Fig. 3.9 while
varying the repetition frequency and pumping power using the input powers mentioned
in Table 3.1. The slope efficiency of the amplifier decreases as the RR is decreased from
~ 10% at the fundamental RR to ~ 3.5% at 2 MHz as a result of the reduced input
powers. However a high gain (9 — 12dB) was feasible across the different RR.
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FI1GURE 3.9: Second stage amplifier power output at different RRs and pump input.

To eliminate the variation of the average powers when imaging samples operating settings
at the fundamental repetition frequency (20.4 MHz) and its divisions (highlighted in
Table 3.2), were selected to ensure similar and comparable average powers into the final

amplifier.
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TABLE 3.2: Second stage amplifier out data used to characterise the later stages.

2" pump power (mW) | 437 | 573 | 806 | 1110
Rep. Rate (MHz) 204 | 10.2 | 5.1 | 2.04
Power (mW) 42.5 | 49.1 | 49.5 | 374

3.5 Power amplifier and compressor

The final amplifier and compressors are shown in Fig. 3.10. Core pumping is set up by
coupling the output of a high-power EDFL to a TDF, which is spliced to a short length
of SMF' angled patch-cord to minimise Fresnel’s reflection when free-space coupling the
final output to a dichroic mirror for pump filtering, followed by an ISO before the grating

compressor are used to prepare the beam for the microscope.
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Ficure 3.10: Final stage amplifier schematics pumped by an erbium-doped fibre
laser (EDFL).

Despite the long DCF length lowering the overall peak power propagating in the fibre,
spectral broadening was observed at the output of the final amplifier when using a 70
cm long single cladding TDF with 9 um core and 125 pum cladding (diameters) as shown
in Fig. 3.11.
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FIGURE 3.11: Pulse spectrum comparison between seed signal and final amplifier.
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The onset of nonlinear effects was observed at a RR as low as 5 MHz. This prevented the
operation of the laser system at lower RRs. The nonlinearity coefficient in the system is
high due to high peak powers, small fibre core, and long fibres, as stated in equation 2.17
and efforts were made to reduce these parameters. Therefore, A “PM-TDF-10P /130-
HE” double cladding fibre with 10 um core diameter and 130 um outer cladding diameter
was used. While using an input signal power of 81.5 mW, a starting fibre length of 40 cm
was tested in a cut-back method to find the optimum length where the amplified power
was maximum and residual pump power was minimised. The outputs of the different

fibre lengths were:

TABLE 3.3: Power output at different lengths of 10/130 um TDF.

Fibre Length (cm) | signal Av.power(mW) | residual pump power (mW)
40 1883 -

34.5 1955 35

25 2023 33.5

18 1931 42.2

From Table 3.3, it can be seen that highest output power was achieved from a shorter
TDF length, due to the increased doping concentration of Tm?*t ions. Furthermore, as
the length decreased from 40 to 25 cm, the residual pump power increased. However,
at 18 cm, the residual pump signal began to increase and the signal power decreased;
therefore, the optimum length of 10/130 wm TDF must lie between 25 and 18 cm. In
the final amplifier, an 18 cm TDF was used, connected to a 1840/1500 WDM and a
short 5 cm SMF28e patch-cord at the output.
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FIGURE 3.12: Power output of the third stage amplifier at different RRs and pump
powers.
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Using the input power parameters mentioned in Table 3.2 at each RR, the power output
after the compressor was measured and the results are plotted in Fig. 3.12. A maximum
average power of around 470 mW was measured across all the RRs except at 2 MHz,
where it was measured to be around 400 mW. The corresponding output spectrum and
compressed pulse duration are shown in Fig. 3.13. Spectral broadening is seen at a
lower RR due to the increase in the peak powers. Consequently, a shorter compressed
pulse duration was observed. 480 fs (Gaussian) at 20.4 MHz and 380 fs (Gaussian) at 2

MHz were achieved, and their pulse energies were 23 nJ and 156 nJ, respectively.
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FI1GURE 3.13: Final pulse characteristics of imaging laser.

Further precautions were taken to minimise the risk of damaging the higher power am-
plifier by implementing a more stable ML source and sealing it to reduce environmental
factors. User guidelines were set up in case of ML instabilities for safely switching off
the system, retaining mode-locking, restarting the modulation and resuming the exper-
iment. An inverse electrical trigger was programmed into the PP to allow the AOM to
be “opened” if the signal was lost, thus preventing any catastrophic Q-switching in the
absence of a signal, which would lead to energy build-up in the amplifiers, which is then

suddenly released, damaging the optical components.

3.6 Third-harmonic generation imaging experiment

3.6.1 Experimental set-up

To conduct the imaging experiment, a similar imaging system as the one in the study
by D.Xu et al. was set up [78], which is illustrated in Fig. 3.14. A custom-built inverted
microscope based on a Nikon Ti Eclipse frame, which included a pair of galvanometer
mirrors for laser scanning, was used. The output beam from the thulium fibre laser

was coupled into the scanner after passing through a pair of lenses. The beam was
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reflected by a short-pass dichroic beam splitter and focused on the samples through an

infinity-corrected objective.
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FI1GURE 3.14: Schematic diagram of the imaging system. PMT: photo-multiplier tube,

L: lens, BP: band-pass filter, M: mirror, LPD: long pass dichroic, SPD: short pass

dichroic, Obj: objective lens, THG: third-harmonic generation. This figure was adapted
from Duanyang Xu, 2023 [78].

The THG signal was collected in the back-scattering (epi-detection) geometry using the
same objective. This signal was delivered through optics that included the excitation
dichroic, mirrors, lenses, and short-pass filters, as well as a narrow band-pass filter, to a
photomultiplier tube (PMT) detector. The scanner and detector were interfaced with a
DAQ-PCI6110 connected to a desktop computer. Laser scanning and data acquisition

were controlled using Scanimage 6.1 (Vidrio Technologies).

All image acquisitions were performed with a 20x objective lens having a numerical
aperture (NA) of 0.75. The pixel resolution for each image was 512 x 512 pixels, which
corresponded to a field of view of 250 x 250 pm, given the objective and scanning settings

used. The pixel dwell time was set to 16 us.

The experiments primarily focused on THG. To separate the SHG signal generated from
the sample from the THG signal, a short-pass dichroic beam splitter was employed in

the detection branch, reflecting the SHG signal and allowing for effective analysis.

3.6.2 Results

Dry animal horn samples were imaged initially, and the results at 40 um depth can be
seen in Fig. 3.15. At the fundamental RR, the deepest visible layer with meaningful
biological details was 40 pm, similar to the study by D.Xu et al [78]. However, the
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resolution of the acquired images in this experiment were lower. This is owed to the
fact that the average power was significantly lower at this RR. However, as RR was
reduced, the peak powers increased, resulting in higher resolution and better contrast
while maintaining low average powers that would otherwise be detrimental to the bi-
ological samples. The increase in the peak power also allowed for deeper penetration.

The images acquired at the deepest layer for each of the RRs are shown in Fig. 3.16.

(a) 40 pm depth animal horn tissue using 20 (b) 40 pum depth animal horn tissue using 10
MHz RR. MHz RR.

(¢) 40 pm depth animal horn tissue using 5 (d) 40 pm depth animal horn tissue using 2
MHz RR. MHz RR.

FIGURE 3.15: 40 pm depth animal horn tissue imaging at different RR.

As expected, the resolution was reduced as the penetration depth increased. However,
meaningful biological features were still distinguishable at depths of up to 90 pm in bone
tissue at 2 MHz, which was over twice as deep as the penetration depth achieved at the
fundamental RR of the laser.

Further testing was carried out using a 2 MHz RR in dry human cancellous bone tissue
(shown in Fig. 3.18(a)) since it showed the deepest imaging capabilities in animal horn

tissue.
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(a) 60 wm depth animal horn tissue using 10 (b) 70 pm depth animal horn tissue using 5
MHz RR. MHz RR.

(¢) 90 pm depth animal horn tissue using 2
MHz RR.

FIGURE 3.16: Deepest visible layer in animal horn tissue, different RR.

The results presented in Fig. 3.17 showed much higher resolution at 90 um when com-
pared to the animal sample and a significantly higher penetration depth for up to 310
pm. The higher observable sample depths in cancellous bone tissue were achieved by
virtue of its porous structure, unlike the horn samples, which are denser and closely
resemble cortical bone tissue. THG imaging is efficient at detecting interfaces [79], and
as proven from the acquired imaging results, the detection of those interfaces increases

with peak powers.
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(a) 90 pwm depth human bone tissue using 2 (b) 175 um depth human bone tissue using 2
MHz RR. MHz RR.

(c) 310 pm depth human bone tissue using 2 (d) 400 um depth human bone tissue using 2
MHz RR. MHz RR.

FIGURE 3.17: Imaging results in human cancellous bone sample at increasing depths
using 2 MHz RR.

Finally, the stacks of images captured with a laser at different depths can be used to
reconstruct a 3D model of the sample, giving an in-depth insight into the structure of
the sample. As shown in Fig. 3.18(b), a depth encoded layered image was created,
revealing a clear structure of the bone sample, where the bone boundaries are defined.

This is a powerful technique for anatomical structural analysis and can be used to create
3D models.
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(a) Porous (cancellous) bone sample from Tu- (b) Depth encoded reconstructed image stacking all the
bercular bone. layers captured up to 200 pm depth.

FIGURE 3.18: The cancellous bone sample and 3D visualisation



Chapter 4

1789 nm femtosecond thulium

fibre laser system

The imaging laser, discussed in chapter 3, operated at a wavelength of 1.84 um. Dr.
Hiroki Cook from the IFLS team measured a high-resolution absorption spectrum of
articular cartilage (a type of soft tissue), which is illustrated in Fig. 4.1. The results
revealed that the current operating wavelength does not operate at the minimum water
absorption wavelength, thereby increasing the risk of thermal damage to the tissue and
limiting the achievable imaging depth. Notably, the absorption begins to decrease below
1.8 um, which is more suitable for imaging softer biological tissues with higher water

content.
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FIGURE 4.1: Absorbance spectra of articular cartilage (soft tissue), measured between
1000-2000 nm; Osteoarthritis (OA, blue), Osteoporotic (OP, red).
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The design constraints remain true for developing a cost-effective and compact laser.
However, challenges arise in developing a laser source with an operating window < 1.8
wm using thulium due to absorption that overlaps with emission, ranging from 1.5 um to
1.8 wm and peaking at ~1.6 um. Furthermore, an appropriate SA is necessary to build a
ML laser. Commercially available SESAMs have an operating range exceeding the target
wavelength; instead the broad absorption bandwidth of different CNT samples makes
them a more suitable SA for shorter wavelength applications. Moreover, it is necessary
to add a spectral filter in the cavity to blue shift the favourable lasing wavelength
and suppress unwanted emission. The incorporation of such technologies in the laser
oscillator may limit the achievable pulse bandwidth and, consequently, the pulse duration
and power. There are, however, approaches that can be taken to overcome the effects of
these constraints. For example, a fundamental soliton is confined by its energy due to the
balance of the nonlinearity and anomalous dispersion, but a DS or SPS can be generated
by incorporating a positive dispersion element into the cavity, allowing a higher-energy
pulse to circulate within the cavity. This may result in broader pulse bandwidths due

to increased nonlinearities.

As demonstrated previously (refer to chapter 3), CPA can be implemented to achieve
high powers from an ML system while mitigating nonlinearities that can affect the pulse.
Therefore, the compressed pulse duration achieved by this method is limited to the TFL
duration of the source pulse. However, if nonlinear pulse compression is implemented,
shorter pulses will be achievable [77]. For this technology to be feasible, coherent spectral

components need to be generated and optical wave breaking suppressed [80].

The work presented in this chapter discusses the development of a new ML seed laser op-
timised for short pulse and wavelength emission, where the maximum pulse bandwidth
achievable from the cavity was explored. Novel amplification methods that simulta-
neously promote nonlinear pulse compression via fiberised solutions to overcome the
shortcomings of the ML pulse laser output were tested and compared. The four amplifi-
cation methods tested were chirped pulse amplification, chirp-managed pulse amplifica-
tion (CMA), chirped pulse amplifier with nonlinear broadening (CPAN), and nonlinear
broadening with chirped pulse amplification (NCPA).

The ML laser presented in section 4.1 was presented at the Photonics West conference
proceedings [81]. The source was used to develop the novel amplification methods that
led to publishing two conference papers on the Chirp-managed amplifier (sections 4.2.1
and 4.2.2) and nonlinear chirped pulse amplifier (section 4.2.4) in CLEO [82] and CLEO-
PR [83], respectively.
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4.1 All fiberised CNT ML cavity

A schematic of the ML fibre laser cavity is shown in Fig. 4.2. The cavity features
unidirectional ring oscillation. A Tm-doped fibre was pumped with a single-mode laser
diode (DEI14919, Princeton Lightwave) at 1560 nm through a WDM. Another WDM
was placed after the Tm-doped fibre to extract residual pump in the single-pass pumping
configuration. A high reflectance (HR) single-mode retroreflector (P5-SMF28ER-P01-
1, Thorlabs) was attached to the WDM pump port to recycle the residual pump back
into the Tm-doped fibre for double-pass pumping. An OC with 50% coupling ratio
was spliced to the WDM signal port to extract the ML signal. An in-house fabricated
SWNT polyvinyl alcohol (PVA) composite was inserted between two angled patch-cords
to act as an SA. Unidirectional oscillation of the ring cavity was ensured by an ISO
that was placed after the SA. Two in-line PC were placed in the cavity to stabilise
the ML operation. A DCF (UHNA4, Coherent) was employed to provide a net normal

dispersion.
HR 1550nm
LD Pump
TDF
Filtered WDM Fused WDM
PC CNT 15O

F1GURE 4.2: Schematics of all-fibre mode lock laser; inset photo of the laser mounted

in a 28 x 35 cm box. CNT: carbon nanotube; ISO: Isolator; PC: polarisation controller;

OC: output coupler; WDM: wavelength division multiplexer; HR: high reflection mirror;
DCF: dispersion compensation fibre.

A short length of 0.3 m was selected for the Tm-doped fibre to realise the short wave-
length operation by minimising the signal reabsorption. The length was selected based
on the results from characterisation of the ASE output of three different Tm-doped
fibres which were: a commercial Tm-doped fibre (OFS, TmDF200), and two in-house
fabricated fibres; a Tm 0.2 wt % doped fibre (TDFA1) and a highly doped nested ring
fibre (TDFA2) thought to possess relatively low absorption due to small occupied region
of the Tm dopant in the core (presented in Fig. 4.3(a)) [84]. Several fibre lengths were
core pumped at a power of 860 mW from an in-house built EDFA, and the ASE mea-
surements are shown in Fig. 4.3(b). While increasing the length of TDFA1 by 10 cm,
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the ASE profile was maintained, but an increase in the overall gain was observed. On
the other hand, the OFS TDF shows higher gain at a comparable length and a higher
gain peak at a shorter length. Although an increase in the length resulted in overall
higher gain, the gain peak was shifted towards 1850 nm due to the effects of reabsorption
of thulium, which would favour mode-locking at longer wavelengths if implemented into

the cavity. Lastly, TDFA2 showed a cut-off at ~1800 nm and an overall lower gain.
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(a) Nested fibre cross-section. This figure (b) ASE spectrum of different Tm-doped fibre lengths and types.
was reproduced from [84].

FIGURE 4.3: Nested fibre cross-section and characterisation of different Tm-doped
fibres and lengths.

A fused WDM (WD1525A, Thorlabs) was chosen to facilitate lasing at wavelengths
below 1800 nm. The measured transmission spectrum of the fused WDM is shown
in Fig. 4.4(a), which exhibits a peak transmission of 90% at 1775 nm. In addition,
the WDM also acted as a bandpass filter, providing a Gaussian-like filtering function
with a FWHM bandwidth of 60 nm, as required to facilitate the DS generation [85]. In
contrast, a filtered WDM (223005, AFR) with a wide and uniform transmission spanning
from 1700 nm to 2000 nm was customised to promote a wide spectrum output from the
ML cavity. The SWNT-PVA composite SA was designed and fabricated to operate at
the short wavelength gain region of the Tm-doped fibre. Fig. 4.4(b) shows a measured
transmission spectrum of the SWNT-PVA composite, which exhibits a broad absorption
band covering from 1600 nm to 2200 nm. Characterised using an in-house built 1870
nm ultrafast laser, the SWNT-PVA SA provided a modulation depth of 23.1% and a

saturation fluence of 56.1 pJ/cm?.

Once all the components were applied as shown in Fig. 4.2, the intra-cavity dispersion
management was carried out by using a cutback method of the DCF to minimise the net

dispersion of the cavity, which increases the pulse bandwidth, therefore, shortening the
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FIGURE 4.4: Spectral transmission of different components.
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compressed pulse duration [13] as explained in Fig. 4.5. The SMF length was shortened
by 1 m between measurements, resulting in a broadened spectral output from 18 nm to

35 nm (10 dB bandwidth) and reduced compressed pulse width from 450 fs to 320 fs,

while maintaining a net positive dispersion evident by the flat spectral edges.

Shifting the net positive dispersion towards zero
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FIGURE 4.5: Spectrum output of the cavity at different net dispersion values and
corresponding to the compressed pulse duration separated by a GDD of 0.045 ps?
between each value.

The GVD of the single-mode fiber (SMF, SMF28e) and Tm fiber are anomalous with an

estimated value of -0.045 ps?m ™! and -0.02 ps®>m ™! at the laser wavelength, respectively,

while the DCF provides a normal dispersion with an estimated value of +0.085 ps®m ™

1
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[44, 86]. The total lengths of the SMF and DCF were 5.4 m and 3.2 m, respectively,
which leads to an estimated net-cavity dispersion of +0.023 ps?. The resultant output
spectrum was found to be a DS pulse as shown in Fig. 4.6, exhibiting typical sharp
leading and trailing edges, with a central wavelength of 1789 nm and a 10 dB bandwidth
of 47 nm.
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FIGURE 4.6: Final ML output spectrum.

Furthermore, the cavity length resulted in a fundamental repetition frequency of 23.1
MHz as shown by radio frequency (RF) spectrum measurement of the ML pulses in
Figs. 4.7(a) and 4.7(b), which exhibit an signal-to-noise ratio (SNR) over 60 dB and 80
dB with and without the mirror coupled, respectively and the wide scanning range RF

spectrum confirms stable single-pulse ML operation is maintained in both cases.
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(a) RF spectrum of the cavity spanning 1GHz (top) (b) RF spectrum of the cavity spanning 1GHz (top)
and 10kHz (bottom) with the mirror. and 10kHz (bottom) without the mirror.

F1GURE 4.7: Comparison of the cavity performance with and without a fibre-coupled
mirror.

Moreover, in the single-pass pumping operation, the ML operation was observed with
a pump threshold of 145 mW, and an output power of 10.2 mW was obtained when

the pump power was increased to the maximum of 250 mW. In comparison, the mode
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locking pump threshold was effectively reduced to 110 mW in the double-pass pumping
operation, and the maximum output power was increased to 16.3 mW. Fig. 4.8 shows
the power performance of the ML laser in the single-pass and double-pass pumping
operations, from which it is seen that the double-pass pumping method enhanced the

power performance and efficiency of the laser.
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FIGURE 4.8: Relationship between output signal power and input pump power of the
ML laser with (green) and without (red) the fibre-coupled mirror.

Further analysis of the pulse output revealed a polarisation exciton ratio (PER) of 14.2
dB at the output, and a positive chirp with a measured duration of 3.2 ps (assuming
a Gaussian pulse) was estimated based on the cut-back of a piece of SMF that was
employed to compensate for the pulse chirp and compress the pulse. A minimum com-
pressed pulse width of 270 fs was achieved using a SMF length of 4.65 m, as shown in
Figs. 4.9(b) and 4.9(a).
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FIGURE 4.9: ML pulse output and compression results.
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4.2 Amplification and compression

4.2.1 Chirped pulse amplification

A single amplifier CPA system, shown in Fig. 4.10, was built to demonstrate the short
wavelength amplification in Tm-doped fibres. A 90/10 fibre splitter was connected to
the output of the ML cavity to provide a monitoring port (10%) for the mode-locking
operation. An ISO was placed after the splitter to prevent backwards-travelling signals
that may disturb the mode-locking operation. A 5 m length of DCF was used to stretch
the pulse of the ML laser, thereby eliminating the nonlinear effect in the subsequent
amplification. To build a Tm-doped fibre amplifier for the CPA, a WDM was used
to couple the pump light from an in-house-made 1560 nm EDFL to core-pump a 1 m
Tm-doped fibre (TmDF200, OFS). At the output of the amplifier, a pulse compressor
comprising a pair of transmission gratings (PCG-550/2000-930, Ibsen photonics) was

employed to characterise the pulse compression.

Compressor

1
1 1
1 1 .
1 1
I : W Reflected
: 1 Lens H Output
[l _ — — Output!
Mode-lock | — ~ p
e —<Sp]|_tt§_r 150 —{PC} _WbMm i Mirror
H -
I 1
1 1
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laser
bCF EDFL Pump | TOF

10% " monitoring

» Gratings Roof
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(d O

FIGURE 4.10: Schematics of the Tm-doped fibre chirped pulse amplifier (and CMA)
and compressor; HW: half wave plate.

The pulse width after amplification using the 5 m DCF was measured to be ~6.5 ps as
shown in Fig. 4.11(a), which reduced the pulse peak power entering the Tm-doped fibre
amplifier bellow the threshold for non-linearity. Two PCs were added at the input and
output of the DCF to optimise the polarisation of the signal since the DCF has poor
PM properties. The PER measured after the DCF was 2.5 dB, but was improved by
adding a PC up to 5 dB. The power output of the Tm-doped fibre amplifier is shown
in Fig. 4.11(b). A slope efficiency of 34.5% and a maximum output power of 950 mW
were achieved when the pump power was increased to the maximum available power of

3 W. The corresponding maximum pulse energy is 41.5 nJ.
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FIGURE 4.11: CPA input pulse and output power.

Fig. 4.12(a) shows the spectrum of the output pulses at different powers, which indi-

cates no significant nonlinear effects or notable spectral distortions from the amplifier.

Autocorrelation measurements for the pulses after compression at different powers were

also undertaken and are shown in Fig. 4.12(b), which gives a minimum pulse width of

260 fs as similar to that for the ML laser, due to the absence of nonlinearity affecting
the bandwidth of the pulses. The CPA increased the pulse energy from 0.45 nJ to 41.5

nJ, providing a gain of 19.64 dB, while maintaining the pulse compression ability of the

ML laser.
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FIGURE 4.12: CPA output at different powers.
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4.2.2 Chirp-managed pulse amplifier

In order to generate a shorter compressed pulse duration at high powers, the pulse
spectrum needs to be broadened before compression. Therefore, using the same amplifier
configuration seen in Fig. 4.10, the DCF length was shortened using the cutback method
to manage the pulse peak powers, duration and chirp propagating through the fibre, thus

managing the rate of spectral broadening in the amplifier via SPM.

50- ——5m DCF 121

2] ——3mDCF : 2m

40 4 ——2.5m DCF 114 ——25m

35 ] L .

31 Ay 2m DCF <107 — 3m

25 vt T i L 8091 —5m
'ﬁ >

15 ] 208

$07-
o

Intensity (dB)
1
Showo

alised In
o o
o o

1 1

T T T T 1
1750 1800 1850 1900 1950 5 -4 -3 -2 -1 0 1 2 3 4 5
Wavelength (nm) Time(ps)

T
1650 1700

(a) Amplified spectrum output at 950 mW at different (b) Corresponding compressed pulse autocorrelation.
DCF lengths offset by 20 dB.

FIGURE 4.13: Chirp-managed pulse amplifier output at different DCF lengths; 5 m
(black), 3 m (red), 2.5 m (blue), 2 m (green).

Fig. 4.13(a) shows the variation of the DCF length with the output spectrum at the
highest pump power and the resultant compressed pulse durations. SPM has led to
the transfer of energy from the central parts of the pulse spectrum to the sides, which
increases at shorter lengths. At a DCF length of 3 m, the onset of spectral broadening
appeared during amplification at increased powers. Consequently, the minimum achiev-
able compressed pulse also reduced as the power rose, reaching a measured value of 230
fs at the highest power, shorter than was previously attained from CPA, as seen in Fig.
4.13(b). Next, a length of 2.5 m DCF was tested, and a similar trend is seen where the
pulses increase bandwidth with increasing power, resulting in a minimum compressed

pulse duration of 180 fs (assuming a Gaussian pulse).

Shortening the fibre length further to 2 m does not continue the pattern of shorter com-
pressed pulse duration, rather it increased the generated pedestal with increased pump
power, reaching a multi-peak ACF trace at the highest power. These phenomena can
be attributed to the increased nonlinear chirp accumulating from increased SPM, which
is not compensated for by the grating pair compressors, thus appearing as temporal
pedestals. In extreme cases of high nonlinearity, in an anomalous dispersion fibre, mod-
ulation instability arises, which results in the optical pulse breaking up into multiple

peaks in the time domain, where the number of pulses equals (n + 1/2), and n is the



Chapter 4 1789 nm femtosecond thulium fibre laser system 57

number of peaks on the ACF. The time delay between each pulse corresponds to the

period of each peak seen on the ACF trace [87].

4.2.3 Chirped pulse amplifier and nonlinear broadening

As seen in Fig. 4.14, the original CPA set-up was modified to add a HNF at the output
of the TDFA, to further broaden the spectrum post-amplification in a normal dispersive
fibre to avoid the optical wave breaking encountered previously. Therefore, a 2.5 m fixed
length of UHNA4 acting as HNF was added following the amplifier, and the DCF length

was reverted to 5 m to avoid any nonlinearity during the amplification.

Mode-lock
laser

10% " monitoring

FIGURE 4.14: Schematics of the Tm-doped fibre Chirped pulse amplifier and nonlinear
broadening system; HNF: Highly nonlinear fibre.

An SMF was utilised between the TDF and HNF for its negative dispersion to compress
the pulse and control peak powers entering the HNF. An initial 1 m length of SMF
was used, then shortened to 60 cm, and again to 30 cm. As shown in Fig. 4.15, the
SMF spectrum output reveals that the 1 m generated nonlinearity, whereas 60 cm was

sufficient to suppress it at the highest output powers.
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FIGURE 4.15: At 2 W of pump power, the amplified spectrum after different lengths
of SMF; 60 cm (green), 1 m (red).

The HNF output spectrum showed broadening of the spectrum as presented in Fig.
4.16(a) regardless of the length of the SMF used. As expected, the 1 m SMF showed
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a large pedestal formation after compression due to the modulation instability, whereas
the measured compressed pulse revealed durations of 270%1.41 fs and 170*1.41 fs with

minimal pedestal formation at lengths of 60 cm and 30 cm, respectively (Fig. 4.16(b)).
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FIGURE 4.16: CPAN output at different SMF lengths; 30 cm (Black), 60 cm (green),
1 m (red).

The slight improvement in the pulse compression compared to the previous method
came at the cost of the output power because the output spectrum seen in Fig. 4.16(a)
reveals gain at a peak shifted 13.8 THz away from the central frequency (~1950 nm),
which corresponds to Raman in silica [88]. A non-instantaneous transfer of the energy
from the main pulse was caused by the several picoseconds-long pulse propagating in
the HNF, resulting in a Raman gain of =20 dB, which is detrimental to the main signal
pulse. Moreover, a loss in power occurs due to the MFD mismatch of the spliced fibres,
SMF and UHNA4. Both factors greatly limit the power scaling and efficiency of this
method.
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FIGURE 4.17: Output power against pump power after HNF.
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As shown in Fig. 4.17, ~3 dB loss is measured at the output of the HNF, showing that a
maximum signal power of 390 mW is achievable compared to the 950 mW signal power
expected from the amplifier. Therefore, any tinkering in the pulse compressibility needs
to take place on a femtosecond scale to avoid delayed nonlinear effects and needs to take

place before the amplifier to maximise the output power.

4.2.4 Nonlinear broadening and chirped pulse amplification

A nonlinear fibre amplification approach was set up as shown in Fig. 4.18 to overcome
the limitations of the previous methods. A section of SMF was added before the HNF
to compress the pulses to the minimum pulse duration, thus increasing the peak powers
passively. Therefore, in accordance with the previous pulse compression characterisation,
a total SMF length of 4.65 m was placed between the seed and the HNF.

Mode-lock Output

laser

FIGURE 4.18: Schematics of the Tm-doped fibre nonlinear chirped pulse amplifier.

The compressed pulses were then used to assess the nonlinear broadening capabilities of
3 normal dispersion HNF, which were a 50 m UHNA4, 60 m UHNA7 and 10 m HN1550
(refer to Table 2.2 for fibre parameters). As seen in Fig. 4.19, the 10 m HN1550 showed
the broadest pulse broadening compared to the other fibres, regardless of having a similar

core size.
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FIGURE 4.19: Spectra of Seed laser (Black) and the output of different HNFs UHNA7
(Blue), UHNA4 (Pink) and HN1550 (green) offset by 20 dB.
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Therefore, the 10 m length of HNF (HN1550, Thorlabs) was selected and placed in front
of the DCF to provoke SPM for coherent broadening of the pulse spectrum. When
comparing the spectrum of the ML laser to the spectrum after the HNF, the spectral
broadening was asymmetric. This indicates that the compressed pulse entering the HNF

had an asymmetric profile.

The HNF was originally designed to provide near-zero dispersions with a large nonlinear
coefficient for wavelengths around 1550 nm. However, it was found that it exhibited a
small normal dispersion at the lasing wavelength due to the temporal pulse stretching
observed at the output of the HNF. As shown in Fig. 4.20, the pulses were slightly
stretched in the HNF to a duration of 2.83 ps. Thus, a GVD of the HNF was later
estimated to be 2.75x 10 *ps?m ! at 1789 nm based on the observation and the available
manufacturer data. After passing the pulses from the HNF through the grating-based
compressor, a minimum pulse duration of 130 fs was achieved. This indicates that the

nonlinear spectral broadening using the HNF provides an effective method for pulse

narrowing.
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FIGURE 4.20: Autocorrelation measurements after HNF and DCF.

Furthermore, the 5 m DCF length used further increased the pulse width to 9 ps as
shown in Fig. 4.20(b), which ensured that no further nonlinearity distortion occurs
during amplification as proven by the measured output spectrum of the amplified pulses
seen in Fig. 4.21(a). A minimum pulse duration of 180 fs was measured at the maximum
amplifier power, as shown in Fig. 4.21(b), which is longer than the 130 fs output directly
from the HNF'. This is likely attributed to the gain narrowing of thulium, as the operating

wavelength coincides with the high absorption region of thulium.

To summarise, a ML seed laser with a 110 mW pump power mode-locking threshold
generating a DS with 0.45 nJ pulse energy at 1.79 pum that can be compressed to 270 fs
was developed, and several amplification and pulse-narrowing methods were tested. The

CMA approach was capable of generating 180 fs when 2.5 m of DCF was used; however,
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FI1GURE 4.21: NCPA output at different stages.

it generated a pedestal due to the modulation instability caused by the nonlinearity in
the anomalous dispersion. Sending a long pulse in an HNF also resulted in unwanted
effects in the form of Raman amplification. To solve this, the pulse was first compressed
to a near TFL pulse duration before spectrally broadening in a normal dispersion HNF,
allowing for newly generated coherent spectral components. The addition of the HNF
fibre led to the generation of the smallest pedestal out of the methods evaluated in this
chapter for the highest power. The generated pulses had a central peak occupying 76%
of the total pulse area, as opposed to only 54% from linear compression in CPA and 49 %
from CMA, which produced the highest pedestal as shown in Fig. 4.22, resulting in peak
powers of 174 kW, 79 kW and 113 kW, respectively. A factor of 1.44 improvement in
the pulse compression, 1.7 in the pulse peak power and an improved pedestal mitigation
was obtained by using NCPA over CPA.
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FIGURE 4.22: Comparison of the different amplification and compression methods;
NCPA (green), CPA (red) and CMA (black).
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This compact and efficient fibre laser source and amplifier provides amplification and
pulse broadening simultaneously for enhanced peak power output by improved gain
and pulse compression. This technology allows for ease of integration into the current
imaging laser and holds advancements towards power scaling, wavelength emission and

pulse compression over the older technology.



Chapter 5

1740 nm femtosecond thulium

fibre laser development

5.1 Background and introduction

Building upon the work presented in the previous chapter 4, this section investigates
the development of a ML laser oscillator designed for generating short wavelength pulses
below 1.75 pum. This wavelength is hypothesised to be ideal for deep imaging of soft
tissue (Fig. 4.1). The investigation involved constructing and testing various cavity de-
signs that utilised different saturable absorption mechanisms. However, this task proved
challenging due to the limited availability of commercially compatible components at
this wavelength. Consequently, we faced high losses that were difficult to compensate,
primarily because of the low gain of thulium, which results from significant absorption

at this wavelength.

As well as having high gain at the target wavelength, it is imperative to have a spectral
filter to suppress unwanted wavelength emission to promote lasing at the target wave-
length. Several tunable laser sources have been demonstrated in the literature which
cover the short thulium emission band. The tunable free-space filter elements, such
as grating, Fabry-Perot, and acousto-optic tunable filter (AOTF) [89-91], increase the
bulkiness of the laser system. On the other hand, fiberised Lyot filters have been used,
but they rely on the gain profile of the active fibre to promote lasing and may result
in dual-wavelength emission [92]. One work that stands out in particular by S. Chen
et al. for using a low-pass filter induced via bending of a specially designed W-type
Tm-doped fibre [91]. Although this method is optimised for the suppression of longer
wavelengths, the use of specialised fibre limits wide-scale adoption in many applications
requiring tunable sources. Therefore, there is still a need for an all-fiberised ML laser

source capable of generating short wavelengths below 1.75 um.

63
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In this work, a linear cavity design is explored first to reduce the number of components
used and reduce the overall cavity losses since the gain at the shot wavelengths is low.
This design allowed for the testing of multiple SESAM samples for the short wavelength
application. Later, several Tm-doped fibres were tested as well as spectral filters to
optimise the pulse energy and favour the lasing at the short wavelength. Several forms
of solitons were observed throughout the experiments, which were DS, CS, SPS and
NLS.

Finally, the limitations and results of various components and techniques applied to
different cavities were investigated and discussed to arrive at an optimal cavity design.
The final design incorporates a CN'T ring cavity, utilising a bending-induced low-pass
fibre filter to generate SPS mode-locking. Later, a series of amplifiers, optimised for short
wavelength emission, were employed to enhance pulse energy, and the pulse compression

was characterised.

5.2 SESAM

The use of a SESAM was investigated as an SA for this application. Two commercially
available samples from BATOP Optoelectronics were: SAM-1920-36-10ps-x, and SAM-
1960-54-10ps-x. The low-intensity spectral reflectance provided by the supplier for each
is shown in Fig. 5.1. The reported modulation depth values were 20% at 1920 nm and
30% at 1960 nm, respectively. The side windows of both SESAMs were targeted for use,
which is outside the manufacturer’s intended wavelength range, so the actual modulation
depth values were unknown. Therefore, to find the appropriate SA, the SESAMs’ linear
reflectivity was characterised, expanding on the wavelength range of interest from 2000

nm to 1600 nm as shown in Fig. 5.2.
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F1GURE 5.1: Low intensity spectral reflectance of different Batop SESAM samples.
These figures were reproduced from BATOP GmbH, 2024 [54], in accordance with
their open access policy and terms of use.
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Several operation windows can be observed. SAM-1920, provided 2 interesting oper-
ational windows between 1700-1780 nm and 1780-1850 nm at the cost of 70% linear
losses at the peak reflected windows for each window. SAM-1960 has an operational
window between 1800-1720 nm but provides higher linear reflection loss of 85% at the

peak reflectivity in that window.
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FicUrE 5.2: Characterisation of the linear reflection of the SESAM samples; SAM-
1920 (Red), and SAM-1960 (Blue). Offset: 50 dB.

5.2.1 First linear cavity design

A linear cavity was built as shown in Fig. 5.3. On one end, the SESAM sample is
wedged tightly against a flat patch cord. On the other end, a 2x2 50/50 OC is used as
an output, as well as providing linear reflection back into the cavity by shortening the
fibre lengths of 1.6 m and splicing them together to form a linear loop mirror. The linear
reflection of the 50/50 coupler is designed at 2 pm and would provide 100% reflection
back into the cavity, but since the target wavelength is 1750 nm, it is assumed to have a
lower linear reflection value. Two fused WDMs (Thorlabs WD1525A) are similar to the
one used in chapter 4 because it has a transmission window that peaks at 1775 nm (refer
to Fig. 4.4(a)) for pump coupling and filtering to not damage the SESAM samples from
the high pump powers.

Furthermore, based on the data from chapter 4, 15 cm of TDF (OFS TmDF200) was
shown to minimise the reabsorption of the short wavelength of thulium. Two in-line
PCs are used to tune the mode-locking. This formed an all-anomalous dispersion cavity
where all the fibres used were SMF28e for a total length of 9.7 m and an effective length
of 21.6 m due to the double pass operation of the linear cavity for 1 round-trip. Moreover,
the SMF and the TDF have a GVD of -0.045 ps?/m and -0.02 ps?/m, respectively, at
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FIGURE 5.3: Schematics of the SESAM-based linear mode-locked cavity.

1750 nm. This leads to a RR of 11.28 MHz and a net cavity GDD of -0.807 ps2. A
2-stage in-house built EDFA at 1560 nm was used to pump the system, capable of up
to 4 W of power. The results of using the different SESAM samples are shown in the

following sections.

5.2.1.1 Cavity implementation: SAM-1960

By placing the SESAM with SAM-1960, two CS mode-locking states were found at 1908
nm and 1783 nm as shown in Fig. 5.4. Switching between the two states was realised
by tuning the PC in the cavity. This corresponds to the two operational wavelength
windows of this SESAM sample. As expected, as a consequence of the high cavity losses
and short gain fibre, a high pump threshold of 700 mW was required to initiate pulsing
in combination with the low output coupling ratio, making this an inefficient laser.
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FIGURE 5.4: Spectrum of two CS mode-locked states achieved by SAM-1960.
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5.2.1.2 Cavity implementation: SAM-1920

Next, the SA was replaced with SAM-1920 in an attempt to achieve shorter wavelength
emission. The results showed mode-locking states at 1764 nm and 1798 nm, which were
both CS as evidenced by the Kelly sidebands as seen in Fig. 5.5. The pump threshold
for pulsing was much higher, however, at 1.2 W. This also revealed the lower wavelength

limit attainable by using these SESAM samples.

—1798nm
—1764nm

—

Intensity (dB

1750 1760 1770 1780 1790 1800 1810 1820 1830 1840 1850
Wavelength (nm)

FIGURE 5.5: Spectrum of two CS mode-locked states achieved by SAM-1920.

Nonetheless, to resolve the Kelly’s sidebands, 4 m of the normal dispersion UHNA4 was

added to manage the dispersion inside the cavity to achieve higher pulse energies.
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FIGURE 5.6: Results of using SAM-1920 on net anomalous dispersion mode-locking

A GVD coefficient of 0.085 ps?/m at 1750 nm was estimated. The impact of the ad-
ditional fibre length shifted the net GDD to -0.144 ps? and lowered the laser RR to a
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stable 7.8 MHz as seen by the oscilloscope measurements in Fig. 5.6(b). The pump
threshold for mode-locking at 1.1 W outputs a signal power of 14 mW, and the laser

spectrum indicates that a SPS is formed as seen in Fig. 5.6(a).
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FIGURE 5.7: Results of using SAM-1920 on net normal dispersion mode-locking.

Next, to generate a DS, 4m of SMF were taken out of the cavity, shifting the net GDD
to 0.059 ps? at 1750 nm and shifting the RR to 11.4 MHz as shown in Fig. 5.7(b). The
results showed a sharp edge spectrum at 1767 nm, indicating a DS at a pump threshold
of 0.74 W, as shown in Fig. 5.7(a). By increasing the pump power to 3.15 W, the output
power rose from 4 mW to 9.17 mW, and the spectral bandwidth increased from 12 nm

to 21 nm.
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FIGURE 5.8: Output power of the laser at different pump powers.

The poor slope efficiency of 0.92 % and high pumping thresholds are the causes of high
losses within the system and the short gain fibre, as shown in Fig. 5.8. To combat
this, the TDF fibre was increased to 30 cm, and the WDM filtering of the pump was

removed. Since the WDM possess spectral filtering. The results, however, showed an
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output power of 0.6 mW at a similar pump threshold pump power of 800 mW as a
continuation of the reabsorption of the gain fibre. Further shifting the dispersion closer
to zero while maintaining a net normal dispersion did not result in a further increase of
the bandwidth, likely due to the strong spectral filtering in the cavity and short fibre
lengths, which limit the pulse bandwidth and broadening. Ultimately, DS bandwidth
remained capped at ~20 nm. Therefore, a change of strategy was required to broaden

the output spectrum and improve both the pulse energy and efficiency.

5.2.2 Germanium/Tm co-doped fibre

A higher gain is required for higher pulse energy output. Therefore, two Tm-doped fibres
were characterised and compared based on their short wavelength emission by pumping
both fibres at 1 W of power at 1550 nm and examining the output ASE. The first fibre
was the OFS TDF, which was used throughout as it set the standard for high-quality
short wavelength performance. The second fibre studied was a Germanium (Ge)/Tm
co-doped fibre. According to the literature, this configuration was said to shift the gain
peak toward the shorter wavelengths of the thulium emission band, mainly due to the
high concentration of Ge and low concentration of Tm [93]. A 3.6 m long Ge/Tm doped
fibre was used, which had a low thulium doping concentration of 0.12 % by weight. This
fibre was compared to a 0.4 m OFS TDF, as well as a combination of the two fibres.
The ASE data showed that both fibres, despite the length difference, perform similarly
across the emission band as seen in Fig. 5.9. Therefore, an extra 0.4 m of OFS fibre
was added to both fibres, and the data revealed that although there is an increase in
the long wavelength emission in both fibres, higher short wavelength gain can still be
achieved from a 0.8 m OFS TDF by an extra 8 dB.
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FIGURE 5.9: ASE output of different TDF and lengths; 0.8m OFS (black), 3.6m
Ge/Tm (red), 0.4m OFS (green), and 0.4 m OFS 3.6m Ge/Tm.
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5.2.3 Second linear cavity design

A new design was adopted to accommodate for the longer fibre and minimising the
power onto the SESAM to avoid damage. Fig. 5.10 shows the updated cavity design.
The OC is changed to a 25% output with the use of a two-by-two 25/75 fibre coupler.
Therefore, the optical loop mirror was replaced with a fiberised mirror (Thorlabs, P5-
SMF28ER-P01-1). A 0.8 m OFS TDF was added based on the characterisation, and the
secondary WDM was added back into the cavity because in previous experiments with
one WDM, the SESAM patch cord was more prone to damage. The total SMF length
was increased to 8 m, and 3.4 m of UHNA4 DCF was used. The net GDD was -0.29

ps>.

7\

\ 7

UHNA4

Mirror

SESAM

Pump

FIGURE 5.10: Schematics of the SESAM-based linear mode-locked cavity.

The RF analyser measurement showed a stable harmonic frequency corresponding to an
RR of 8.4 MHz and over 65 dB optical signal-to-noise ratio (OSNR), which initiated at
a threshold pump power of 200 mW as depicted in Fig. 5.11.
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FIGURE 5.11: 1 kHz span range of an RF analyser showing a peak at 8.4 MHz; Inset:
1 GHz scan range.

Successfully lowering the mode-locking threshold and increasing the slope efficiency to
2.1 % courtesy of the longer gain fibre as presented in Fig. 5.12(b). The generated

output spectrum is shown in Fig. 5.12(a), which is similar to the observations made in
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previous experiments (Fig. 5.6(a)). The generated spectral bandwidth increased with
pump power, and a single pulse operation was tolerable up to 2 W of pump power,

outputting an average of 38 mW.
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FIGURE 5.12: Results of the mode-locked cavity.

The autocorrelator measurements seen in Fig. 5.13(a) were taken to verify the nature
of the soliton generated (whether it is an NLP or an SPS). At 1 W of pump power, the
autocorrelator showed a 300 fs peak with a large pedestal being generated that exceeds
the scan range of the autocorrelator. Therefore, a fast photodiode and oscilloscope were
used to measure the pulse duration, which was shown to increase with pump power as
seen in Fig. 5.13(b). At 1 W, the pulse duration was ~100 ps. The changing of the
pulse spectrally and temporally is a key indicator of an NLP [94]. Moreover, the large
pedestal on the ACF shows the envelope of the pulses spread in time, where the central

peak reveals the average duration of these pulses [95].
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FI1GURE 5.13: Temporal measurements of noise-like pulses.

A noteworthy phenomenon was observed with this NLP mode-locking, which was in

the initiation of the pulsing, long-term stability and resistance to environmental factors.
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Stable mode-locking was initiated from no signal by tapping the fibre, unlike traditional
mode-locking, where noisy pulsing is observed and by fine-tuning the PC, a stable state is
reached. Any further tapping of the fibre, changing of the PC position or any mechanical
or thermal change to the system did not affect the stable pulsing operation despite being
made from all non-PM components. Moreover, the long-term stability of the system was
measured where spectral measurements were taken every 10 mins for over an hour while
continuously monitoring the output power as demonstrated in Fig. 5.14. A drop in power
of less than 0.05 mW of the output was seen across the duration of the recording. The
observed stability rivals fully PM systems, which opens the door for many applications

that require a high-power, compact and stable source.
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FIGURE 5.14: Power stability of the laser over 1.5 h; inset spectral stability every 10
mins for an hour.

5.3 Fibre spectral filter

Although increasing the TDF length enhanced the gain at shorter wavelengths, it also
caused a shift of the gain peak toward longer wavelengths, as shown in Fig. 5.9. Conse-
quently, mode-locking centred around 1900 nm was achieved as shown in Fig. 5.12(a).
Therefore, a short-pass filter was proposed by inducing bending losses on a “weakly-
guiding” (Low V-number) SMF to suppress the long wavelength emission while taking

advantage of the increased gain at the shorter wavelength.

To achieve this, bending losses were purposely introduced in a 1m length of a DCF filter
(Corning, optical fibre 003-H5T6 1 10). A supercontinuum source (YSL Photonics) was
used to characterise the effects of bending on the wavelength transmission as seen in
Fig. 5.15. Whereas the bending radius of the DCF determined the cutoff wavelength,

the number of coils influenced the steepness of the cutoff edge; increasing the number
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F1GURE 5.15: Spectral transmission of the bending-induced low-pass filter at different
bending radii; 5 cm (black), 6 cm (red), 6.5 cm (blue) and 7 cm (green).

of coils resulted in a steeper edge due to the cumulative bending losses. Therefore,
by reducing the bending radius of the DCF from 7 cm to 5 cm, the cut-off emission
wavelength is shifted from a1875 nm to 1760 nm and up to ~20 dB of extinction ratio
of the longer wavelengths with a 5 cm radius looped 3 times. Finally, due to the core
mismatch between the DCF filter and SMF, a 1.5 dB loss was measured from splicing
the two fibres.

5.4 Ring CNT cavity

Based on the previously mentioned SESAM-based mode-locking experiments, stable
broadband pulse operation seems to be unachievable for wavelengths below 1750 nm.
On the other hand, the CNT sample used in chapters 3, 4 showed broadband width
compatibility. Therefore, a change in strategy was taken, and a deviation from the use

of the SESAM in conjunction with the low-pass filter was made.

Fig. 5.16 shows the ML laser oscillator consisting of all-fiberised components with
SMF28e fibre pigtails. An OC (THORLABS, TW2000R3A2B) with a 25% output is
used. Two inline PCs (THORLABS, CPC250) for tuning the polarisation to achieve a
stable ML operation. An ISO (OPTOSUN, PIIS-1750-0-1-1-5) to ensure the unidirec-
tional flow of light. A single-walled CNT (SWNT) sample was placed between two patch
cords, providing saturable absorption. The cavity was core pumped at 1560 nm from an
in-house built EDFA by using a WDM (OPTOSUN, FWDM-1-1750-0-1-1-5) to couple
the pump light into the gain fibre and extract any residual pump at the output of the
gain fibre. Two 35 cm sections of TDF (OFS, TmDF200) are used, separated by a short
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Gii jj; DCF filter Gzz j;c
TDF TDF
WDM WDM

ocC DCF filter

PC S0 CNT
25%
Qutput i

FIGURE 5.16: Schematics of the all-fibre mode lock laser. CNT: carbon nanotube; ISO:
Isolator; PC: polarisation controller.

EDFA

pass filter induced by bending a 1 m length of DCF (Corning, optical fibre 003-H5T6 1
10). Later, another 1 m section of a DCF filter was used to tune the dispersion in the
cavity to resolve Kelly’s sidebands. The total length of the combined SMF's is 7.2 m.
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(black), 6 cm (red), 6.5 cm (blue), 7 cm (green).

The capabilities of the DCF (Fig. 5.15) were initially tested by adding a 1 m section
to the cavity. The effect of changing the bending radius on the model-locking state was
carried out while maintaining a fixed input pump power. As shown in Fig. 5.17, a CS
at 1860 nm is generated at 7 cm of bending radius. By reducing the bending radius
further, mode-locking states were observed, producing 1815 nm, 1775 nm and 1740 nm
CS at bending radii of 6.5 cm, 6 cm, and 5 cm, respectively. Reducing the bending
radius further resulted in no stable ML output even at increased pump power; thus, a
minimum radius of 5 cm was utilised to achieve the shortest wavelength operation from

this cavity.
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FIGURE 5.18: Stretched pulse mode-locked spectrum at 1740 nm and 17 nm 10 dB
bandwidth.

The addition of 1 m DCF (3 loops of 5¢cm radius) shifted the net dispersion closer to zero
and shifted the ML operation from outputting CS to SPS, resolving Kelly’s sidebands,
making it easier to amplify and compress the pulse. The resultant spectrum is 1740
nm with a 10 dB bandwidth of 17 nm as shown in Fig. 5.18. When compressed, for a
chirped pulse duration at the output of the cavity of 2.4 ps, a pulse duration of 320 fs

(assuming a Sech? profile) was attained as represented by the ACF in Fig. 5.19(a) and
5.19(b), respectively.
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FIGURE 5.19: Mode-locked laser pulse measurements.

The total cavity length resulted in a fundamental RR of 20.66 MHz, which was verified
by an RF spectrum analyser as seen in Fig. 5.20. Moreover, the RF measurement shows
a stable operation and over 75 dB of OSNR at the fundamental RR. Finally, the cavity

output power was measured to be 3.7 mW with an input pump power of 500 mW.
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FIGURE 5.20: RF 10 MHz scan range showing over 75 dB OSNR at the fundamental
RR of 20.66 MHz; inset: 1 GHz RF scan range.

Since no data is provided on the dispersion of this DCF filter at 1750 nm, the laser
output was used to characterise the dispersion of the fibre by fixing the ML state and
power by varying the length of the DCF at the output of the laser and feeding the output

to a grating pair compressor as shown in Fig. 5.21.

FIGURE 5.21: Transmission grating compressor set-up.

The distance between the gratings needed to achieve the same (minimum) compressed
pulse duration is measured, and the results are shown in Fig. 5.22. The GVD of the
fibre can be estimated by knowing the angle, grating distance, and properties of the
two transmission gratings used to compress the optical pulse (PCG-550/2000-930, Ibsen
Photonics). The results of the variation of the change in fibre length with grating
distance are shown in Fig. 5.22, and the calculations reveal that a GVD of the DCF at
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1750 nm is approximately 0.096 ps?/m. Therefore, the net GDD of -0.146 ps? in the

cavity was deduced.
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FI1GURE 5.22: Change of the compressor gratings separation distance with DCF Length.

5.5 Pulse amplification

The amplifier schematics seen in Fig. 5.23 were built in collaboration with Mr. Matthew
Gerard. An ISO was added at the output to prevent any light from flowing back to the
cavity, and a 1% tap was used for monitoring the mode-locking. A section of 10 m of
UHNA4 DCF was used at the input of the amplifier as a pre-stretcher for CPA instead
of the DCF filter to lower the splicing loss to SMF28e to 0.5 dB per splice. Bi-directional
pumping was employed by utilising two WDMs and a 3 dB splitter to couple the pump
light from a single in-house built EDFA to two sections of TDFs (TmDF200, OFS),
which had lengths of 1 m and 0.6 m, respectively. In the 1 m section, over 87% of pump
absorption was achieved in a single-pass operation. A 2 m DCF filter with 5 loops of
5.5 cm bending radius was spliced in between the TDF sections. The parameters of the
DCF filter were chosen based on the characterisation discussed in section. 5.3. This

resulted in over 28 dB suppression of the peak ASE at the longer wavelengths.

The amplifier was designed to maximise gain at short wavelengths by implementing
several key features. The first feature is the use of a short-pass DCF filter in front of
the longer section of the TDF. This configuration leads to benefiting from the higher
gain from the longer TDF length while suppressing the increased ASE associated with
longer TDF lengths. Additionally, a shorter TDF length was used to further increase
the gain at the short wavelengths with minimal ASE. Moreover, the use of two WDMs

along with a bi-directional pumping scheme offers several other advantages. It enhances
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1550nm
Pump

Qutput

FIGURE 5.23: Schematics of the Tm-doped fibre amplifier optimised for the short
wavelength.

pump absorption, thereby increasing pumping efficiency while filtering out any unab-
sorbed residual pump energy that accompanies the signal. Most importantly, the bi-
directional pumping ensures effective pump wavelength absorption, which improves the
transparency of the TDF ions at the short wavelength emission of thulium. Thus, min-
imising the effects of reabsorption while maximising the gain at the laser wavelength.
The result of this implementation was a slope efficiency of 12% was measured, and a
maximum signal output power of 273 mW was measured at the highest available pump
power of 2.25 W, as shown in Fig. 5.24. Therefore, a maximum pulse energy of 13.2 nJ

was achieved.
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FIGURE 5.24: Amplifier output power at different pump powers.

Furthermore, the amplified pulse spectra were characterised and plotted as seen in Fig.
5.25(a). Minimal distortion due to nonlinearity is observed at high powers, akin to
the addition of the long DCF pre-stretcher as shown in Fig. 5.25(b). However, a dip
is observed 15 dB below the signal peak at the long wavelength side of the spectrum,
which is created as a result of a slight mismatch in the bending diameter of the short

pass filter in the amplifier, compared to the ML source intentionally made to avoid losses
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at the laser wavelength. Furthermore, the ASE from the second TDF was shown to be
a further ~12 dB below the ASE level of the first TDF.
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FIGURE 5.25: Amplifier output power at different powers; 81 mW (red), 124 mW
(green), 205 mW (black), 273 mW (blue).

A deeper insight into the amplified pulse spectrum in the linear scale as seen in Fig.
5.26(a), reveals that this amplification method results in 98% of the total amplified
pulse energy contained within the 15 dB bandwidth. In addition, the 3 dB bandwidth
of the amplified signal is 10 nm, which corresponds to a TFL pulse duration of ~320 fs

assuming a Sech? Pulse profile. Furthermore, a close inspection of the autocorrelation

of the pulses with the highest energy, as seen in Fig. 5.26(b), shows a 366 fs minimum

compressed pulse duration with a good Sech? fit. This equates to a peak power of 36

kW being generated from a single amplifier at 1740 nm.
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FIGURE 5.26: Amplified spectrum at 273 mW.

To summarise, a tunable seed and amplifier optimised for the short wavelength amplifi-

cation were built generating high energy pulse at wavelength as low as 1740 nm realised

by short pass filter of a bending fibre. High quality pulse compression with low pedestal
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pulse was achieved by managing the cavity dispersion to generate SPS and suppressing

the nonlinearities in the amplifier via the implementation of CPA.



Chapter 6

Beyond mode-locking: ultrafast

pulse generation

6.1 Background and introduction

The work thus far has revolved around the generation of ultrafast pulses from ML lasers,
whereby balancing the dispersion, nonlinearity, cavity length, and gain dynamics enables
a pulse with a fixed bandwidth, RR, and energy to be generated. Changing these param-
eters requires the use of external systems such as nonlinear broadening, modulators or
amplifiers, respectively, as demonstrated in previous chapters. This is both a time and
component-consuming process producing a laser cavity that is appropriate for a limited
number of applications and is often sensitive to environmental factors, which limit its
stability [59].

Gain-switched laser diode are commonly used for communication, optical storage, mul-
tiphoton and time-resolved spectroscopy [96]. They offer answers to many of the prob-
lems associated with ML fibre lasers since they are a single low-cost optical component
with a small footprint relative to ML lasers. Pulse parameters such as energy, RR and
wavelength can be controlled electronically alongside the operational stability, which is
controlled by managing the temperature of the laser diode. However, laser diodes suffer
from intra-pulse amplitude and phase noise since the pulses are generated from noise
by a slower process [97], which limits the applications that they can be used for unless
techniques such as self-seeding and external cavity injections to reduce pulse-to-pulse
fluctuation, are implemented [98]. For multiphoton imaging applications, these fluctua-
tions don’t pose a problem, and the electronically tunable RR means that the scanning
speed of the microscope can be synchronised with the pulse output. State-of-the-art
laser diode systems can only generate a chirped pulses with durations of <10 ps with a
narrow spectral bandwidth. This, alongside the degeneration of the side mode suppres-

sion ratio [98] that results in a temporal pedestal, makes achieving a TFL compressed

81
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pulse duration challenging, and limits their usefulness in ultrafast pulse generation ap-

plications.

To understand the operational principles of gain-switching in laser diodes, firstly, we
need to consider that the change in the current applied to the laser diode during gain-
switching causes a change in the carrier density affecting the effective refractive index and
thus cavity properties, which determines the chirp of the pulse generated. The change
in the carrier density erupts at the start of the pulse, leading to relaxation oscillations,
that result in an up chirp at the start of the pulse, followed by a nonlinear down chirp
towards the end [96]. This relaxation period adds a quasi-CW (steady state) component
to the gain switch pulse, which, in combination with the nonlinear chirp, results in the
temporal pedestal. The key factors to consider when operating a GSLD are that the
over-pumping (magnitude of the voltage applied) of the laser diode results in a broader
bandwidth signal and a steeper chirp, whereas the period in which the electrical pulse
is applied controls the optical pulse width in time by generating more CW components
in the pulse. The former needs to be maximised while the latter needs to be minimised

to achieve a short compressed pulse output.

Furthermore, two key techniques are needed to convert and compress GSLD pulses to
femtosecond pulses. The first is to broaden the spectrum to reduce the TFL pulse
duration, and the second is to remove the nonlinear chirp and pedestal. The former can
be achieved by imposing spectral broadening in the pulse via a nonlinear process such as
SPM. Therefore, the peak powers of the laser diode must first cross the threshold value
for nonlinear spectral broadening. The latter can be achieved by either a spectral filter
(SF) or an SA to keep the linear chirp part of the pulse and remove both the nonlinear
phase and steady-state components. The advantage of using an SA is the transmission
of the high-intensity part of the pulse while suppressing/absorbing the low-intensity
pedestal.

Fast artificial SA, such as NPR or NALM, possess an oscillatory response that can shape
the pulse over time, where material SA has a low power operating threshold, thermal
stability issues, and relatively low modulation depth. Proposing a MR as a pulse cleaning
method overcomes many of the challenges associated with other SAs, since it provides
a strong and uniform suppression of the pedestal. The operating principle of an MR is
based on the peak power, which is dependent on SPM-induced spectral broadening, so
the newly generated spectral component corresponds to the pulse peak. By applying a
SF to select these newly generated components, a robust artificial SA effect is achieved

[59].

As for the compression methods, after cleaning the pulse chirp, the pulse bandwidth
needs to be sufficiently broad to achieve a femtosecond pulse regime. After this, con-
ventional compression methods such as a grating pair or fibre compressors can be used.

However, using a fibre compressor may result in further nonlinearity, which may affect
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the output pulse depending on the dispersion regime. For example, for positive dis-
persion, if gain is present, the pulse forms a parabolic pulse shape without a nonlinear
phase, and pulse compression is near TFL as demonstrated by W. Fu et.al [59]. On the
other hand, using an anomalous dispersion fibre for pulse compression, the presence of
strong nonlinearity may result in optical wave breaking that will result in the break-up
of the pulse into multiple pulses as encountered in chapter 4, unless the dispersion and
nonlinearity are balanced, such that a soliton is formed. If a fundamental soliton is
formed, the pulse propagates in a near TFL state at the cost of the pulse energy in
the order of pico-joules [59]. In work by T. Heuermann et al., 250 nJ, 50 fs pulses were
produced in a thulium fibre amplifier using an adiabatic-compression method that forms
CS for pulse compression. Furthermore, higher-order solitons can also be generated and
utilised for pulse compression. They may result in higher pulse energy but require care-
ful management of the fibre length due to the periodic evolution of the pulse from a

single compressed state to a higher-order chirped state [99].

In this chapter, a GSLD is employed to generate ultrafast pulses. The process begins
with broadening the spectrum of the pulse, followed by the use of an offset filter. This
creates a MR condition that acts as an SA for pulse cleaning. Subsequently, various
compression regimes and spectral filtering methods are explored. The results showed
that the addition of a bandpass filter was essential for removing the temporal pedestal.
A two-stage compression method composed of an initial linear part followed by non-
linear compression in an amplifier increased the pulse bandwidth while simultaneously
amplifying and compressing the pulse by a soliton effect, generating a high-energy fem-
tosecond pulse. The results shown in section 6.2.4.5 were published in the Optics Letters
journal [100].

6.2 System Building

6.2.1 Gain-switched Laser diode

A fibre-coupled GSLD (EP1854 Eblana Photonics) was used to seed the system. Several
operating parameters and pulse settings were tested and compared to CW operation
as shown in Fig. 6.1. The voltage bias was set just below the pumping threshold to
20 mV, and the magnitude of the electrical pulse was set to 3 V. The temperature
can be used to control the emission wavelength of the LD, where the wavelength would
decrease with decreasing temperature. A wavelength of 1875 nm was tuned by setting
the temperature to 20 °C'. The electrical pulse width was set to an optimum value of
250 ps since increasing this further would increase the steady-state component, while
reducing it would reduce the amplitude of the optical pulse. Maximising the pulse peak

power from amplification was limited by the minimum RR of the pulse generator, which
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was set to a minimum value of 32 MHz. The resultant average power of the GSLD using

these settings was measured to be 12.3 pW.
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FIGURE 6.1: Laser diode spectral output at various operating conditions.

Using a fast photodiode (10GHz-InGaAs ET-5000F, EOT) and oscilloscope (10GHz-
CSA 808A, Tektronix), the output optical pulse duration was measured to be 59 ps as
shown in Fig. 6.2(a). Since the measured data coincides with the limit of the photodiode
data sheet, stating a 28 ps rise and fall time, the optical pulse was amplified to verify the
measured pulse duration against an autocorrelator. This has a faster scan rate, revealing

an ACF width of 56 ps as shown in Fig. 6.2(b), which is shorter than the oscilloscope
measurement.
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FIGURE 6.2: Temporal analysis of the laser diode output.

To compress the pulse, calculations were carried out based on the measured 10dB pulse

bandwidth of the pulse using the following formula [101]:
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m(2)? =712 <1 + i) (6.1)

c
2

-
where, z, = —2

= 6.2
25, (6.2)
Where 7 is the pulse width, 7y is the TFL pulse width, z is the propagation distance, z.
is the chirp length, and 2 is the GVD of the fibre. This revealed a GDD value of ~180
ps? required to compress the pulses to the TFL duration of 3.7 ps. This equates to an
SMF length of ~4 km.
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FIGURE 6.3: Input (black) and output (red) spectrum after propagating 1km of SMF.

However, the required length of the fibre was not available. Instead, several long sections
of SMF (that were available), 2 km, 1.35 km and 1 km, were used to observe the change of
pulse width and the GDD. The pulse was amplified after the fibre compressor to enable
measurement in an autocorrelator. Despite no nonlinearity in the fibre compressor,
as indicated by the unchanged input and output spectrums shown in Fig. 6.3, the
compressed pulses showed the formation of a large pedestal that started as a multi-peak
after propagating through a 1km fibre. Then increased with increased fibre length while
maintaining a constant central peak ACF width of ~4.9 ps. This confirmed the original

hypothesis of having a nonlinear chirp component as shown in Fig. 6.4.

The long length required to compress the pulses comes from the short pulse bandwidths
and is impractical due not only to the cost of fibre but also the compactness, propagation
losses and nonlinearities that arise from long propagation distances. A nonlinear process

is required to change the output spectrum of the pulses since it is not possible to achieve
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FI1GURE 6.4: Autocorrelation measurement of the compressed pulses after propagation
of different SMF lengths; 2 km (blue), 1.35 km (green) and 1 km (red).

the TFL pulse duration by directly compressing the GSLD pulse, and the long fibre

requirement to observe any changes in the pulse shape.

6.2.2 Amplifiers

A fibre amplifier was constructed to enhance peak power beyond the nonlinear threshold,
thus broadening the spectrum and shortening the fibre length needed to observe the
desired effects. As shown in Fig. 6.5, a WDM in the first amplification stage was
used to core pump a 90 cm in-house fabricated single-mode TDF, followed by an ISO

preventing backwards reflection.

GS
LD

FI1GURE 6.5: First two amplification stages schematics; inset functional schematics.
GSLD: Gain-switched laser diode; WDM. Wave division multiplexer: TDF(A), Tm-
doped fibre (amplifier), ISO: Isolator; SPC: Signal pump combiner.

An purpose built EDFA (seeded at a wavelength of 1565 nm), achieving a maximum

output of 1.8 W was used to pump the first amplifier resulting in a maximum output
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signal power of 75 mW, with a threshold for amplification occurring at a pump power
of 1.1 W. This resulted in a lasing efficiency of ~ 10%, as shown in Fig. 6.6(a). The
poor slope efficiency was due to the low duty cycle of the signal pulse train. However,
no parasitic lasing was observed in the spectrum, a high OSNR of 27 dB was attained at
the maximum power, and a low residual pump power of 45 dB below the signal power

was measured as seen in Fig. 6.6(b).
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FIGURE 6.6: First stage amplifier output.

Following the amplified signal power, an 8 m HNF (HN1550) was used to broaden the
GSLD spectrum. This showed significant spectral broadening in the previous experiment
(see chapter 4). A 3 dB splice loss in the power was measured due to a mismatch between
the core sizes of the HNF and SMF. The output spectrum also showed no obvious change

compared to the input. Therefore, another amplification stage was needed.
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FIGURE 6.7: Second stage amplifier output.

The second stage amplifier, as shown in Fig. 6.5, comprised a 1.6 m double-cladding

single-mode Tm-doped fibre (SM-TDF-10P/130-M, Coherent) that was cladding-pumped
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by a 790 nm Laser diode (LD, €03.0150793105 nlight), which was coupled in using a sig-
nal pump combiner (SPC, lightcomm) followed by another ISO. A low-index coating
polymer was used to cover the input splice point at the input of the double-cladding
gain fibre to ensure the pump light propagates in the cladding, while the output splice
point was covered with a high-index polymer coating to ensure any residual pump power

escaped, thus filtering the pump power from the amplified signal output.

A 23% slope efficiency was achieved after amplification, attaining a 2.1 W maximum
average power at a pump power of 11 W as seen in Fig. 6.7(a). The total energy in
the main peak of the pulse was found to be 43.2% by analysing the spectrum in the
linear scale, leading to maximum peak powers of 475 W. The OSNR was reduced to 18
dB at the highest output power. The increased ASE levels are likely attributed to a
combination of having multiple stages of amplification, low duty cycle, the high doping
concentrations associated with cladding pumped fibres and the high input pump powers
[102]. Amplification was carried out successfully while avoiding any spectral broadening

as a result of the increased peak powers, as seen from the Fig. 6.7(b).

6.2.3 HNFs

For short pulse generation the pulse spectrum needs to be broadened to reduce the
TFL pulse duration and to clean the pulse chirp by selecting linear components of the
spectrum for compression. Therefore, to elicit the spectral broadening, a HNF was
spliced at the output of the fibre amplifier as shown in Fig. 6.8. The theory discussed in
equation 2.16 shows that the nonlinear length Ly is proportional to the core size and
inversely proportional to the peak power. The peak powers were fixed to the maximum
achievable level from the amplifiers used. Therefore, effects from small core sizes and
long fibre lengths were prioritised in testing different fibres for spectral broadening. In

this section, the results from characterising several fibres for SPM are described.

pump

GS
LD

FIGURE 6.8: First two amplification stages schematics; inset functional schematics.
HNF': Highly nonlinear fibre.
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6.2.3.1 HN1550

As presented in Fig. 6.9, the results measured at the output of HNF did not display
any SPM but rather two side peaks 4 nm away from the central peak, associated with
FWM [103]. A phase-matching condition is required for FWM to manifest (see section
2.4.1.3). Based on the previous characterisation of this fibre, the near-zero dispersion at
this wavelength is the most likely cause of phase matching. The peak powers achieved
from the 2-stage amplification have overcome the nonlinear threshold; however, a dif-
ferent HNF with a dispersion coefficient shifted away from zero is needed for spectral

broadening.
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FIGURE 6.9: Output spectrum after 8 m of HN1550 at 2.1 W input power.

6.2.3.2 PM1550

A 300 m long piece of PM1550 fibre was tested next, having a similar value of GVD
at the lasing wavelength and a fibre core diameter to SMF28e, with the added benefit
of polarisation maintenance, thus minimising the deterioration of the pulse quality. To
take advantage of the PM capabilities of the fibre, the input ISO was replaced with a
fast-axis blocked PM-isolator emitting a linearly polarised light. A PC at the input of
the ISO was used to optimise the transmitted power, which resulted in an overall 4 dB
loss. Nonetheless, the HNF transmitted spectrum showed a successful increase of the 10
dB bandwidth of the pulse to 8 nm as seen in Fig. 6.10(a).

The ACF trace of the broadened pulse was also investigated. A 2.8 ps peak duration
accompanied by a large pedestal spanning 75 ps was measured on the autocorrelator as
seen in Fig. 6.10(b). The shape of the ACF resembles a NLS pulse, which indicates a

pulse breakup due to modulation instability (MI) as a result of large nonlinearity in the
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(a) Spectrum output of a 300 m Pm1550 fibre. (b) Corresponding autocorrelation measurement.

FIGURE 6.10: Output of PM1550 as HNF.

presence of anomalous dispersion in the fibre. Therefore, a normal dispersive fibre is

required to achieve coherent pulse broadening.

6.2.3.3 PM2000D

To investigate the generation of coherent pulse broadening, a 50 m of PM2000D with
a normal GVD at the lasing wavelength with a value of ~0.095 ps?/m, replaced the
previously used PM1550 as HNF [104]. Although a shorter length of PM2000D fibre

was used, the core size of the fibre was much smaller, measuring at 2.1 um.

As presented in Fig. 6.11(a), nonlinearity was observed at the output of the fibre as
evident from the spectral distortion that was measured by the OSA. Interestingly, the
results showed two distinct features in the output spectrum. They were the FWM lines
and the broadening of peaks present on the spectrum. The broadening due to SPM
shows that fibre parameters and power levels exceed the threshold value. However, the
FWM lines prove that there is a phase-matching condition being met despite the normal
dispersion of the fibre. This is further supported by a larger separation gap between the

central and side peaks of 24 nm.

From experience of using the PM2000D, it became apparent that the fibre has poor PM
capability, especially at increased fibre length, due to irregularities in the manufacturing
process, leading to the formation of an elliptical core. The effects can be mitigated by
careful splicing recipes and fibre management (e.g environmentally, such as thermal or
mechanical stress). This has also been observed by other research groups [69, 104]. With
this information, it was suspected that the cause of phase matching was achieved due
to the propagation of the pulse in a birefringent normal dispersion fibre offset to the
principal axis of the fibre [103]. To test this theory, a PC was added at the input of
the HNF to optimise the polarisation alignment to the principal axis of the fibre. The
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FI1GURE 6.11: Output of PM2000D as HNF; offset by 20 dB for visualisation.

results proved that the output spectrum can switch from a “pure” SPM effect to an
optimised/maximised FWM state as seen in Fig. 6.11(b).

A review of the literature revealed four different possibilities for FWM to occur in a
birefringent fibre, two of which result from normal dispersion [103] (Table 2.3). To
identify which of the effects caused the FWM, an experiment was set up by optimising
the PC position for maximised FWM, then feeding the output of the fibre to a collimating
lens into a free-space polariser. This was aligned to a focusing lens for collection by a

large-core multimode fibre that is fed into an OSA for analysis as depicted in Fig. 6.12.
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FIGURE 6.12: Experimental set-up for testing the polarisation of the FWM.

As shown in Fig. 6.13, at any given polariser angular position, the central peak was
always present at the output (with slight variation in intensity), showing the existence
of a proportion of the central peak in both axes, while the magnitude of the side peaks’
intensities varied oppositely to each other and relative to the central peak. The maximum
anti-Stokes (blue shift) peak intensity was found at the same position where the Stokes
peak (red shift) was minimised at 210° and vice versa at 310°, which are approximately
m radians out of phase. Slight deviations in the angular measurements are likely due to

the drift in the polarisation over the long measurement period of the experiment.

Since the FWM process is coherent [49, 103] and peak power dependent, it shows great

potential to be used as a SA. To investigate this further, a free-space filter was set up by
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FIGURE 6.13: Output spectrum at different polariser angles.
using a pair of transmission gratings and a beam block to separate each of the distinct

spectral components of the spectrum, which were represented as separate spot sizes on
the IR card as seen in Fig. 6.14.

Mirror

Grating 1

Roof mirror Grating 2 Beam block

FIGURE 6.14: Free-space filter schematics and beam intensity before and after beam
block.

The central and the Stokes peaks were measured, while the power in the anti-Stokes peak
was too low to measure. A large grating distance of 46 cm was required to compress
each peak to the minimum pulse duration, equating to a GDD of -0.397 ps? and an
SMF fibre length of the order of ~100 m. From Fig. 6.15, the autocorrelation of the
compressed peaks both showed a pedestal being generated, with the central peak having

a longer duration of 50 ps compared to the 24 ps measured at the redshifted peak.

Due to the high losses associated with free-space compressors, an alternative method of
quantifying the compression of the side peaks was required. A fibre-coupled tunable SF
(Agiltron FOTF-020121131) was used to freely select and control the selected spectral
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FIGURE 6.15: Autocorrelation measurement of the compressed, filtered Stokes (black)
and central spectrum peak (Red).

components as seen in Fig. 6.16(a) showing the filter transmission function. A power
loss of ~12 dB was measured at 1875 nm, and spectral transmission at 3 dB and 10
dB bandwidths of 3.6 nm and 5.2 nm, respectively. The selected Stokes and anti-Stokes
side peaks in Fig. 6.16(b) were selected to propagate in a 1 km long SM, then they were

amplified to be measured by the autocorrelator.
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(a) Spectrum power transmission of the tuneable grat- (b) Selected spectrum at the input and output of 1 km
ings at 1875 nm. SMF offset by 20 dB for visualisation.

FIGURE 6.16: The transmission of the fiberised tunable filter at different positions.

In order to observe the change in each spectral component and reveal information about
the nature of the chirp in each peak. The filter output showed an anti-Stokes pulse
duration of 22 ps, whereas the Stokes output measured 35 ps. Negligible change in
the spectra at input and output of the fibre compressor and amplifier as shown in Fig.
6.16(b) and the autocorrelator measurements showed a similar pulse shape of a large

pedestal with a 4 ps peak duration in both instances as seen in Fig. 6.17.
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FIGURE 6.17: Autocorrelation measurement of different filtered peaks.

Since compression was observed in both peaks and a similar change was measured, it
is assumed that the chirp in each peak is similar, as seen in SPM, but at the cost of
a lower efficiency. The edges of the SPM central peak were also selected as shown in
Fig. 6.18, which led to a compression of the pulse width to an ACF duration of 30 ps
pedestal-free.

Furthermore, the results of 1 km pulse propagation were used to compare two scenarios
where SPM was maximised and FWM was maximised without the use of the filter. The
input of the fibre was attenuated to minimise further nonlinearities, and the results of
the autocorrelation measurement showed that both cases behaved similarly, generating a
3.5 ps pulse peak. However, the FWM process showed a larger pedestal being generated,
likely due to the presence of the Stokes and anti-Stokes pulses propagating with the main

pulse as seen in Fig. 6.19.

The following conclusions on the use of this process as an SA were drawn based on the
measured results. The FWM is inefficient in the fibre used and outputs very low-energy

pulses. After traversing a long fibre, both peaks show similar behaviour to the central
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FIGURE 6.18: SPM edge filtering; short (red) and long (blue) wavelength.

(pump) peak, thus a similar chirp, which resulted in a large pedestal being generated at
the output. Therefore, this technique is adequate to be used as an SA. The SPM effect
has higher efficiency, and filtering the selected components can result in a pedestal-free

output, making it ideal for pulse cleaning.
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FIGURE 6.19: 1 km autocorrelation compressed pulse measurement of both SPM
(green) and FWM (black).

6.2.3.4 UHNA4

To elicit solely SPM in the HNF, a 40 m UHNA4 fibre was used to replace the previous
HNFs. Following the first two amplification stages, the output power after the UHNA4

showed a 2.4 dB loss. Both the autocorrelation and the spectrum were measured at the
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output of the HNF, and the change in the power was investigated as shown in Fig. 6.20.
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F1GURE 6.20: HNF spectrum output at different pump powers offset by 10 dB.

As the power increased, the output 10 dB bandwidth of the pulses increased to a max-
imum of 8.1 nm; however, the OSNR was reduced to 13 dB. The autocorrelation, on
the other hand, showed an initial increase in the pulse width from 57 ps at the lowest
pump power to a maximum of 69 ps at 1.6 W of power, after which the pulse width was

reduced to 63 ps at the highest pump power, as shown in Fig. 6.21.
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(a) HNF output ACF pulse width at different power. (b) Pulse autocorrelation at different pump powers.

F1GURE 6.21: The HNF output autocorrelation measurement at different powers.

The initial increase in the pulse width can be explained by the positive chirp imposed
on the pulse by the nonlinearity, which is the dominant effect. The HNF has a positive

dispersion at the lasing wavelength, and since the pulse starts to reduce, it indicates the
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existence of a down chirp in the pulse. This phenomenon supports our initial hypothesis
of having 2 chirps in the pulse as a result of the gain switching, which was further added
on by the nonlinear chirp imposed on the pulse by SPM. Therefore, novel compression

and pulse cleaning methods are needed.

6.2.4 Compression methods

Various compression methods were evaluated on the broadened spectrum resulting from
the implementation of the HNF in the system. This analysis identified the optimal pulse

compression and the shortest achievable compressed pulse duration.

6.2.4.1 Linear compression

Initially, an experiment was set up as shown in Fig. 6.22 using various lengths of
anomalous dispersion SMF fibre compressor without the use of a filter to see the impact
on the compressed pulse shape. The tested fibre lengths were in increments of 25 m
from 25 m to 175 m. 2.1 W of power was used during the experiment, as it gave rise
to the broadest pulse spectrum. This meant that the input to the fibre compressor
was attenuated to ensure no further nonlinearity impacted the compression and the

compressor output spectra.

Output
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FIGURE 6.22: Compression experimental set-up schematics.

As described in Fig. 6.23(a), as the length of the fibre increased, the pulse width
decreased to a minimum value at 150 m of SMF; and further increasing the fibre length
did not result in any further change in the pulse width but rather a change in the shape
caused by an increase in the pulse pedestal as seen in Fig. 6.23(b). The minimum pulse
ACF width achieved was 1.7 ps with a noticeable pedestal. As expected, the minimum
compressed pulse duration achieved via linear compression far exceeds the TFL pulse
width value of 650 fs based on the bandwidth of the pulse, assuming a Sech? pulse
shape.
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FIGURE 6.23: The autocorrelation measured linear compression results.
6.2.4.2 Nonlinear compression

A nonlinear compression approach was tested next by not attenuating the input power
to the fibre compressor with a similar experimental set-up as illustrated in Fig. 6.22.
As seen in Fig. 6.24(b), a pulse ACF peak with a width of ~700 fs was generated, but
a large pedestal accompanied, which seems to reduce from 60 ps to 40 ps as the fibre
compressor length increased at the maximum input power. The autocorrelator shape is
indicative of pulse break up due to MI in the anomalous dispersion fibre, whereby the
peak duration represents the average pulse durations of the pulses, and the envelope
shows the spread of the pulses in time, similar to noise-like pulses. Additionally, the
pulse spectrum indicates that the main pulse features appear to broaden, ultimately
becoming indistinguishable from the ASE, as illustrated in Fig. 6.24(a). This overlap is
a result of the high levels of ASE and energy transfer due to the broadening.
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(a) Spectrum at different lengths. (b) ACF measurements at different lengths.

FIGURE 6.24: The output of different SMF compressor lengths.
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6.2.4.3 Spectral filter

In theory, adding an SF at the input of the SMF compressor, as shown in Fig. 6.25,
should overcome the limitations of the previous compression methods by selecting spec-

tral components of the pulse with a linear chirp that best complements the compression.
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FIGURE 6.25: Compression using a spectral filter experimental set-up schematics.

The output power of the filter was measured to be 51 mW. Pulse compression experi-
ments were carried out by finding the optimum spectrum components by monitoring the
final compressed pulse output and tuning the filter position simultaneously for a given
fibre length. The selected spectral components seen in Fig. 6.26(a) were optimised
for the pulse compression, and the corresponding pulse duration directly after the SF
showed a compression to an ACF width of 23 ps, accompanied by a pedestal as shown
in Fig. 6.26(b), likely due to the overlap of the filter spectrum with the original GLSD

spectrum.
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FIGURE 6.26: Optimum spectral filter output.
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The autocorrelation results of the compression is shown in Fig. 6.27. No spectral
broadening was seen during propagation in the SMF fibre compressor, and the required
fibre compression length seems to be shortened due to the initial compression caused by

the filter reaching a minimum compressed ACF duration of 1.6 ps at 75 m SMF fibre.
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(a) SMF compressor output ACF pulse width at differ- (b) ACF at 75 m (green), 100 m (red) and 125 m (black)
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FIGURE 6.27: The autocorrelation measured linear compression results.

Increasing the fibre length further showed a similar pulse duration but an increase in
the pulse pedestal until 125 m, then the pulse peak starts to broaden again, indicating

a flip in the pulse chirp. Comparing the autocorrelation of the minimum pulse duration
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FIGURE 6.28: ACF measurement of the minimum compression with (black) and
without filter (green).

at the compressor output with and without the use of the filter clearly shows an im-

provement in the pedestal suppression when the filter was used (Fig. 6.28). However,
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some pedestals can still be seen, which is a result of the broad transmission window of

the filter. Therefore, the pulse compression would benefit from a narrower SF.

6.2.4.4 Nonlinear compression on filtered spectrum

Nonlinear pulse compression is introduced to the filtered pulse to investigate the pos-
sibility of achieving even shorter pulse durations. This was carried out by adding an

amplifier between the SF and fibre compressor as shown in Fig. 6.29.

FIGURE 6.29: Nonlinear compression experimental set-up schematics.

The newly added amplifier was core pumped by a commercial EDFA (Amonics, AEDFA-
33-b-FA) operating at 1560 nm, and was made with a 1.3 m in-house fabricated TDF
and had a total SMF length of 4.1m. The amplification was characterised, showing
a 20% slope efficiency with a maximum available pump power of 1 W as seen in Fig.
6.30, giving an output signal power of 200 mW with over 60 dB of OSNR and negligible
residual pump, while negligible spectral distortion in the amplifier was observed as shown
in Fig. 6.31.
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FIGURE 6.30: Amplified signal power at different input pump power.

A similar technique of working backwards to characterise the pulse compression was

adopted while initially fixing the pump power to 1 W and varying the SMF length.
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FIGURE 6.31: Amplified output spectrum; Inset: zoomed in amplified output (black)
and input (green) spectrum.

The spectrum measurements seen in Fig. 6.32 shows a signal more distinguishable from
the background ASE after nonlinear broadening compared to the previous nonlinear
experiment (refer to Fig. 6.24(a)) since the ASE was suppressed using the SF. The
powers used for the input were also much lower than the initial nonlinear experiment,
which allowed for a more “controlled” nonlinear pulse evolution. As the fibre compressor

length increased, the pulse bandwidth also increased.
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FIGURE 6.32: Nonlinear SMF compressor output spectrum at different lengths; offset
by 10 dB.

Similarly, a fixed pulse peak width was generated despite the fibre compression length,

with a minimum value of 545 fs (assuming a sech? pulse shape) at 100 m. Furthermore,
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the pedestal generated was much lower than the SF and lower signal power. The min-
imum pulse pedestals were seen at 25 m and 100 m of SMF length. However, at 25 m,
distinct side peaks were generated, showing clearly the onset of the pulse break-up due
to MI as seen in Fig. 6.33.
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FI1GURE 6.33: ACF measurements at different fibre compressor lengths.

After investigating the effect of the fibre length on compression, the input power was
varied while fixing the length at 100 m, which gave the shortest pulse duration. The
result presented in Fig. 6.34 showed a decrease in the pulse width at 1 W. However, the
pedestal area was shown to increase with pump power. Varying the length while fixing
the power and varying the power while fixing the length gives a qualitative compression

between a GVD and SPM dominant propagation comparison for pulse compression.
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FIGURE 6.34: ACF pulse ACF measurements at different powers after 100 m of SMF

COMpressor.
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To summarise, SPM is necessary for nonlinear pulse compression to achieve sub-picosecond
pulse compression. However, it needs to be balanced with the effects of GVD (according
to equation 2.50) while compressing the pulse, in order to suppress the pedestal, while
varying the fibre length does not control the pulse duration. These factors were taken

into consideration when implementing the next compression method.

6.2.4.5 2-stage compression

The final experiment set-up was compiled based on the conclusions from the previous
experiments, which aimed to magnify the desired effects while suppressing the unwanted
effects that would negatively affect the pulse shape after compression. The experimental
set-up is shown in Fig. 6.35. It was arranged such that, after the HNF, a SF is added
directly to the output, and then the output is attenuated to ensure no nonlinearity
occurs in the next stage, which is a fibre linear compressor of a 100 m SMF, which is

then fed into a final non-linear compression stage comprised of an additional TDFA.

I TDFA

Amplification
and soliton

Linear

a

FIGURE 6.35: 2-stage compression experimental set-up schematics.

The linear compressor did not compress the pulse to the minimum duration to allow for
further compression in the next stage, thus passively increasing the peak powers and

pulse envelope slope into the final stage while not over compressing the pulse.

This stage focuses on linear compression while minimising the nonlinearity of the system,
which is proven by maintaining the same spectrum at the input and output of the
compressor as seen in Fig. 6.36(a). The linear compression associated with the use of
the filter is shown in Fig. 6.36(b). The results from 100 m of SMF compressor show
a significant improvement in the pulse shape and pedestal suppression with the use of
the filter. This is beneficial for the next compression which aims to maximise the effects
of the high peak power with minimal side pedestals. To achieve this, a third amplifier
which focuses on energy scaling and nonlinear pulse compression by maximising SPM

while minimising the effects of GVD was added after the linear compressor.

The spectrum at output shows an increase at the base, both in amplitude and width.
This effect was larger than the previous case of nonlinear compression (refer to Fig. 6.32)

due to having a higher peak power during propagation despite the short fibre length.
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FIGURE 6.36: Final amplifier input pulse parameters.

Autocorrelation measurements for the output pulses revealed pulse self-compression dur-
ing the amplification. The pulses narrowed when the output power was increased up to
150 mW; however, further increases in the output power resulted in a slightly broader
pulse with a higher pedestal shown on the ACF trace, as presented in Fig. 6.37(b).
At an output power of 150 mW, self-compressed pulses with high contrast and a pulse
width of 509 fs were obtained. With a 10 dB bandwidth of 7.4 nm, the pulses exhibited
a TBP of 0.321, which is close to the TBP value of 0.315 for a sech? pulse, confirming
the soliton formation caused by the interplay between the anomalous dispersion and
SPM in the fibre. The corresponding pulse energy and peak power are therefore 4.7 nJ
and 8.52 kW, respectively; Where =~ 40% of the total pulse energy is concentrated in
the central peak.
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FIGURE 6.37: Final amplifier output measurements.

To test the extent of the soliton compression in the amplifier, 10 m of SMF was added to
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the output of the amplifier. A similar trend is seen in the change of the spectrum with
power as shown in Fig. 6.38(a). However, with increased fibre length, more nonlinearity
and dispersion are experienced by the pulse, causing the narrow pulse width to stretch
t0 0.9 ps at 800 mW as seen in Fig. 6.38(b) compared to 0.5ps at the same similar power
at the output of the amplifer (Fig. 6.37). Furthermore, side peaks start to appear for

pump powers over 400 mW, showing signs of pulse break-up.
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FIGURE 6.38: Output of the 10 m SMF after the final amplifier.

To summarise, a soltion is formed showing a near TFL pulse duration at the output of
the amplifier, further increasing the compressor length results in over compression of the
pulse leading to a wider output pulse duration and eventually pulse break up at higher

powers.



Chapter 7
Burst-mode pulse shaping

This chapter presents investigations into a novel technique for selective imaging, which
will be incorporated into the modulation capabilities of the imaging laser discussed in
chapter 3. As the imaging laser was being used by IFLS, a separate system was built,

primarily focusing on optimising the adaptive imaging methodology.

(a) Neurons of mouse brain without APC (b) Neurons of mouse brain with APC

FIGURE 7.1: Image of neurons of the mouse brain with (a) and without (b) adaptive
pulse control (APC). The images have a field of view (FOV) of 620 x 620um, 512 x 512
pixels, and a scale bar of 100 um. These figures were reproduced from Bo Li, 2020 [6].

This technique involves generating non-uniform bursts that temporally align with the
distribution of the ROI on biological samples. The calculations for the target experi-
mental parameters are based on the work conducted by Li et al., where a 30 Hz frame
rate is used for imaging a 512 x 512 pixel, 620 x 620um field of view (FOV) image, as
reported in [6]. This results in a scanning time of 33.3 ms per frame. From Fig. 7.1,
one ROI can be estimated to be &~ 20 um across, which equates to a 2 us time period,

and one line of pixels can be imaged in 0.5 ms. While this may not accurately represent

107
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the experimental conditions that will be used during the actual testing of the system,
it serves as a starting point for developing an appropriate methodology to address such

issues.

Additionally, burst generation causes non-uniform amplification of the pulses due to
gain saturation effects within the amplifier. As a result, the theory of pulse shaping was
originally developed to address gain saturation for a single burst to produce uniform
pulse waveform. This theory was later adapted to accommodate more complex, non-

uniform multi-burst signals.

7.1 Uniform Burst window shaping

In this section, the laser system designed to investigate the effects of gain saturation
is presented, along with the techniques applied to compensate for gain saturation and

produce a uniform burst output for adaptive imaging of ROIs.

7.1.1 Experimental set up

The system built to emulate the gain saturation in amplifying bursts of pulses is illus-
trated in Fig. 7.2. The key operational conditions established to observe significant
saturation effects were a low RR and an extended burst window. The seed was a GSLD
with a central wavelength of 1875 nm (EP1854 Eblana Photonics) modulated by a PG
(8133a Agilent) to operate in pulsed mode.

----- —  Electrical signal

Fiberised Optical signal

Free-space Optical signal

Oscilloscope

FIGURE 7.2: GSLD-driven MOPA system for burst shaping. EOM: electro-optic mod-
ulator; AWG: arbitrary waveform generator; PP: pulse picker; PG: pulse generator;
PD: photodiode.
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The pulse parameters were chosen based on convenient experimental conditions from a
maximum EOM excitation ratio to a high OSNR, while avoiding parasitic lasing in the
following amplifier stages; a 3 ns electrical signal at 100 MHz of repetition frequency was
used to trigger the LD, generating an average power of 0.33 mW. The optical output
spectrum and 100 MHz train are shown in Fig. 7.3. A single peak at 1875 nm was
expected from the GSLD; however, an additional side peak in the spectrum at 1879
nm indicates 50 dB of longitudinal cavity mode suppression, likely due to over-pumping
of the laser diode. Furthermore, the narrow spectral line observed in the main peak
represents the steady state component of gain switching as a result of the the extended

trigger period.
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(a) Output spectrum of GSLD at 3 ns and 100 MHz. (b) 100 MHz pulse repetition frequency.

The operating wavelength is 1875 nm.

FIGURE 7.3: Output characteristics of GSLD.

The output trigger signal of the pulse generator (PG) was used to synchronise sub-
electronic components of the system. A PP (OMBAK/AERO-DIODE V2.7”) was in-
troduced between the AWG (AFG3102C) and the PG to produce frequencies that are
lower than the PG’s standard capabilities. The EOM gating functionality was man-
aged by the AWG, which has limited built-in waveform functions, such as square and
sinusoidal waveforms. A laptop was employed to control the AWG and generate more

complex waveforms.

Additionally, a laptop was also used to control the PP and relay information to and from
the oscilloscope (“Agilent Technologies, MSO7104A”, 1 GS/s). The software utilised for
the pulse picker (PP) was “ALPhANOV Control Software,” while MATLAB was used
for both the oscilloscope and the AWG, as it allows for efficient script development with
extensive online support and resources available. Finally, an attenuator was placed at
the output of the final stage to prevent saturation of the photodiode used to measure

the signal.
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7.1.1.1 First amplifier

Since the power output of the LD was small, an amplifier was needed to raise the power
and overcome the losses of the EOM. Therefore, a pre-amplifier was built and pumped
by an EDFL as shown in Fig. 7.4.

915nm
LD

@ Output
Combiner F—
EYDF
HR Grating M 15 Greting .
EDFL

915nm Seed ((.)) o Pkisalator  |-CUtPYt
LD TOF
—

(a) Schematics of the first stage EDFL pump; HR: high (b) Schematics of the first stage TDFA; EDFL: erbium-
reflecting, LR: low reflecting. doped fibre laser.

FI1GURE 7.4: First stage EDFL pump and TDFA amplifier schematics.

A 4 m TDF was used as the gain medium, a WDM for combining the signal and the
pump light, and a PM-isolator (slow axis blocked), because a polarised input is required
for the EOM. In addition, a PC was inserted at the input fibre to maximise the power
output through the ISO. According to the manufacturer’s specification of the EOM, the
maximum handling optical input power was 100 mW. Therefore, a fixed input power
of 78 mW at a 592 mW pump power was maintained at this stage throughout the
experiment. As illustrated in Fig. 7.5, the spectrum of the amplified pulse shows an
OSNR of around 40 dB, showing that most of the power resides in the signal peak with
negligible power in the ASE.
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FIGURE 7.5: Spectrum of the amplified 1875 nm, 3ns and 100MHz gain-switched pulse.
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7.1.1.2 EOM

The extinction ratio of the EOM was found to be 14.6 dB by examining the oscilloscope
trace when a square electrical signal was applied, as shown in Fig. 7.6. The ampli-
tude of the electrical signal for maximum signal transmission occurs at V., which was

experimentally found to be 5.5 V.

Ele Edit Vertcdl HuizfAca Irig Display Cursors Measure Masks Math MyScope Ubiites  Help
Tek i Sey 16 hcas 12

FIGURE 7.6: Extinction ratio of the EOM for a square electrical pulse; V, = 5.5V.

The EOM was set to modulate at a fixed uniform burst train of 100 kHz (inter-burst) RR
As shown in Fig. 7.7. To observe saturation effects post modulation three burst windows
of 50 1ns,100 ns, and 200 ns were set as seen in Fig. 7.8. A long inter-burst window allows
enough time for the pump energy to build up in the gain fibre before the next burst
is amplified to observe the saturation effects clearly. Whereas, the burst window was
varied to test the effectiveness of saturation correction under different magnitudes of

saturation at burst parameters.

100kHz, Electrical signal

Voltage (V)
N

B L T

-0.00004 -0.00002  0.00000  0.00002  0.00004
Time (s)

FIGURE 7.7: 100 kHz RR electrical signal applied to the EOM.
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The uniform burst shapes observed at the EOM also serve to be the target shape for
correction at the output of the final amplifier. Note that the electrical signal shown in
Fig. 7.8 is not perfectly uniform as a result of both the speed of the oscilloscope and

signal noise.
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(c) 200 ns burst output.

FIGURE 7.8: Output of an EOM operating at 100 kHz RR and square electrical signal.

Finally, the EOM output powers and operating losses were quantified and are presented
in Table 7.1. Higher losses at the shorter burst widths (BW) were measured due to a

larger number of pulses being suppressed to achieved a smaller burst width.

TABLE 7.1: Insertion losses and output powers of the EOM at 3 different BW.
Burst width (ns) | Av. Power(mW) | Loss (dB)
50 1.42 16.16
100 2.77 13.25
200 5.67 10.14
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7.1.1.3 Second amplifier

The schematics are given in Fig. 7.9(b) for the second amplifier, as shown a PM-WDM
and 0.7 m PM-TDF, followed by an ISO. The amplifier was pumped with higher power
EDFL than the previous stage, utilising six laser diodes (LD) as shown in Fig. 7.9(a).
The pump was characterised at different input currents, and the results show a linear
increase in power output, reaching an average power of 4.95 W at a current of 4 A, as

represented in Fig. 7.10.

915nm 515nm 915nm

) n) D
Output
Combiner 3 -
HR Grating LR Grating

315nm 915nm || 915nm Isolator Output

) n) D
(a) Schematics of the second stage EDFL pump. (b) Schematics of the second stage TDFA.

FIGURE 7.9: Second stage pump and amplifier schematics.

The amplifier output power was also characterised at the three working burst widths.
Note that there were no pump filtering components in the final system between the
second and final amplifying stages. A WDM was used for characterising the output
powers, showing the actual signal power as presented in Fig. 7.11(a). The power is
increased for a higher burst window due to the higher input powers at the larger burst

window.

0.0 ™ T T T T T T T 1
00 05 10 15 20 25 30 35 40 45

Current (A)

FiGURE 7.10: Six LD pumped EDFL characterisation.

The oscilloscope trace was examined at maximum power for each of the BW for any
saturation. As seen in Fig. 7.11, a linear decrease in the peak intensities across the
three burst windows shows minimal gain saturation independent of the BW parameters.
Thus, it became apparent that another amplification stage was needed, introducing more

gain and exaggerating the desired effects.



114 Chapter 7 Burst-mode pulse shaping

m 50ns
504 | e 100ns —— 50ns BW,
45 [ A 200ns . 015
—~ 40 -
= A
E 35 ]
5 a0 ] 5010
g =
[*] [ g
=57 a g £
2 ©°
£ 20 - > 0.054
O 15 ¢
A ]
7 LWW
e Dt st Aoty )
54 A ] 0.00
[ ]
0 T ? T T T T T T T T T 1 T T T 1
00 05 10 15 20 25 30 35 40 45 50 55 60 —1E-7 0E+0 1E-7 2E-7 3E-7
Pump power (W) Time (s)
(a) Output power of the second stage amplifier filtered (b) 50 ns BW after the second amplifier.
using a WDM at 50 ns,100 ns, and 200 ns BW.
—— 200ns BW|
— 100ns BW|
0.15 4 0.15
S 0.10 s 0.10-
[ (0]
o [=)
8 =
° o
> 0.05 4 > 0.051
ok . '
0,00 iR eyt 4 W WWWM 0004 ™ o | w it vt

T T T T
-1E-7 OE+0 1E-7 2E-7 3E-7 -1E-7 OE+0 1E-7 2E-7 3E-7 4E-7

Time (s) Time (s)
(c) 100 ns BW after the second amplifier. (d) 200 ns BW after the second amplifier.

FI1GURE 7.11: Output power and burst profile of the second stage amplifier.

7.1.1.4 Final amplifier

Unlike the previous amplifier stage, the final stage amplifier was cladding pumped by

a 790 nm LD for higher output power as shown in Fig. 7.12. The pump was delivered

into the amplifier via a signal pump combiner (SPC). The LD was mounted on a cooling

plate, and the temperature was controlled by temperature control (Oven Industries,

5C7-362) and set to 20 °C.

790nm
LD
Seed L r—b\\ - Output
- -
Combiner 75 TOF ’

FIGURE 7.12: Third stage TDFA amplifier pumped by a 790 nm LD.
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The output power of the laser diode was measured before splicing it to the amplifier, and
the results showed up to 14.1 W of power with slight shifting in the pump wavelength
due to the heating of the LD at high supply current, as seen in Fig. 7.13.
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(a) The output power of the 790 nm LD at different (b) The spectral shift in the output of the 790 nm pump
supply currents. laser diode at different currents.

FIGURE 7.13: Laser diode spectral and power characterisation.

For the maximum output power from the previous stage, the output power of the final
amplifier was later tested and shown in Fig. 7.14(a); the maximum average powers of
up to 4.4 W, 4.7 W, and 4.9 W were achieved at 50 ns, 100 ns, and 200 ns, respectively.
Since the amplifier was cladding pumped and the output splice point was submerged in
high index coating (filtering the pump wavelength), the output power is expected to be
purely the amplified signal. Moreover, investigating the spectrum of the output showed
no parasitic lasing and an OSNR of 27 dB as seen in Fig. 7.14(b).
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FI1GURE 7.14: Final amplifier spectral and power characterisation.

The bursts began to exhibit signs of nonlinear gain saturation at pump powers of 7 W,
but became more apparent at 11 W of pump power as shown in Fig. 7.15. Therefore, 11
W pump power was fixed for the rest of the study. Two methods will be discussed in the
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following section. Initially, an analytical approach was taken into consideration for the
prediction of the shape of the input bursts (after EOM) to achieve flat gain across the
burst width. However, it became apparent that exact knowledge of various experimental
parameters, such as burst energy, gain, amplifier saturation energy, as well as the input
and output intensity profiles of the burst, is required for this method. Therefore, an
algorithmic approach was adopted instead, which only required knowledge of the input,

output, and target burst shape.

As shown in Fig. 7.15, the gain saturation causes the pulse intensities in the burst to
fall nonlinearly to 35%, 50%, and 55% of the initial peak intensity for 200 ns, 100 ns,
and 50 ns, respectively.
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(c) 200 ns BW after the third amplifier.

FIGURE 7.15: Saturated amplified burst profile. A top-hat target envelope is illustrated
in red.

7.1.2 Analytical method

All the computations were done in MATLAB, and some assumptions were made to

simplify the problem for modelling. The last two amplifiers were treated as one amplifier,
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and energy is assumed to be a continuous burst profile rather than in discrete peaks.

The full code can be found in Appendix:A for reference.

Firstly, the oscilloscope traces of each burst were imported into MATLAB, and the peaks
and their temporal coordinates were extracted into a new array, then normalised. Their

actual values were later calculated using known experimental parameters.

Using equation 2.12, the optical input burst profile (I(¢);,) can be predicted if all the
other terms in the equations are known, where t is the intra-burst time. I(t)gy: is
measured at the output of the final stage amplifier and shown in Fig. 7.15; it can be
used to calculate E(t)qy if both input and output average powers are known. Firstly, the
total pulse energy was calculated where Eyy1q; = Pay/f. Then, the energy distribution
in the burst was found by calculating the area under the normalised burst profile; this
was done for both actual and normalised input and output bursts. Unlike the output
intensity, where the actual measured data were used, the square input intensity profile

was used for the input.

The conversion ratio of the total burst energy to the total normalised burst energy
was then used to calculate the actual peak powers in the pulse P(¢). This allowed the
gain of the amplifier chain to be calculated where G(t) = I(t)out/I(t)in. Therefore,
by rearranging equation 2.12, plotting the results, and fitting the left-hand side of the
equation, Gy and Fg.; can be determined. Table 7.2 includes all the relevant measured

and calculated parameters mentioned.

TABLE 7.2: Gain, burst energies at 50 ns, 100 ns and 200 ns BW.

BW (ns) 50 100 | 200
Ein(uJ) 0.24 | 0.34 | 0.47
Eout(uJ) 24.65 | 27.10 | 28.44
Amplifier gain (G) (dB) | 20.12 | 19.01 | 18.97

This approach assumes nothing about the actual amplifier design parameters but de-
pends on the input and output powers in the system and a goodness-of-fit (GOF) pa-
rameter. Apart from the G(t) for which the fitting was tailored for the last step. The
MATLAB built-in “fit” function “ezpl” and “exp2” that correspond to a x e®* and
(a x eb‘”) + (e x edx), respectively were compared, where a, b, ¢, d were coefficients to be
determined by the fitting. The quality of the fitting increases more with added terms;

however, it decreases for a smaller number of peaks.

Since the fitting isn’t a reliable approach to modelling the peak powers, a point-wise
(PW) approach was adopted instead (i.e using the peaks as discrete points for analysis).
All the calculated coefficients were inserted back into the original equation 2.12 to work

out a value for the normalised input optical intensity NI(t);y.

The transmissivity 7' of an EOM as a function of the applied voltage can be described

as:
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Iin .
T= = sin?( v )
Iout 2V7r (7 1)
W here, V, i '
T 20ndy

Due to the sinusoidal response of the EOM to the electrical signal, equation 7.1 was
rearranged to make V' the subject and was applied to NI(t);, to achieve the desired

outcome. The results of using the GOF for the different BW are shown in Fig. 7.16 for
comparison.
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FIGURE 7.16: Corrected amplified burst profile for 50 ns, 100 ns and 200 ns BW using
the GOF method.

The results show an arched burst envelope and the accuracy of the correction seemed
to decrease as the number of peaks decreased. The GOF method does not account for
instabilities/ noise in the measured data. The results of the predicted input shape for

the different burst widths and the corrected output using the point-wise method are
shown in Fig. 7.17.

Overall, the correction provided better results when using the PW approach over the

GOF one, since it doesn’t assume a continuous flow of energy. The pulse outputs shown
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FIGURE 7.17: Before and after corrected amplified burst shape using PW method.

in Fig. 7.17 closely resemble the input pulses before the saturation in the amplifiers.
Some modulation is seen in the oscilloscope function for reasons that have already been

discussed, but the initial peaks were also lower than expected, which is due to the rise
time from the AWG, which is 5 ns for a pulse period of 10 ns.
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The correction method was challenged applying it to two burst; however, after closer
examination, the complexity of the problem and the computation time increased with
the additional bursts using this method. Therefore, a new method to undertake a multi-

burst problem is needed.

7.1.3 Algorithmic method

The idea for an iterative method, as proposed by Li et al. [6], was adopted. The
advantage of this method over the analytical one is its flexibility. No prior knowledge
of the experimental parameters was needed, only the saturated output burst envelope
profile, which changes with each iteration. During the correction process, the laser will
be continuously running. Therefore, the experimental procedure needs to be updated to
account for the closing of the EOM and resetting of the AWG for each updated loop. To
do this, a voltage offset of 1 V was set in the AWG, maintaining the same Vpk — pk = V;
of 5.5 V. To compensate for the change, the DC was adjusted to a fixed value that does
not change each loop. Therefore, the EOM doesn’t fully close during each reset. The
EOM output power was measured when the adjusted DC bias was applied in the absence
of the AWG signal, showing an average power of 5.75 mW. This will feed into the later
amplifier stages during reset to avoid damage due to the absence of a signal in the

amplifier.

The laser was safe for continuous operation. The next step was to set up communi-
cation between the AWG, oscilloscope, and laptop. The instrument control toolbox is
a built-in feature that allows MATLAB to connect and exchange Standard Commands
for Programmable Instruments (SCPI) information using Virtual Instrument Software
Architecture (VISA). The source code for initiating the connection with the instrumenta-
tion was obtained from the MATLAB File Exchange, where community members upload
example codes. However, the remaining code for controlling the instrumentation was
developed from scratch using the programming guide provided by the manufacturer.
Two original scripts were written for communicating with the AWG and oscilloscope
separately, and their functions were called in the main script, where the synchronisation
and calculations are done. I devised an algorithmic mathematical model for iteratively

correcting the saturation in the amplifier. The formula states:

Jit)n = fiOn-1 + [fo(t)n—1 — fr(t)]

i (7.2
Where, f(t) = L‘;Eg‘ )

Where f;(t) and f,(t) are functions that describes the envelope of the amplifier input

and output respectively, n indicates the loop iteration number and fr(t) is the target

envelope function, which resembles the initial observed signal at the output of the EOM
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as seen in Fig. 7.8. Equation 7.2 takes the difference between the current output and
the target shape and adds it to the input from the previous loop, and the function is
normalised to create the input for the next loop. The process is repeated until the target
shape is reached. The condition for meeting the target shape was defined later in the
code by working out the difference between the mean of the peaks of the current output
to the previous output, whereby if the 1.001 < fo(t)n—1/fo(t)n < 0.999, the loop would
stop. A sinusoidal transformation was finally applied to f;(t),, similar to the previous
method. The results with and without this condition proved to be very similar when
the loop was manually or automatically terminated. The analysis is done by PW since

it represents the problem more accurately.

Two methods, fitting and interpolation, were compared at the final output of the am-
plifiers in order to increase the number of data points beyond the number of peaks (e.g
20 peaks, 20 points in a 200 ns burst) to 1000 points for a higher shaping waveform
resolution from AWG. The comparison for the output function can be seen in Fig. 7.18.
Interpolation better addresses the imperfections in the signal due to noise and amplifier

instabilities.
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FIGURE 7.18: Interpolation (blue) vs fitting (red) of a 200 ns burst peaks points.

Only a 200 ns burst window was tested using this approach, and the results showed that
saturation correction for a signal burst can be achieved within 10 iterations, as shown
in Fig. 7.19.
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FiGURE 7.19: Corrected amplified 200 ns burst width after 10 iterations.

The flexibility and other applications of this method have been explored. Various target
shapes can be set for different applications, delivering burst energies at different rates.
Here, 2 different “h” shapes have been demonstrated, and the results seen in Fig. 7.20
were achieved after 9 to 10 iterations. Starting from Fig. 7.15(c) with 200 ns BW, for
demonstration purposes, the target shape is highlighted in red, where 2 flat steps from
50% to 100% intensities each 100 ns long were set.
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(a) a reverse “h” shape achieved as after 9 iterations (b) an “h” shaped achieved as after 9 iterations

F1GURE 7.20: Non-uniform burst target shapes achieved using the iterative method.
Red lines show the target envelope shape; 100 ns steps from 50%to 100% were set.

7.2 Non-uniform burst window shaping

The algorithmic method was carried out to achieve a long signal correction due to its
flexibility and capabilities of simplifying an otherwise complicated mathematical prob-

lem. The development of saturation correction over a multi-burst signal was carried out
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FI1GURE 7.21: 100 pus non-uniform signal. 10:1 data points to peak ratio extracted from
oscilloscope.

at 100 ps to reduce the data size, increase computational speed, and for ease of visual-
isation of the changes. The approach was later tested up to 1 ms. Firstly, a 100-point
random binary array was created in MATLAB and exported to the AWG to create a
non-uniform burst train. 1 point equates to 1 ps and translates to opening or closing
the EOM. The optical signal after EOM is represented in Fig. 7.21. This also serves to
create the target shape (more on this later).

——10us, EOM

0.024
0.022

0.020 +

Voltage (V)

0.018

0.016

0.014 T T T T
0.0E+0 2.0E-4 4.0E-4 6.0E-4 8.0E-4 1.0E-3

Time (s)

FIGURE 7.22: 10 pus non-uniform signal. 1:1 data points to peak ratio extracted from
oscilloscope.

10,000 peaks exist in a 100 us period of a 100 MHz RR signal. The number of data
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points in Fig. 7.21 is 100,000, which is 10 times the number of peaks. This is the
minimum number of points that can be extracted from the oscilloscope to get an accurate
representation of the signal. Features are lost when fewer data points were extracted,
as shown in Fig. 7.22 where a 1:1 peak to data point ratio was exported (same pattern,
zoomed in). The maximum number of data points that can be extracted from the
oscilloscope used in this study was determined experimentally to be 1 million points. It
should also be noted that a maximum of 100,000 points array can be imported into the
AWG.
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FicUre 7.23: Amplified saturated output of 100 ps non-uniform signal.

At 11 W of pumping power, the saturated output was measured, and the results are
represented in Fig. 7.23. It is seen that noise and instabilities can be observed in the
signal. The use of a high-pass filter was tested; however, no significant improvements
have been observed. Instead, filtering was carried out computationally after importing
the signal. Firstly, all the amplitude values that fall below 40% of the maximum were set
to zero, removing all the ground-level noise and maintaining the array pattern. Secondly,
any point that falls outside 2 standard deviations (o) of the mean was initially set to
zero and then replaced with an average value between the leading and trailing non-zero
values to reduce the noise in the peaks of the signal. The peak location is then extracted
using the “findpeaks” function in MATLAB (See Fig. 7.24).

A new and reduced array size equal to the total number of pulses is created. For every
10 peaks, 1 peak represents a pulse, assuming that there can only exist 1 peak per 1
pulse. The total array number corresponding to each amplitude value is divided by
the number of the expected/ reduced array size and rounded to the nearest integer.
This creates a scenario where the location of the data point is the same for the product
of (oscilloscope array size/ reduced array size). The maximum value is extracted from
each set, assuming it corresponds to the actual peak. The temporal, peak and new array

number properties were inserted into a new array where all the non-peak values were set
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FIGURE 7.24: A snapshot of peak filtering in MATLAB. Oscilloscope trace (green) is
imported, the peaks were identified (black circles) and filtered (blue), horizontal lines
showing mean, upper and lower limits.

to zero. All these pre-processing steps were taken to ensure signal properties (pattern)
are maintained while eliminating noise that interferes with the calculations and is in an
appropriate format for the equipment to handle. During the first loop only, based on
the pre-processing, the target frame is also created at the reduced array size, which was
sent into the AWG, and no further analyses were done. These are common principles

used in imaging analysis that have been adapted to deal with this problem.

Oscilloscope Data

(a) Delay in the imported oscilloscope signal in MAT- (b) A snap shot from the oscilloscope showing the evo-
LAB between each loop. lution of optical noise after a number of iteration.

FI1GURE 7.25: Common issues encountered during development such as delay and noise.

As for the following loop iterations, the remaining steps were repeated using the reduced
array size as a frame instead of the initial 100-point array. Equation 7.2 is applied on the
non-zero values in each array while accounting for the delay in-between each oscilloscope
reading as seen in Fig. 7.25(a). This was carried out by finding the start of each non-
zero value and carrying out the calculation. Finally, post-filtering is applied to the data
again, setting any data point that falls outside 2 o to zero if it is at the edge of the
burst or to an average of the two neighbouring peaks. This is found to reduce an effect
that has been observed to parasitically grow any unfiltered noise peaks in each loop, as
shown in Fig. 7.25(b).
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FIGURE 7.26: Amplifier output after 3 correction loop runs for a 100 us signal.

The results are represented in Fig. 7.27; they suggest that correction of the output can
be achieved after 3-5 iterations for both 100 us and 1 ms signals, as shown in Fig. 7.26.
The equipment was pushed to the maximum number of data points at 1 ms for a 100

MHz frequency. A further time window can be achieved at a lower intra-burst RR.
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FIGURE 7.27: 1 ms non-uniform signal zoomed to 100 us; Inset: Flat peaks from 4
loop iterations for a 1 ms non-uniform signal.

Although gain-saturation correction and flat burst outputs were achieved for durations
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up to 1 ms, the speed of the electronics imposes a limit on the amount of data and
correction that can be processed at one time. Consequently, in a practical experimental
environment, the program would need to be executed multiple times for different pixel
lines, followed by separate loops applied to smaller data segments to achieve low noise
and accurate correction. Further work is also required to synchronise the microscope

with the laser system.

Moreover, the principles used here form the basis of several machine-learning approaches,
suggesting that the development of a machine-learning model could be beneficial for
handling this type of correction in order to achieve higher complexity levels of correction

at faster rates.






Chapter 8

Conclusions and Future work

8.1 Conclusions

To summarise, I have presented the development of various fibre-laser technologies
for multiphoton imaging applications. Different thulium fibres (both commercial and
purpose-developed) were used as gain media to generate laser output within the optical
transparency window of 1600-1850 nm. An emphasis on the development of novel pulse
compression and short thulium wavelength tuning techniques was investigated with the

purpose of generating more adaptive pulses for deep-tissue biological imaging.

A robust mode-locked fibre laser operating at 1845 nm, capable of producing compressed
pulse outputs of 380 fs, was developed using entirely non-PM components. The laser
relied on a CNT for saturable absorption to achieve mode-locking. The polarisation-
insensitive nature of the mode-locked laser cavity enhanced its stability and made it
resistant to small environmental changes, such as temperature fluctuations and vibra-
tions. The peak power performance was improved through CPA, which incorporated a
DCEF for pulse stretching, along with a series of thulium-doped amplifiers. A modulator
was placed before the second stage of amplification to reduce the RR, thereby increas-
ing the pulse energy per pulse while keeping the average power relatively low to avoid

thermal damage to biological samples.

This system was sent to IFLS, and it showed an increase in the penetration depth from
40 pm at the fundamental RR to 90 pwm, in a similar sample, at the lowest RR of 2
MHz. However, several limitations on the maximum attainable depths for imaging were
identified. Although reducing the RR increased the peak power and allowed for greater
penetration depths, excessively lowering the RR could lead to complications such as
increased ASE and parasitic lasing that give rise to photon shot noise during imaging.
Therefore, alternative methods for scaling peak powers while maintaining low average
power are necessary. Additionally, the operating wavelength of the laser was not at the

minimum water absorption, which increased the risk of thermal damage to the tissue.

129
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Therefore, the next work was carried out to develop novel ways of increasing the peak
power without RR manipulation but rather by enhanced pulse compression. Simultane-
ously, the operating wavelength of the laser was shifted to be shorter for lower biological
attenuation. These systems featured a short length of TDF, which minimised the reab-
sorption of the signal at the short wavelength, resulting in a 1789 nm laser output. The
net dispersion of the laser of the mode-locked cavity was shifted towards zero, ensuring
maximum laser output and bandwidth were emitted. This gave a TFL pulse duration
of 270 fs, which was much shorter than any of the previously developed ML lasers in

this project.

A novel amplifier design was adopted to achieve an even shorter compressed pulse du-
ration. Two nonlinear compression methods were explored. The first involved the man-
agement of the input chirp into the final amplifier by controlling the input pulse width,
dependant upon the length of the DCF used, which resulted in a 180 fs although pulse
with significant pedestal generation. The second method that was explored also resulted
in a 180 fs compressed pulse duration, but the generated pedestal was much lower. This
was due to the generation of a coherent pulse broadening of the pulse in a positive
near-zero dispersion, HNF before CPA. Both techniques, however, involved the use of
a free-space compressor grating to compress the pulse due to the high peak powers

traversing the fibre.

Another mode-locked fibre laser was built, exploring the limit of the short wavelength
emission. Bending-induced losses of a low V-number DCF were used, creating a short
pass filter with a strong suppression of the long wavelengths and a tunable cut-off wave-
length dependent on the bending diameter. The strong suppression allowed the use of
longer TDF in the mode-locking cavity, thus increasing the output pulse energy. Fur-
thermore, a tunable mode-locked cavity emitting pulses from 1900-1725 nm, makes it
ideal for many applications requiring wavelength specific outputs. The ML laser used
CNT as a SA, and the dispersion managed to ensure a net negative dispersion yet close
to zero, creating a stretch-pulse soliton with a Gaussian-like spectrum, which is better
for pulse compression than a dissipative soliton. This resulted in a 320 fs compressed
pulse duration with no observable pedestal. The laser output was enhanced using a

novel amplification method utilising a short pass filter for enhanced ASE suppression.

Initially in the project (Chapters 3-5), the ultrafast pulses were generated from mode-
locked cavities. This proved to be a challenging and time-consuming task throughout
the PhD as it requires careful cavity design to ensure balanced gain, losses, dispersion
and nonlinear management. An alternative laser source was proposed for the ultrafast
pulse generation as it is an off-the-shelf, cheap, environmentally stable and electrically
tunable source. Laser diodes, however, output low-power, picosecond pulses with a
narrow bandwidth and nonlinear chirp, making it challenging to compress them into
femtosecond pulses. To enhance the pulse energy, a series of amplifiers was built and

the higher peak power was used to broaden the pulse spectrum in an HNF fibre. Various
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compression methods were tested in the later stages, and it was found that the use of a
spectral filter was necessary for pedestal suppression. Whereas a two-stage compression
method involving an initial linear compression and nonlinear compression by soliton
formation in an amplifier was found to output pulse durations down to 560 fs, proving

great potential for biological imaging applications.

Moreover, it should be highlighted that the two-stage nonlinear compression method was
featured in both chapter 4 as NCPA and chapter 6 as soliton compression. The former
caused coherent pulse broadening in a normal dispersion HNF, whereas the latter showed
coherent pulse broadening and compression in an anomalous dispersion amplifier. The
common dominator is the linear pulse compression at the input of the nonlinear stages,
which results in an “exaggeration” of the wanted nonlinear effects that lead to coherent
pulse broadening over the unwanted nonlinear effects that lead to optical pulse breaking
or Raman. This is because, the linear part of the SPM induced positive nonlinear
chirp, which scales with the “steepness” of the optical pulse. This technique holds
exciting potential in ultrafast pulse generation in the anomalous dispersion region where

parabolic pulse shaping is not possible.

Finally, the LD source was used in conjunction with an AOM, AWG, PG and assisted
computational programming to simulate an arbitrary spread of ROI by an arbitrary pulse
train made up of optical bursts of pulses. Two methods for pre-shaping the optical signal
into an amplifier chain to correct for gain saturation effects during amplification of a
non-uniform burst signal have been demonstrated on a single burst as short as 50 ns,

which was adapted to a multi-burst signal up to 1 ms.

8.2 Future work

8.2.1 Upgrading current imaging technology

Throughout the project, several innovative systems were built featuring novel techniques
for pulse generation and compression separately. These techniques should be combined
into a single optimum system for multiphoton imaging as proposed in Fig. 8.1. Fur-
thermore, the effects of the shorter wavelength and compressed pulse duration on the
deep-tissue imaging need to be investigated, and the limitations for deeper imaging need
to be identified to build a laser capable of overcoming them. The first step would be
replacing the source of the current imaging laser with the 1789 nm ML laser and adding
the HNF fibre directly at the output of the fibre to produce a broad coherent spectrum,
as mentioned in chapter 4. With the incorporation of the amplifier stage post modulation
as used in the current imaging laser. Higher peak powers will be achieved, at the lower
RRs, due to the enhanced pulse compression detailed in chapter 4. This gives 2 initial

metrics for deep-tissue imaging investigation, capitalising on enhanced compressed pulse
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and shorter wavelength. The initial stages of the amplifier have already been tested and
characterised as seen in chapter 4; however, the rest of the system and incorporation of
the optical modulators still need to be developed, optimised, and characterised before
for nonlinear imaging. Alternatively, the tunable ML seed laser presented in chapter 5
can be incorporated into the imaging laser, along with the nonlinear pulse amplification
and compression detailed in the same chapter. This would allow for the simultaneous
investigation of the effect of different wavelength emissions on deep-tissue imaging. The
challenge of this approach would be in the amplification, since the thulium gain profile
is not flat; therefore, different wavelengths would experience different powers and pulse
evolution in the system and may result in unexpected outcomes. To make this possi-
ble, investigations need to be taken into developing a flat gain profile thulium amplifier

similar to the ones seen in telecom applications.
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F1cURE 8.1: Schematics of the imaging laser incorporating NCPA and operating at
the short wavelength of thulium.

Nonetheless, the expected imaging results from the updated laser system would suggest
the next steps to be taken are to aim to refine those techniques demonstrated thus far
for achieving higher pulse energies and shorter compressed pulse durations below 100
fs. Both can be done with careful management of the pulse evolution and amplifica-
tion while accounting, and compensating for, higher-order dispersion effects. Whereas,
the optimum wavelength for imaging would be identified and tested since the short-
est achievable wavelength from thulium fibre is very close to the shortest wavelength

feasible, as demonstrated in chapter 5.

8.2.2 Alternative to mode-locked systems

In chapter 7, the usability and potential of a GSLD as an alternative pulsed laser source
to mode-locking were demonstrated. Computer integration, electronically controlled
thermal stability, complex waveform generation and femtosecond pulse generation were
shown. This provides a compact, cost and time-effective solution for multiphoton imag-

ing sources. Many readily available components that emit various wavelengths can be
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easily purchased and integrated into a laser system, addressing the critical issue of short
wavelength emission in thulium-based mode-locked lasers. The caveat, however, is the
pulse-to-pulse jitter (or fluctuation) and degradation of the side mode suppression ratio
as a result of electronically driven emission and voltage-dependent refractive index in the
diode laser cavity. Future work, with these sources, should include careful monitoring
and control of the pulse-to-pulse jitter and aim to mitigate this. Methods in literature
that have been shown to reduce this effect include injection of CW light into the laser

cavity or self-seeding.

Another improvement that can be used in the system presented in chapter 6 is in the
pulse compression. The first limitation is believed to come from the bandwidth of the
spectral filter, as it was too broad for the generated spectrum, allowing some nonlinear
chirp to transmit to the subsequent stage of compression and manifesting as a pedestal.
This can be improved by a SPM-induced spectral broadening or via the use of a narrower
spectral filter. Aside from the offset filter induced saturable absorption, other artificial
saturable absorption mechanisms, such a NALM/NOLM, can be integrated into the

system to improve the pedestal suppression and overall pulse coherence for compression.

Furthermore, the pulse compression demonstrated great benefits from the anomalous
dispersion of the fibres used at this lasing wavelength. However, a deeper understanding
of the compression method is needed by investigating the generation of higher-order
solitons or adiabatic pulse compression in the final stages, and their effects on the final
pulse output. More sophisticated measuring equipment, such as FROG, if available,
can be used to reveal a more in-depth insight into the compressed pulse chirp. Thus
enabling prediction of the pulse evolution in the system can be made thus improving the
overall pulse compression by applying methods to reduce/ compensate for higher-order

dispersion effects, such as specialised fibres with waveguide shifted dispersion design.

Finally, the arbitrary pulse train generation and gain compensation technology should
be combined with the ultrafast GSLD work (or with mode-locked systems) for selective
imaging of biological samples. Before applying this for real-world uses, the technology
developed should be applied using a shorter-wavelength laser diode, as it will benefit
from deeper tissue penetration. Furthermore, fine-tuning parameters of the method to
solidify the usability of the system includes the use of faster driving electronics, allowing
a shorter initial pulse generation and lower RR. There would be a rise in the risk of
generating higher levels of ASE as a result of the reduced duty cycle. To prevent this,
an additional pre-amplification stage should be added or a spectral filter. Alternatively,
a high RR could be set from the initial laser diode driver, and after the initial pre-amp

stages, an optical modulator can be used to lower the RR.
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8.2.3 Mamyshev oscillator

As depicted in Fig. 8.2, a Mamyshev oscillator (MO) consists of two MRs. The work
carried out in chapter 6 can be expanded and steered in the direction of forming an MO,
which would be capable of producing very high output pulse energies and femtosecond
pulse durations. Two potential architectures can be adopted to achieve this, either by
means of building a linear or circular cavity. A linear cavity would require a reflective
grating filter at either end of the amplifier chain, whereas the circular cavity would use
two bandpass filters separating the amplifiers and spectral broadening sections. The filter
used would also need to be offset from the central peak of the seed pulse, as well as being
both blue and red-shifted. The separation distance of the spectral filters also plays a
role in the output pulse bandwidth, energy and overall compression; therefore, a tunable
filter should be used to identify the optimum operational parameter of the oscillator.
A tunable filter source would have the added benefits of creating a starting mechanism
since such lasers often struggle with self-starting. Another major issue with such a
mode-locked cavity at the anomalous dispersion wavelength is the soliton formation,
which greatly limits the pulse energy formed from such cavities and may result in optical
wave-breaking as a result of the high power used to drive the system. Throughout the
thesis, several techniques mitigating these effects have been discussed, and studies can

be applied and tested in this laser format.

A SPM + Gain A A

3 Blue Offset filter
Red Offset filter
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FIGURE 8.2: Schematics of the Mamyshev oscillator.

8.2.4 Novel thulium-doped fibres

Several thulium-doped fibres were tested through this project and were used in different
applications. However, all the active fibres tested have an anomalous dispersion. There
have been reports in literature of normal dispersion thulium-doped fibre, such as soft
glass fibres (ZBLAN) and the W-type fibre made in-house at Nanyang Technological
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University. Such fibres allow parabolic pulse propagation and are of great interest in
nonlinear applications and pulse compression since the phase function as a result of the
nonlinearity in such a pulse is largely linear across the pulse shape. Therefore, they
allow for high pulse energy and broad pulse bandwidth, mitigate optical wave-breaking
effects, and provide excellent pulse compression with suppressed pedestal formation.
To date, no report of parabolic pulse formation in silica-based thulium fibres has been
mentioned. These fibres have great potential to achieve this, either by integrating them

into amplifiers or mode-locked cavities.
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Appendix: A

8.4 MATLAB CODE

8.4.1 Correction script

dir = 'C:\Users\...... '
seedfreq = 100000000; % hz
minperiod = 1/seedfreq;
count = 1;

inu = 0;

pat_one = [0 1 01 1 0 0 1 1 0] ; %%% this can be flipped

roi = lus aim for 1ms

pat_ten = [pat_one pat_one pat_one pat_one pat_one pat_one
pat_one pat_one pat_one pat_onel;’% 100us

pat_ten pat_ten pat_ten pat_ten pat_ten]; 7 1ms

frame = [0 pat_ten pat_ten pat_ten pat_ten pat_ten pat_ten
pat_ten pat_ten pat_ten pat_ten 0]; 7 1ms

vt_vpi = frame; 7 pick the snap shot i am doing the analysis

on

xAWGtime 1:100000; % to be put in AWG time scale test

Pat2pnts length (xAWGtime)/length(pat_ten);

talktoAWGlong;

pause (2) 7 AWG too slow at reseting give time to read scope

while count "= inu
inu = count;
sprintf ('itt no = %d ', inu-1)
readingscopefunlong;
%% load File and data
filtered = [waveform.XData' waveform.YDatal;

filteredcell{inu,1} = filtered;
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filename = sprintf('ItterationNumberd.csv', (inu-1));

fullFileName = fullfile(dir, filename) ;

writematrix(filtered,filename) ;

% find peak
pkstime = [];
pks= [];
pkslocst = [];

max (filtered (:,2));

minval = min(filtered(:,2));

maxval

midval = ((maxval - minval)/2.5) + minval; J the bigger
the divisioon the smaller the center
arrlarr2 = length(filtered(:,2))/length(xAWGtime) ;

for i = 1:1length(filtered(:,2))
if filtered(i,2) <= (midval)
filtered (i, ?2) 0;

else
filtered(i,?2)

filtered (i,2);
end

end

[pks, locs] = findpeaks(filtered(:,2));
for x = 1:length(locs)
pkslocst(x) = filtered(locs(x) ,1);

end

stpks = std(pks);

avpks = mean (pks);

upst = avpks + 2*xstpks;

lowst = avpks - 2xstpks;

figure (6)

hold on
plot(filtered(:,2),'g")
plot(locs,pks, 'ok"')

% plot(filtered(:,2),'ob"')
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yline (lowst, 'r')

yline (upst, 'r')

yline (avpks, 'k')

if pks(k) < lowst
pks (k) = 0;
%locs (k) = 0;

end

end

plot(locs,pks, 'xb")
hold off

%% filtering extra peaks out

knt = 1;
%method of find the highest point
while knt <= length(locs10k) -1
if locs10k(knt) == locs10k (knt+1)
if pks(knt)>= pks(knt+1)
pks (knt+1) = [];
locs10k (knt+1) = [];
pkslocst (knt+1) = [];
elseif pks(knt) < pks(knt+1)
locs10k (knt) = [];
pks (knt) = [];
pkslocst (knt) = [];
end
else
locs10k (knt) = locs10k(knt);
pks (knt) = pks(knt);
pkslocst (knt) = pkslocst (knt);
knt = knt + 1;
end

end

%% interoplation
P2 YA
stepdiv =

there used to be a -1 here

(length (xAWGtime) -1)

(max(filtered(:,1))-min(filtered(:,1)))/(
length (xAWGtime) -1) ;% convert from 400k to 10k in time

length(filtered(:,1))/(length (xAWGtime) -1);
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stepdivl = (max(locs)-min(locs))/(length(xAWGtime)-1); %

convert from 400k to 10k in loaction

templ0k = zeros(l,length(xAWGtime)) ;

for n = 1: length(locs10k) % adding true values
templ0k (locs10k(n)) = pks(mn); % +1 to adjust for
rounding error
inpkstime (locs10k(n)) = pkslocst(n);

end

for n = 2: length(templ0k) -1

if templ0k(n) == 0 && templOk(n+1l) “= 0 && templOk(n-1)
=0
templ0k(n) = (templOk(n+1) + templOk(n-1))/ 2 ;
end
end
figure (1)
hold on

plot(filtered(:,1) ,filtered(:,2),'g")
plot (inpkstime , templOk,'r"')

plot (inpkstime , templ10k, 'o"')

plot (pkslocst ,pks, 'x')

yline (lowst)

yline (upst)

yline (avpks)

pkstime = inpkstime; % or locs 7
pks = templOk;
% make sure peaks are the same number
figure (2)
hold on
plot (filtered (:,1) ,filtered(:,2),'g")
plot (pkstime,pks, 'k')
hold off

%% normalising pk (0-1) and time (0-bw)
npks = pks/max (pks);
npkstime = pkstime- min(pkstime);
normpkarr = [npks; npkstime];

figure (3)
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hold on
plot (npkstime ,npks)
%% shape target
if inu == 1 % itt 1 is just to creat a new sqaure pulse

with new time shift

for 1 = 1:length(pks)

if pks(i) == 0
nfi(i) = 0;

else

nfi(i) = 1;

end % code line for square shape
nfi_square = nfi; % this fixes target to
correction function

sqnfitime = npkstime;

end

end

%% Avarage / median / mode saturated
meanpks = mean (npks);
midpks = median(npks);
yline (meanpks, 'r')
yline (midpks, 'b"')
hold off

%% moving points

figure (4)
hold on
plot (npkstime ,nfi_square, 'x')

plot (npkstime ,nfi,"'.")

%% correct for time delay

if inu "= 1 % itt 1 is just to creat a new sqaure pulse

with new time shift

allonessquare = find(nfi_square == 1);
firstone = allonessquare (1) ;
lastone = allonessquare (end) ;

allnonzeroks = find(npks “= 0);
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firstnonzero = allnonzeroks (1);
lastnonzero = allnonzeroks (end);
arrdiffitt = firstone - firstnonzero;

still appropreiat
% NEEDS TO ADD A SHIFT IN TIME
nfi = nfi/max(nfi);

nfi = real(nfi);

plot (npkstime ,nfi)
%% Avarage / median / mode for correction input
meanpksl (inu) = mean(nfi);
midpksl (inu) = median(nfi);
yline (meanpksl (inu), 'g')
yline (midpks1 (inu),'y")
hold off
%% normalising Prediction for LabView
auc = (length(xAWGtime) -0)/(max(pkstime)-min(pkstime));
% coneversion constant
arbtime = aucx*npkstime;’ time 0-500
%% EOM Response
vt_vpi = (acos(1-(2*nfi)))/pi;

vt_vpi = vt_vpi/ max(vt_vpi);

nonzerovt = vt_vpi(vt_vpi 7=0);

stvt std (nonzerovt) ;

avvt = mean (nonzerovt) ;

vtupst = avvt + 2.5*xstvt;

vtlowst = avvt - 3.5%xstvt;

% get rid of side peaks only make them zero

for k = 2: length(vt_vpi) - 1

if vt_vpi(k) < vtlowst
pks (k) = 0;
%locs (k) = 0;

end

end

figure (5)
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hold on

plot (arbtime ,vt_vpi, 'x')
yline (avvt, 'r')

yline (vtupst, 'k"')

yline (vtlowst, 'k"')

hold off

talktoAWGlong;

vt_vpi = [];

count = count + 1;
pause (5)

%count = count +1;

end

8.4.2 AWG communication

awgwaveform = vt_vpi;’ depends on the snap shot i am doing
the analysis on
awgwaveform = awgwaveform / max(awgwaveform) ;
timeVec = 1l:length(vt_vpi);
%% links to AWG
interfaceObj = instrfind('Type', 'visa-usb', 'RsrcName', '
USBO::0x0699::0x034C::C012545::0:: INSTR', 'Tag', '');
% Create the VISA-USB object if it does not exist
% otherwise use the object that was found.
if isempty(interfaceObj)
interfaceObj = visa('NI', 'USB0O::0x0699::0x034C::C012545
::0::INSTR'");
else
fclose(interfaceObj) ;
interfaceObj = interfaceObj (1);

end

interfaceObj.0OutputBufferSize = 5120000;
% Set the |ByteOrder| to match the requirement of the

instrument
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interfaceObj.ByteOrder = 'littleEndian';% this sets it to
the lowest order of bytes

% Open the connection to the function generator

fopen(interfaceObj);

% Reset the function generator to a know state ..... this
shuts AWG

fprintf (interfaceObj, '*RST');

fprintf (interfaceObj, '*CLS;');’% with is one it helps reduce
the delay between traces

%% arb wavform stuff dont understand

awgwaveform = round((awgwaveform*2)*8191) ;

awgwaveformLength = length(awgwaveform) ;

% Encode variable 'awgwaveform' into binary awgwaveform data
for AFG. This is the

% same as AWG5000B but marker bits are ignored. Refer to
AWG5000B series

% programmer manual for bit definitions.

binblock = zeros(2 * awgwaveformLength, 1);

binblock (2:2:end)

binblock (1:2:end) bitshift (awgwaveform, -8);

binblock = binblock';

% Build binary block header

bytes = num2str (length(binblock));

header = ['#' num2str (length(bytes)) bytes];

bitand (awgwaveform, 255);

% Resets the contents of edit memory and define the length
of signal

fprintf (interfaceObj, ['DATA:DEF EMEM, ' num2str(length(
timeVec)) ';']1); %1001

% Transfer the custom awgwaveform from MATLAB to edit memory
of instrument

fwrite(interfaceObj, [':TRACE EMEM, ' header binblock ';'],
'uint8 ') ;

% Associate the awgwaveform in edit memory to channel 1

fprintf (interfaceObj, 'SOUR1:FUNC EMEM');

%% my settings burst

fprintf (interfaceObj, 'TRIGger:SEQuence:S0URce EXTernal');

fprintf (interfaceObj, 'SOURcel:BURSt:STATe ON');

fprintf (interfaceObj, 'SOURcel:BURSt:MODE TRIGgered');

fprintf (interfaceObj, 'SOURcel:BURSt:NCYCles 1');

fprintf (interfaceObj, 'SOURcel:VOLTage:LEVel:IMMediate:HIGH
6.5V"');



Chapter 8 Appendix: A 159

fprintf (interfaceObj, 'SOURcel:VOLTage:LEVel:IMMediate:LOW 1
AP
fprintf (interfaceObj, 'SOUR1:FREQ:FIXed 10kHz'); % 33Hz = 30
ms time width
% % Resets the contents of edit memory and define the length
of signal
fprintf (interfaceObj, ':0UTP1 ON');

8.4.3 Oscilloscope communication

%% Interface configuration and instrument connection

% The second argument to the VISA function is the resource
string for your

% instrument

visaObj = instrfind('Type', 'visa-usb', 'RsrcName', 'USBO::0
x0957 ::0x1755::MY48260183::0:: INSTR', 'Tag', '');

if isempty(visaObj)
visaObj = visa('NI','USBO::0x0957::0x1755::MY48260183
::0::INSTR');
else
fclose(visaObj);
visaObj = wvisaObj(1);

end

% Set the buffer size

visaObj.InputBufferSize = 100000000;% 10x bigger than
wavepoints

% Set the timeout value

visaObj.Timeout = 10;

% Set the Byte order

visalObj.ByteOrder = 'littleEndian';

% Open the connection

fopen(visaObj);

%% Instrument control and data retreival

% Now control the instrument using SCPI commands. refer to
the instrument

% programming manual for your instrument for the correct

SCPI commands for
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% your instrument.

% Reset the instrument and autoscale and stop

% fprintf (visalObj,'*RST; :AUTOSCALE');

fprintf (visaObj,':STOP');

% Specify data from Channel 1

fprintf (visaObj,':WAVEFORM: SOURCE CHAN2');

% Set timebase to main

fprintf (visaObj,':TIMEBASE:MODE MAIN');

% Set up acquisition type and count.

%fprintf (visaObj,':SYSTem:PRECision on');

% fprintf (visalObj,':ACQUIRE:TYPE NORMAL');

fprintf (visaObj,':ACQUIRE:COUNT 1');

% Specify 5000 points at a time by :WAV:DATA?

fprintf (visaObj,':WAV:POINTS:MODE raw');

fprintf (visalObj,':WAV:POINTS 100000');% 100,000 (10mns) in a
ms 1 point = 1 pk

% Now tell the instrument to digitize channell

fprintf (visaObj,':DIGITIZE CHAN2');

% Wait till complete

operationComplete = str2double(query(visalbj,'*0PC?7'));

while “operationComplete

operationComplete = str2double(query(visalObj,'*0PC7"'));

end

% Get the data back as a WORD (i.e., INT16), other options
are ASCII and BYTE

fprintf (visaObj,':WAVEFORM:FORMAT WORD');

% Set the byte order on the instrument as well

fprintf (visaObj,':WAVEFORM:BYTEORDER LSBFirst');

% Get the preamble block

preambleBlock = query(visaObj,':WAVEFORM:PREAMBLE?');

% Now send commmand to read data

fprintf (visaObj,':WAV:DATA?');

% read back the BINBLOCK with the data in specified format
and store it in

% the waveform structure. FREAD removes the extra terminator

in the buffer

waveform.RawData = binblockread(visaObj,'uintl6'); fread(
visaObj ,1);

% Read back the error queue on the instrument

instrumentError = query(visaObj,':SYSTEM:ERR?');
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while “isequal (instrumentError ,['+0, ''No Error'' ' char(10)
iD)
disp(['Instrument Error: ' instrumentError]);

instrumentError = query(visaObj,':SYSTEM:ERR?7');
end
% Close the VISA connection.
fclose(visalObj);
%% Data processing: Post process the data retreived from the
scope
% Extract the X, Y data and plot it
% Maximum value storable in a INT16
maxVal = 2716;
% split the preambleBlock into individual pieces of info
preambleBlock = regexp(preambleBlock,',', 'split');
% store all this information into a waveform structure for
later use
waveform.Format = str2double (preambleBlock{1}); % This
should be 1, since we're specifying INT16 output
waveform.Type = str2double(preambleBlock{2});
waveform.Points = str2double(preambleBlock{3});

waveform.Count = str2double(preambleBlock{4}); % This
is always 1

waveform.XIncrement = str2double (preambleBlock{5}); % in
seconds

waveform.X0rigin = str2double(preambleBlock{6}) ; % in
seconds

waveform.XReference str2double (preambleBlock{7}) ;

waveform.YIncrement = str2double (preambleBlock{8}); % V

waveform.Y0rigin = str2double(preambleBlock{9});
waveform.YReference = str2double (preambleBlock{103});

waveform.VoltsPerDiv = (maxVal * waveform.YIncrement / 8);
hV
waveform.Offset = ((maxVal/2 - waveform.YReference) x*
waveform.YIncrement + waveform.YOrigin); bV
waveform.SecPerDiv = waveform.Points * waveform.XIncrement
/10 ; 7 seconds
waveform.Delay = ((waveform.Points/2 - waveform.XReference)

* waveform.XIncrement + waveform.XOrigin); % seconds
% Generate X & Y Data
waveform.XData = (waveform.XIncrement.*(1l:length(waveform.

RawData))) - waveform.XIncrement;
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waveform.YData = (waveform.YIncrement.*(waveform.RawData -
waveform.YReference)) + waveform.Y0Origin;

% Plot it

figure (7)

hold on

plot(waveform.XData,waveform.YData) ;

set (gca, 'XTick',(min(waveform.XData):waveform.SecPerDiv:max (
waveform.XData)))

xlabel ('Time (s)');

ylabel ('Volts (V) ');

title('Oscilloscope Data');

grid on;

hold off
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