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Short-pulsed mid-infrared (MIR) lasers are highly attractive for applications in areas
such as spectroscopy, materials processing, free-space communications, and
medical treatment. Synchronously pumped optical parametric oscillators (SPOPOs),
converting near-infrared pulses to the MIR, are often used to service these
applications. In the application of materials processing, successful implementation
of resonant infrared pulsed laser deposition of polymer films requires picosecond
(ps) pulses of W energy. In medical applications, high peak power laser sources with
output in the MIR spectral range are a highly attractive choice for high-precision
surgery as they are suitable for the ablation of both soft and hard tissues with very
little collateral damage. Temporal synchronization between the pump pulses and
the resonant signal is required in ultrashort pulse MIR SPOPOs. This becomes a
challenge when trying to generate high-energy and high-peak-power ps pulses at
low repetition rates, since this dictates the need for long OPO cavities. This thesis
presents the development of high-energy ps-pulsed MIR OPOs based on periodically
poled Lithium Niobate (PPLN) crystals and pumped using an ytterbium-doped fibre
(YDF) master oscillator power amplifier (MOPA) system.

For the first method, a high-repetition-rate, tabletop-sized, MIR ps-pulsed SPOPO
was realised with burst-mode operation. Under continuous mode (CM) pulsed
operation, at a 1.5-GHz repetition rate and 14-W pump power, an idler (2992 nm)
average power of 2.4 W (~30 W peak power) was achieved, with an idler wavelength
tunability of 2260 — 3573 nm. Through the addition of an electro-optic modulator
(EOM) to the MOPA pump system, acting as a time gate to suppress a variable
number of pulses per 1 us, burst-mode operation of the OPO at a 1-MHz inter-burst



repetition rate was realised. By varying the burst window time with the EOM,
controllable idler peak powers of up to 1.2 kW were then achieved.

The next method proposed to reduce the footprint of SPOPOs was to use a fibre-
feedback OPO cavity, where a long length of optical fibre is employed in the cavity,
replacing the free space beam path for synchronous pumping and hence acting as
an intracavity delay line. Initially a fibre-feedback OPO using a standard solid-core
feedback fibre was realised. The OPO operated at 1-MHz repetition rate and
generated maximum idler and signal pulse energies (peak powers) of 1.24 u (9.7
kW) and 3.10 wJ (17.1 kW) respectively. However, due to the high intracavity signal
peak powers, strong intracavity nonlinearities were observed even in a cavity with
90 % signal loss. This significantly hinders the power-scalability of the system.

To reduce the cavity nonlinearities, the solid-core feedback fibre was replaced by,
for the first time ever, a novel hollow-core fibre (HCF). In this first demonstration of
an HCF fibre-feedback OPO, MIR (2948 nm) pulses with a pulse energy (peak power)
of up to 1.50 W (11.7 kW) were achieved and significant reduction in cavity
nonlinearities were observed. The OPO also has signal and idler wavelength ranges
of 1472.0 — 1758.2 nm and 2559.1 — 3562.7 nm. The further power-scaling of the
system was shown to be limited by fibre nonlinearities within the YDF MOPA pump
system due to the high peak powers.

Through the reduction of fibre nonlinearities in the YDF MOPA pump system, the
HCF fibre-feedback OPO was successfully power-scaled achieving a maximum signal
(1600 nm) pulse energy (peak power) of 10.05  (72.3 kW) nm and a maximum idler
(2967 nm) pulse energy (peak power) of 5.13 pJ (36.9 kW). This represents the
maximum MIR, as well as the maximum total converted pulse energy (15.18 W),
ever achieved from a fibre laser pumped ps SPOPO. Using two different PPLN
crystals of different poling periods, a wider tunable output of 1329 —-1641 nm (signal)
and 2841 — 4790 nm (idler) were also achieved with the HCF fibre-feedback OPO.

Using the HCF fibre-feedback OPO developed, MIR power delivery in a novel HCF
fibre was conducted showing a possible real-world application. MIR power delivery
of ranges 2.85 —3.33 um and 3.12 — 3.58 um are achieved with two different pieces
of HCF with different transmission windows. A maximum average (peak) power of
592 mW (4.9 kW) and 133mW (1.1 kW) were delivered over 5-m and 108-m lengths
of HCF, respectively, at a coupling efficiency of ~70%. This is the first hundred-
meter-scale (108-m) high-power, near-diffraction-limited MIR pulse delivery using
HC-ARFs demonstrated.
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Chapter 1

Chapter 1 Introduction

1.1 Motivation

The field of nonlinear optics has always been closely related to the development of
lasers, since many nonlinear optical phenomena can only be observed in nonlinear
media under the presence of light with high intensity, which can only really be
fulfilled with laser sources. The first demonstration of a laser was in 1960 [1] by
Maiman using a ruby crystal to generate 694-nm red light, and only a year later in
1961 the first observation of second harmonic generation (SHG), a common
nonlinear optical effect, was reported by Franken [2] using a quartz crystal.
Nonlinear optical phenomena have been proven to be very useful in extending the
wavelength range of lasers through frequency conversion. This includes converting
light to shorter wavelengths e.g. SHG [2 — 4] and sum frequency generation (SFG)
[5], as well as to longer wavelengths through e.g. optical parametric devices [6],
Raman lasers [6, 7] and supercontinuum generation [8]. The process of interest for
the work presented in this thesis is based on optical parametric oscillation for
frequency conversion from the near-infrared (NIR), i.e. 0.8 — 2 um wavelength, to

the mid-infrared (MIR) region, i.e. 2 — 20 um.

Ultrashort-pulsed MIR lasers have many important applications such as
spectroscopy, materials processing, free-space communications and medical
treatment [9 — 12]. In the application of material processing, successful
implementation of resonant infrared pulsed laser deposition of polymer films
requires picosecond (ps) pulses of W energy [13]. In medical applications, high peak
power laser sources with output in the MIR spectral range are a highly attractive
choice for high-precision surgery as they are suitable for the ablation of both soft

and hard tissues with very little collateral damage [14, 15].

Synchronously pumped optical parametric oscillators (SPOPOs) are commonly used
as ultrashort-pulsed MIR laser sources through frequency conversion from the NIR.
However, SPOPOs require temporal synchronisation between the pump and the
resonated signal when used to produce ultrashort pulses. Hence, the lower the
repetition rate the longer the length requirement for an SPOPO cavity. For example,
in [16], where the repetition rate is 100 MHz, the SPOPO cavity has a length of 3 m.

1
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In [17], an 8.16 m cavity is required to achieve synchronous pumping at 36.7 MHz
repetition rate, where 10 mirrors are used to fold the cavity in order to keep the
cavity compact. It can be seen that the cavity length can quickly become very long
as the repetition rate decreases. Thus, this limitation imposes great challenges
physically in building compact free-space SPOPOs operating at low repetition rates
for high pulse energies and high peak powers. The main focus of this thesis is the
study and development of high-energy MIR picosecond SPOPOs with compact cavity

designs.

One method of increasing the compactness of a short-pulsed OPO is to set the cavity
length to a fraction of the length required for synchronous pumping. This type of
technique is known as a high-harmonic cavity OPO [18, 19]. Up to 9.4 kW peak-
power idler pulses were achieved in [18]. However, a high-harmonic cavity OPO
generates idler output at relatively low efficiency and at the cost of restricted signal
output (due to the requirement for a high reflectivity (HR) signal-resonant cavity)
and higher thresholds [20].

Another simple method of achieving a compact OPO with high peak power output
is by using a high repetition rate cavity in burst-mode operation [21 — 24]. Burst-
mode OPOs, pumped by a burst of pulses with a high intra-burst pulse repetition
rate but a low inter-burst pulse repetition rate, simultaneously allow high peak
power and a high repetition rate [21, 23]. Through this method, a controllable idler
peak power of up to 8.4 kW was previously achieved [23]. However, as will be shown
in Chapter 3 [24], the cavity signal oscillation has to be re-established for every burst
pulse. Thus, the amplitude of the output pulses will be non-uniform across the burst.
Moreover, the controllable peak power is limited by the minimum number of pulses

per burst required for cavity oscillation to build up.

An alternative method to reduce the footprint of an SPOPO is to employ a piece of
optical fibre within the cavity to replace the free-space beam path, acting as an
intracavity delay line, and to achieve synchronous pumping with a compact cavity.
This type of cavity is known as a fibre-feedback cavity. Although this type of OPO
was first reported in 2001 [25], most of the recent works focus on using the
feedback-fibre for dispersion compensation of ultrafast pulses [20, 26] rather than

compensating for cavity length to allow low repetition rate SPOPO operation in a
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compact cavity. In previous works conducted within my group [27], a 7.19 MHz fibre-

feedback OPO was developed, achieving pulse energies of 0.19 w at 3.6 um.

In addition to OPOs, other methods for achieving high power MIR laser sources are
also available. Within the area of optical parametric conversion, optical parametric
generation (OPG) [28 — 30], optical parametric amplification (OPA) [29, 30] and
difference frequency generation (DFG) [31, 32] can also be used to generate MIR
light. In all three cases, due to the lack of a cavity and associated synchronous
pumping requirement, the compactness of the systems is not limited by the pulse
repetition rate. OPGs can indeed generate broadband MIR, however the high pump
threshold and low conversion efficiency [29, 30] limit the generation of high output
power due to laser induced damage of nonlinear crystals at high pump powers. In
addition, the output beam quality is usually poor due to lack of a transverse cavity
mode constraint compared to an OPO. On the other hand, OPAs and DFG have lower
thresholds and provide higher efficiencies. However, due to the requirement of an
additional seed laser, the tunability of OPA sources is heavily limited by tuning

characteristics of the seed laser [24].

It is also possible to generate MIR light through conventional stimulated emission,
using Cr or Fe doped chalcogenide materials as the gain medium [33], with the
former used for 2-3 um wavelengths [34, 35] and the latter for 3 - 8 um wavelengths
[36, 37]. However, these materials have been shown to have low damage thresholds
of 12 kW/cm? [35], which makes it a limiting factor for power scaling, especially at
low repetition rate with ultrashort pulses, where the peak power and peak intensity
are both very high. On the other hand, nonlinear crystals used in optical parametric
conversion such as periodically poled Lithium Niobate (PPLN) can be pumped with
peak intensities of the order of 100 MW/cm? [32]. Also, for gain materials such as
Fe doped ZnSe, a commonly used chalcogenide host material, liquid nitrogen cooling
of the gain material [28] (which increases the complexity of the experimental setup)
is required to prevent quenching of emission at temperatures above ~100 K (-
173.15 °C) and to increase the laser's efficiency due to thermally-activated non-
radiative processes [38]. Instead, OPOs can be operated under room temperature
conditions or only require a simple oven to heat the crystal and allow wavelength

tuning of the output [24].
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1.2  Thesis outline and key results achieved

In chapter 1 (this chapter), the motivation of the research work presented in the

thesis is introduced.

In chapter 2, the theoretical background supporting the experimental work
presented in chapters 3 — 7 is provided. This includes the principles of second order
nonlinear processes and optical parametrical frequency conversion, as well as quasi-
phase matching. The pump sources for the OPOs throughout the thesis, namely the
Yb fibre master oscillator power amplifiers are also introduced. Finally, the basic
principles of the hollow-core fibre (HCF), used throughout chapters 5-7, are

explained.

In chapter 3, a high-repetition-rate, compact, mid-infrared ps OPO based on PPLN is
presented. Under continuous-mode (cm) pulsed operation, at a 1.5-GHz repetition
rate and 14-W pump power, an idler average power of 2.4 W (~30 W peak power)
is achieved, with an idler wavelength tunability of 2260 — 3573 nm. Under burst-
mode pulsed operation at a 1-MHz inter-burst repetition rate, controllable idler
peak powers of up to 1.2 kW are then realised and the cavity build-up of the OPO is
studied. The results from this table-top-sized burst-mode OPO are published in OSA

Continuum [24]

A solid-core SMF-28 fibre-feedback OPO based on PPLN is presented in chapter 4.
The addition of the optical fibre in the OPO allows a compact design whilst
simultaneously achieving synchronous pumping at 1-MHz repetition rate. A
maximum idler and signal average power of 1.24 W and 3.10 W are achieved
respectively. This corresponds to maximum idler and signal pulse energies (peak
powers) of 1.24 pJ (9.7 kW) and 3.10 wJ (17.1 kW) respectively. A detailed study on
the strong intracavity nonlinearities and their effect on the OPQ’s output optical

spectra and pulse is also conducted.

In chapter 5, a fibre-feedback OPO with a novel HCF is demonstrated. The OPO also
operates at 1-MHz repetition rate and allows a direct comparison to the solid-core
fibre-feedback OPO presented in chapter 4. Tunable signal and idler wavelength
ranges of 1472 — 1758 nm and 2559 — 3563 nm, respectively, are realised. The OPO
generates MIR pulses with a pulse energy (peak power) of up to 1.50 W (11.7 kW).
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This is the first demonstration of a fibre-feedback OPO using an HCF. The use of an
HCF as the feedback-fibre allows significant reduction in intracavity nonlinearities
and improves the system’s power scalability. This work is published in Optics Letters

[39] together with part of the results in chapter 4.

In chapter 6, further power-scaling of the HCF fibre-feedback OPO presented in
chapter 5 is demonstrated. Using two different PPLN crystals of different poling
periods, the new OPO provides a wider tunable output of 1329 — 1641 nm (signal)
and 2841 —4790 nm (idler), a maximum signal pulse energy (peak power) of 10.1 W
(72.3 kW) nm and a maximum idler pulse energy (peak power) of 5.1 J (36.9 kW)
are achieved. This is over 3 times the maximum achieved in chapter 5 and represents
the highest MIR, as well as the highest total converted pulse energy (15.2 wJ), ever
achieved from a fibre laser pumped ps SPOPO. The results from this chapter are

published in the Optics Express [40].

Chapter 7 presents MIR power delivery in a novel HCF fibre using the HCF fibre-
feedback OPO described in chapter 5. MIR power delivery of ranges 2.85 —3.33 um
and 3.12 — 3.58 um are achieved with two different pieces of HCFs with different
transmission windows. A maximum average (peak) power of 133 mW (1.1 kW) is
delivered through a 108-m length of HCF. This is the first hundred-metre scale, high-
power, MIR pulse delivery over an HCF and is published in Optics Letters [41]. The
ability to deliver the high-power MIR light from the sources developed in this thesis

is clearly an important step towards future applications.

Finally, chapter 8 concludes and summarises the work presented throughout the

thesis and briefly discusses future work related to project.
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Chapter 2 Theory and Background

2.1 Introduction

In this chapter, the background and the underlying theory related to the
experimental works presented in the thesis are given. First, the basic principles of
second order nonlinear optics in nonlinear crystal will be introduced. Next, the
principles of optical parametric processes will be described using both the photon
picture and the wave picture. Then, the process of quasi-phase matching will be
explained, which will be followed by a general description of an optical parametric
oscillator (OPO), the main optical parametric device of interest in this thesis. Cavity
design of the OPO with the ABCD matrix will then be introduced. In addition, the
background of ytterbium-doped fibre amplifiers — the basis of the OPO pump source
used throughout this thesis, will be covered. Finally, the basic principles of the novel

hollow-core fibres (HCFs) used in my work will be presented.
2.2  Second order nonlinear optics and optical parametric processes

When light enters a medium, an electric polarisation, P, isinduced. In classical optics,
where the applied electric field is weak, it is assumed that P is related to the electric
field E(t) via the vacuum permittivity, €, and the linear susceptibility ¥y by the

following equation [1]:
P = gy WE(t)

(2.1)

However, at high intensities, the effects of nonlinearity become significant. This

leads to a more generalised form of equation ( 2.1 ):

P=g[xyVEQ®) +xPE2@®) + x®E}(t) + -+ yVEI(t)]

(2.2)

where )((j) represents the j* order susceptibility.
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Optical parametric processes in crystals are based on second order nonlinear optics
i.e., the second order susceptibility y®. This process involves three-wave mixing:
the pump, the signal and the idler, with angular frequencies of w,, ws; and w;
respectively. When a pump photon propagates through a nonlinear medium, it is
annihilated and a resulting signal photon and idler photon are produced. Figure 2.1
illustrates the photon picture of the optical parametric process. It can be seen that,

to conserve energy requires [2]:
Wy, = Wy + w;
(2.3)

In terms of wavelengths, 4,, A;, 4; (pump, signal and idler respectively), this can be

rewritten as:

1_1+1
A A A

(2.4)

hao

S

hao

ho,

Figure 2.1 A representation of photon picture of the optical parametric process.

From equation ( 2.3 ), it can be seen that w, > ws; = w;. The parametric process
is degenerate in the case when wg, = w;. Due to conservation of momentum, the

following condition must also be obeyed for the process to be efficient:

k, = ks + k;

(2.5)
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where k,,, k; and k; are the wave vectors of the pump, signal and idler respectively.

In the field of nonlinear optics, this is also known as the phase-matching condition.

The above describes the optical parametric process via the photon picture. In the
wave picture, the "interaction" between the pump (E(a)p)), signal (E (w,)) and idler

(E(w;)) waves can be described by a series of coupled differential equations [1]:

dE(wp) _  pdess

E(ws)E (w;)e ™"

dz n,c
(2.6)
dE (w,) ) wsdeff x iAkz
dZ =1 nSC E(wp)E (wi)e
(2.7)
dE(w;)  wdesy . idkz
=i e E(w,)E*(wy)e
(2.8)

where deff is the effective nonlinear coefficient of the nonlinear medium; c is the
speed of light in vacuum; n,, n; and n; are the refractive index of the nonlinear
medium at pump, signal and idler wavelengths respectively; Ak is the phase
mismatch; and z is the displacement through the nonlinear medium in the direction
of propagation. Under the assumption of an undepleted pump, the above coupled
differential equations can be solved for the signal and idler waves [1]:

E(w,) « cosh(gz)

(2.9)

E(w;) o sinh(gz)

(2.10)

15



Chapter 2

where g is the parametric gain given by:

_ 2y (Ak)z
9= 2
(2.11)
_ 87T2deff2
P n,nsn;gc
(2.12)

where [, is the pump intensity. It can be seen that when the phase matching
condition is met i.e., Ak = 0, g reduces to I'. Consider a PPLN based OPO pumped
at 1040-nm wavelength, outputting signal at 1599-nm wavelength and
corresponding idler at 2975 nm wavelength. As will be introduced below (see
Sellmeier Equations ( 2.18 ) ( 2.19)), the refractive indices of PPLN can be calculated
to be 2.2172, 2.1516 and 2.1127 at the pump, signal and idler wavelengths,
respectively. For a typical d.¢; of ~14 pm/V for PPLN (see Table 2.2 below), and
assuming a pump intensity of ~28.6 MW/cm?, the parametric gain will be ~45.5 dB.

1.01

0.8

0.6 1

0.4

0.2

0.01
-30 -20 -10 0 10 20 30
AkL[2

Figure 2.2 Graph showing the relationship between conversion efficiency n and Akl‘/z.
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For a three-wave nonlinear process, the conversion efficiency 7 (i.e. the ratio of
converted power to the pump power) can be shown to be proportional to deffz and

a sinc? function by the following expression [1, 3]:

2 . 5 (AKL
n & ders”sinc (T)

(2.13)

where L is the length of the nonlinear medium. This expression is plotted in Figure
2.2. The full width at half maximum (FWHM) of the sinc? function gives the gain

bandwidth of the three-wave mixing process.

2.3  Quasi-phase matching and wavelength tunability of

Periodically Poled Lithium Niobate

As mentioned above, the phase matching condition is required for efficient
nonlinear processes such as optical parametric processes. When the interacting
waves are phase-matched (4k = 0), the intensity of the generated wave grows
exponentially. However, in reality the frequency dependent phase velocity due to
the dispersive properties of nonlinear media leads to a varying phase relationship
inside the medium. For non-phase matched interacting waves (4k #+ 0), the

response is now sinusoidal with the first maximum at:

L . /s
COH_Ak

(2.14)

where Loy is known as the coherence length: the shortest length of the nonlinear
medium which will maximise the generated intensity for a given wavevector
mismatch. Although birefringence can be exploited to achieve phase matching, this
limits the number of nonlinear materials that can be used [4]. Another method for
improving the efficiency of nonlinear processes is the technique of quasi-phase
matching. This is achieved through reversing the sign of the nonlinear susceptibility
of the nonlinear material at every L.y, allowing a constant increase in intensity for
the generated wave. Under the first order quasi-phase matching condition, equation

(2.5) becomes:
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k, = ks + k; + Ak

(2.15)

Using equation ( 2.14 ), this can be rewritten in one-dimension as:

kp = ks + ki +
LCOH

(2.16)

Figure 2.3 compares the growth of the generated wave under the phase-matched,
guasi-phase-matched and the non-phase-matched condition. It can be seen that
although there is an increase in intensity under the quasi-phase-matching condition,
it is less efficient than the perfect phase-matching condition. Nevertheless, this
greatly increases the variety of nonlinear crystals that can be used when developing
nonlinear optical devices. Furthermore, quasi-phase matching enables the
possibility of collinear propagation of the three waves inside birefringent crystals to

avoid spatial walk-off and hence to enhance efficiency.

+ - +
Phasematched

Ak=0

Generated Intensity

¥y i ’_/,...l.._‘ Ak#Q -

Wil B W
0 1 2 3 4 D
Propagation Distance through Crystal

(Coherence Lengths)

/’T Not Phasematched

Figure 2.3 Evolution of generated wave with propagation distance of phase matched, quasi-phase

matched and not phase matched condition (graph taken from [4]).

Using the relationship between wavenumber, k, and wavelength, A (i.e. k = 27'[//1),

the quasi-phase matching condition (equation ( 2.16 )) can be rewritten as [5, 6]:
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Py (e SR e N
", AT LT T

(2.17)

Where A is the period of the nonlinear susceptibility sign reversal equal to 2Ly
One of the common nonlinear crystals that takes advantage of quasi-phase
matching is PPLN, which is selected and used in the OPOs presented throughout this
thesis. For PPLN, the refractive index is temperature and wavelength dependent, as

given by the Sellmeier equation [5, 6]:

a, + b,f a, + buf
2= a, + bif + 2 2 + — agh?
" “ f 22— (az + b3f)* 2% — asg? o
(2.18)
where f is the temperature (T in °C) dependent parameter given by:
f= (T —245°C)(T +570.82)
(2.19)

and a,_¢ and b;_, are the Sellmeier coefficients. The value of the Sellmeier
coefficients for PPLN doped with 5 % MgO along the extraordinary axis are given in
Table 2.1. Hence, for a fixed pump wavelength 4, the signal and idler wavelengths
(A and A; respectively) can therefore be changed by simply varying the
temperature of the PPLN crystal, thus allowing flexible wavelength tunability for
OPOs.

Using equations ( 2.17 ), ( 2.18 ) and ( 2.19 ), a simple program was written in the
Python programming language to calculate the theoretical wavelengths of the signal
(Ag) and idler (A;) at different temperatures for a 1040 nm pump (the pump
wavelength used throughout the thesis). The calculated values for temperatures in
the range 20 °C—180 °C are plotted in Figure 2.4 for grating periods (A) ranging from
29.52 — 31.59 um, corresponding to the parameters used in the OPOs presented
throughout this thesis. It can be seen that for grating periods of 31.59 um and 31.02
um, the signal and idler wavelengths become identical (2080 nm) at 37 °Cand 163 °C

respectively. As mentioned in Section 2.2, this is the degenerate case, and such
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temperatures are known as the degenerate temperatures. Above these degenerate
temperatures for the two corresponding grating periods, the OPO can no longer

operate as the quasi-phase matching condition cannot be satisfied.

Sellmeier Coefficients|Value for 5 % MgO:PPLN [6]
a; 5.756
a, 0.0983
as 0.2020
ay 189.32
as 12.52
ag 1.32x 107
b, 2.860 x 10°®
b, 4.700 x 108
b4 6.113x 10°8
b, 1.516 x 10

Table 2.1 Value of Sellmeier coefficients for PPLN doped with 5 % MgO along the extraordinary axis.

—— 31.59 um Grating
—— 31.02 um Grating
—— 30.49 um Grating

3:5

—— 29.98 um Grating
—— 29.52 um Grating

Wavelength (um)
N
n

P
(=]

HEH
' T

Y
X |

Idler
> Signa
Mol

20 40 60 80 100 120 140 160 180
Temperature (°C)

15

Figure 2.4 Graph showing the theoretical signal (above 2.08 um) and idler (below 2.08 um)
wavelengths at different PPLN crystal temperatures and grating periods for 1040 nm

pump.
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One other advantage of using PPLN crystals in second order nonlinear frequency
conversion with quasi-phase matching is that it enables higher conversion efficiency
than in a birefringent phase-matched configuration. The second order nonlinear

term in Equation ( 2.2 ) can be written in tensor form as:

Px 0 0 0 0 d31 _d22 E2
Py = 80 <_d22 dzz 0 d31 0 0 ) z
P, d3; dz; dizz 0 0 0

(2.20)

where the 2-dimensional (6 x 3) tensor is the )((2) of PPLN, and the nonlinear d
coefficients are d,, = 2.56 pm/V, d3; = 4.4 pm/V and d3; = 25pm/V [7 - 9].
For PPLN used in the quasi-phase matching regime, where the interactions are of
the polarisation in the z-axis (i.e. only P, is non-zero), it can be seen that the
nonlinear tensor is reduced to the largest of the nonlinear d coefficients, ds;. Due
to quasi-phase matching, the reduction in conversion efficiency reduces the value
of d45 by a factor "'2/71 relative to the effective nonlinear coefficient dsf [8]. The
value of d,¢¢ for PPLN is typically 14 pm/V [7] when pumped at 1 um wavelength.
Thus, even though the conversion efficiency in the quasi-phase matching regime is
reduced, it allows higher conversion efficiency to be achieved with PPLN crystals by
accessing its highest nonlinear d coefficient. It is also worth noting that that PPLN
crystals, compared to other commonly used nonlinear crystals such as KTP, BBO and
LBO, have a much larger value d, ¢ (see Table 2.2) which makes it a highly attractive

option for developing high efficiency nonlinear optical devices such as an OPO.

Material derr (PM/V) [7]
MgO:PPLN 14 (quasi-phase-matched)
KTP 3.4 (Type-Il)
BBO 2.5 (Type-ll)
LBO 0.85 (Type-I1)

Table 2.2 Typcal values of the nonlinear coefficient d,¢ s of common nonlinear crystals.
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Another advantageous factor which makes PPLN the crystal of choice used in the
development of high-efficiency nonlinear optical devices, especially in the mid-
infrared (MIR), is its broad MIR transmission range spanning up to ~5000 nm [7]. In
comparison, BBO and LBO crystals are typically only transparent in the MIR
wavelength range up to ~3000 nm [10 — 13], while KTP crystals exhibit high
absorption at wavelengths beyond 3500 nm. Hence PPLN crystals not only allow for
a higher nonlinear frequency conversion efficiency, but also offer greater flexibility

in wavelength tuning.
2.4  Optical Parametric Oscillators

In my PhD project, the specific optical parametric device of interest is the Optical
parametric oscillator (OPO). As its name suggests, an OPO has an optical cavity to
allow oscillation which can be resonant at either or both the signal and idler
wavelengths. The diagram in Figure 2.5 shows a typical OPO setup for a linear cavity.
As mentioned in Chapter 1, ultrashort-pulsed OPOs require temporal
synchronisation between the pump pulse and the resonant pulse (i.e. either the
signal or idler pulse depending on the cavity). To achieve this requirement, the
length of the cavity is very crucial. For an OPO cavity operating at a fundamental

repetition rate f, where one pulse is circulating the cavity of roundtrip length L, it
must fulfil the requirement that the roundtrip time (L/C, ¢ = speed of light) is equal
to the period of the pump pulses (i.e. 1/f)' It is also possible for an OPO cavity to

operate at a repetition rate of f/N where N is an integer. Such a cavity is known as

a high-harmonic OPO cavity [14]. Other than the linear OPO cavity, more complex
cavities such as a ring cavity [15] can be used to increase the compactness of the
cavity design whilst allowing synchronous pumping at relatively low repetition rates
(~100-MHz). Also, as mentioned in Chapter 1, a piece of optical fibre can be placed
inside the OPO cavity to serve as a delay line, allowing for a compact cavity design
whilst still achieving synchronous pumping at much lower repetition rates (<1-MHz).
Such type of OPO cavity is known as a fibre-feedback OPO [16], which is the main
method used in the experiments presented in this thesis to achieve high pulse
energy/peak power MIR. A general schematic of the fibre-feedback OPO is

presented in Figure 2.6.
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Figure 2.5 Diagram illustrating a typical OPO with a linear cavity. M1 and M2 represent the cavity

mirrors.
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Pump Beam path

L

Feedback fibre

Figure 2.6 A general schematic of a fibre-feedback OPO

2.5 OPO cavity design

The design of an OPO cavity is essentially the same as the design of a laser resonator,
since the only difference between the two is that the laser gain material becomes a
nonlinear crystal for an OPO cavity. For a cavity to be stable, it has to support a
‘cavity mode’, where the resonated signal forms a standing wave in the cavity. This
means that after one round trip of the cavity, the signal field returns with the same
radius of curvature, beam size — which can be defined by a g parameter (see below),
and phase. In this case, the field ‘folds’ exactly on top of itself as it propagates in the
cavity after each round trip for as many times as possible until it is dissipated due to

the cavity loss. The ABCD matrix is an efficient tool in the design of a resonator cavity
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asit can be used to determine the beam characteristics at any point within the cavity

and to show whether or not the cavity is able to support a stable cavity mode.

The ABCD matrix (also known as ray transfer matrix) is a 2 x 2 matrix that describes
an optical element's effect on an optical beam [17 — 19]. It can be applied to the
propagation of both geometrical optical rays and Gaussian laser beams [20]. Under
the paraxial approximation (small angles involved), the relationship between r and
0 (see Figure 2.7) before and after an optical element/system is linear. This can be

expressed by the following:
™ (A B\(T
(9') - (C D)<9>
(2.21)

Where 1’ and 6’ represent the beam after an optical element/system. The ABCD

matrix, as mentioned above, characterises the optical element/system.

lo e
r[ §

system axis

optical
system

Figure 2.7 Diagram illustrating r and 6 before and after an optical element/system. Figure taken

from [15].

The ABCD matrices of common optical elements are summarised as follows [13 —
15]:

e Propagation of length d in free space or medium of constant refractive index,

G 9

(2.22)
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e Thin lens of focal length f,

<_11/f 2)

(2.23)
e Reflection from curved mirror of radius of curvature R,,,
(e, 1)
-2
/R, 1
(2.24)

e Refraction at flat surface from a medium of refractive index n; to a medium

(o ")

Note that for a flat mirror, where R,, = 00, matrix ( 2.24 ) also applies. Hence, the

of refractive index n,,

(2.25)

ABCD matrix for a flat mirror is just the identity matrix and thus can be neglected in
ray transfer calculations. Also, the ABCD matrix does not apply to an optical fibre
since the light propagating inside a fibre is dictated by its guided modes, which for
a single-mode fibre would have a constant Gaussian intensity profile throughout the
length of the fibre, and the output beam of the fibre is defined by its mode field

diameter and has a plane wavefront.

For a system of multiple optical elements, a single ABCD matrix can be used to define
its characteristics. This single matrix is just the multiplication of the ABCD matrices
of the individual elements of the optical system in reverse order of propagation. For
example, for a beam propagating through an optical system comprising of 3
elements defined by ABCD matrices M;, M, and M3 (numbered in order of

propagation), the resultant ABCD matrix M of the entire system is M5 - M, - M.
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As mentioned above, the ABCD matrix can also be applied to the propagation of
Gaussian beams such as those from a laser. For Gaussian beams, it is useful to define

the complex g parameter, which is given by the following expression [13, 16]:

1 2

(2.26)

where R is the radius of curvature of the wavefront, A is the wavelength in vacuum
and w is the beam radius. The modification to the g parameter by an optical

element/system is defined by:

_Aq+B
-~ Cq+D

!

q

(2.27)

where q' is the resultant g parameter and A, B, C and D are the corresponding
values from the ABCD matrix of the optical element/system. Therefore, through
using the ABCD matrix, the beam radius and the radius of curvature of the wavefront

at different points of propagation can be calculated.

In order to support a mode in a laser/OPO cavity, the final g’ after the laser beam
propagates one round-trip in the cavity must be equivalent to the initial g, i.e. the
beam has reproduced itself after one round trip forming a standing wave. Thus,

using equation ( 2.27):

, Aq +B _
T = Cq+D d
(2.28)
from which it can be shown that:
2Cq = (A—D) + /(A+ D)2 —4(AD — BC)
(2.29)

26



Chapter 2

It can be seen that AD — BC in the above equation is the determinant of the ABCD
matrix, which for the defined optical elements is equal to 1. Since the determinant
of a product of square matrices is the product of their determinants, thus AD — BC

in equation ( 2.29 ) is also equal to 1. Therefore, this equation reduces to:

2€q= (A-D) + J(A+D)?—4

(2.30)

Since the g parameter is always complex, the expression under the square root is

required to be negative. Hence, for a laser cavity to be stable and support a mode:

(A+D)* <4
(2.31)
1

= —-1< E(A+D)<1

(2.32)
1

= 0< Z(A+D+2)<1

(2.33)

This is equivalent to the more commonly used expression for laser cavity stability
with the g parameters (0 < g;9, < 1). The graph in Figure 2.8 marks the
combinations of the g parameters where the cavity is stable or unstable. Hence,
being able to calculate the beam (both radius and wavefront radius of curvature) at
different points within a laser/OPO cavity as well as to indicate the stability of the
cavity, the ABCD matrix is a powerful tool when it comes to cavity design. It is used
to design the OPO cavities presented throughout this thesis. Note for a fibre-
feedback OPO cavity, because the propagation of the signal inside the feedback-
fibre cannot be described by an ABCD matrix, the designing of the cavity is
proceeded by first designing a free-space cavity such that there are two positions in
the cavity where the mode is a beam waist with a diameter that matches the mode-
field diameter of the feedback-fibre such that when building the cavity, the

feedback-fibre is placed at those two positions.
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Figure 2.8 Graph showing the g the parameters of a laser cavity. The stable region is indicated by

blue and the unstable region by red.

2.6  Ytterbium-doped fibre amplifiers

2.6.1 Ytterbium-doped fibres

The fibre amplifiers of the pump source described throughout the experiments
presented in this thesis use Yb-doped fibres (YDF) as the gain medium. YDF
amplifiers are one of the most commonly used high-power laser devices operating
at wavelengths around 1 um. Since the first YDF lasers presented in 1988 by Hanna
et al. [21], the development of YDF lasers and master oscillator power amplifiers
(MOPASs) have progressed substantially over time and are now able to generate a
single-mode beam with average powers and peak powers up to kW and GW levels

respectively [22, 23].

The electronic energy level diagram of Yb3* ions is presented in Figure 2.9. This
structure is very simple compared to other rare-earth dopants such as erbium and
thulium. For Yb3* ions, only the ground state manifold 2F;/; with 4 Stark levels and
the excited state manifold 2Fs/» with 3 Stark levels are relevant for transitions at
wavelengths of our interest. For this electronic structure, excited state absorption
for both the pump and lasing signal wavelengths [24], as well as other quenching
effects such as multi-phonon emissions (non-radiative decay) are prohibited. Thus,
this allows for high doping concentrations and hence to achieve high gain in a short
length of YDF.
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Figure 2.9 The structure of Yb3* ion energy levels (adapted from [25]).

It is worth noting that Yb3* ions also have a small quantum defect, QD, which is the
difference in photon energies between the pump and signal, or commonly defined

as a percentage of the pump photon energy [26]:

hvpump - hvsignal _ Vpump — Vsignal

QD =

hVpumyp Vpump

(2.34)

where h is the Planck constant, vy,,m, is the pump frequency and vy, is the
signal frequency. For the YDF MOPA system used in the experiments presented
throughout this thesis, the pump is mostly at 975-nm wavelength and the signal is
at 1040-nm, which results in the value of g being 6.25 % calculated from Equation
(2.34). In comparison, for Nd-doped laser systems (e.g. Nd:YAG), where the pump
wavelength is typically 808 nm and signal wavelength is 1064 nm [27], the value of
q is 24.1 %. The small value of QD for YDF laser systems means that theoretically a
very high optical-to-optical efficiency can be achieved with a correspondingly small

thermal load.
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Figure 2.10 Graph showing the emission (dotted) and absorption (solid) cross sections of Yb®* ions

(adapted from [24]).

The emission and absorption cross-sections of Yb3* ions are presented in Figure 2.10,
and it shows that the absorption and emission spectra of the Yb3* are very broad
(~860 — 1040 nm and ~900 — 1139 nm respectively). Hence, YDF laser devices can
operate at a large variety of pump and signal wavelengths. The broad gain-
bandwidth shown by the emission spectrum is also an attractive characteristic of
the YDF system as it enables amplification of ultrashort pulses (e.g. <20 fs [28]). Due
to high-power laser diodes (LD) outputting at wavelengths of 915-nm and 975-nm
being readily available, pumping YDF systems with high absorption is made
extremely practical. Pumping at 975 nm allows for a shorter length of YDF being
required due to the much higher absorption, which is ideal when fibre nonlinearities
have to be minimised for operation at high peak powers. Also, as explained above
the quantum defect when pumping at 975-nm is lower than that for 915-nm
pumping (6.25 % vs. 12 % for a 1040-nm signal) which means 975-nm pumping can
provide a higher optical-to-optical efficiency. However, the pumping scheme of a
YDF at 975-nm wavelength is quasi-three-level, and only a ~50 % population
inversion can be achieved. From Figure 2.10, it can be seen that the absorption
bandwidth at 975 nm is much narrower than that at 915 nm. Therefore, the output
of YDF laser systems will be very sensitive to any changes and drifts in the pump LD
spectrum due to the LD’s temperature and injected current [29]. Hence wavelength-
stabilised 975-nm high-power LDs, e.g. using Bragg gratings, are usually used for

pumping YDF laser systems. Note that although YDFs have a similarly high emission
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at 975-nm, lasing at 975 nm is generally difficult due to the high absorption at the

same wavelength.

2.6.2 Master oscillator power amplifier

It can be challenging to realise a single bulk/fibre laser oscillator operating at high
power whilst maintaining desired characteristics such as good output beam quality,
narrow linewidth, and controllable pulse width for pulsed operation. Consequently,
MOPAs employing a low-power monochromatic seed laser (the Master Oscillator)
followed by a chain of several amplifiers (Power Amplifier) [28], e.g. YDF amplifiers
for 1-um wavelength, are often used to generate high-power short-pulsed laser
light. A general schematic of a MOPA system is presented in Figure 2.11. Optical
isolators are placed between each stage to prevent back propagation of the signals,

which could be amplified and result in damage of the MOPA system [28].

Monochromatic High power
§L Am >
seed laser > Amp Amp = P = output

Figure 2.11 General schematic of a MOPA system (figure adapted from [70]).

The use of MOPA offers many advantages over a laser with a single resonator
operating at high power. The output parameter of the MOPA such as wavelength,
linewidth and pulse width etc, can be preserved from the initial parameters that are
defined by the seed.

However, even with a compact setup achievable with an all-fiberised design, the
MOPA as described for the experiments in this thesis is still a very complex system
requiring a greater number of components in comparison to a single laser resonator.
Also, due to amplified spontaneous emission (ASE) from the amplifiers, MOPA
systems tend to have a higher level of optical noise [30]. Although the amplifiers
usually preserve the parameters of the seed laser, in an all-fiberised MOPA with
high-peak-power pulsed operation, these parameters can be affected by fibre
nonlinearities (see Section 2.6.3 below). However, with careful design, these fibre

nonlinearities can usually be suppressed to tolerable levels for the desired
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application and thus the MOPA is still a highly attractive method for the

development of high-power lasers.

2.6.3 Fibre nonlinearities: self-phase modulation and stimulated Raman

scattering

Nonlinear optics can be a powerful tool for conversion of frequencies where lasers
are readily available (e.g. near-infrared (NIR) lasers) to other desired frequencies
such as the MIR. However, when working with high-power ultrafast fibre systems,
nonlinearities in the fibre can be of great concern to the final performance
performance [31]. In an ideal conventional solid-core fibre, third-order nonlinearity
(i.e. y® in Equation ( 2.2 )) is dominant due to the disappearance of the second-
order susceptibility ()((2) Equation ( 2.2)) in the fibre owing to the centrosymmetric
molecular structure of silica glass. The third-order nonlinearities become significant
for an optical pulse propagating through an optical fibre over a fibre length greater

than the nonlinear length Ly, which is defined by [31]:

Ly, = —
NL Po)/

(2.35)

where P, and y are the peak power of the propagating pulse and nonlinear

parameter, respectively. The nonlinear parameter y is defined by:

UZION)

]/ =
cAeff

(2.36)

where n, is the nonlinear refractive index, w, is the angular frequency of the optical
pulse, ¢ is the speed of light in vacuum, and A, is the effective mode area of the
optical pulse. For example, standard fused silica fibres have a n, of ~ 2.19 x 10°%°
m?/W at 1.0 um wavelength [32]. With a A,¢f of ~34.2 um? [33] for the PM980
fibres used in the MOPA system presented in this thesis, and at a peak power P, of
1 kW, the value of Ly, is ~25.6 cm. This is much shorter than the typical fibre length
used in a MOPA system. Hence, fibre nonlinearities can be very prominent in fibre

MOPA systems operating at high peak powers. This also explains the need to use
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fibres of larger mode areas and shorter fibre lengths especially in the latter
amplification stages when developing a fibore MOPA system, which outputs peak
power of the order of 100 kW.

For the Yb fibre MOPA system used in the experiments presented throughout this
thesis, the two main third-order nonlinear effects observed are self-phase

modulation (SPM) and stimulated Raman scattering (SRS).
Self-phase modulation

SPM originates from the optical Kerr effect, a third-order nonlinear effect that
causes an intensity dependent refractive index for the medium the light is

propagating through, and is defined by [34]:

n= ny+ n,l

(2.37)

Where n, is the linear refractive index, n, is the nonlinear refractive index [62], and
I is the intensity of the light proportional to the square of the electric field strength
|E|%. This in turn induces a net phase shift defined by [35]:

Legs

@(t) = 2m(ny + nyl) 1

(2.38)

where the effective fibre length L4, i.e. the hypothetical fibre length with identical
nonlinear coefficient but zero propagation loss, is defined as a function of the fibre

attenuation parameter a[22]:

1—e o

(2.39)

The consequence of the phase shift from SPM is a change of instantaneous
frequency across a pulse form. This results in new frequency components being
generated and thus broadening of the initial spectrum, similar to that shown in

Figure 2.12 for a chirp-free pulse. For applications such as pumping of an OPO,
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where there is a limited pump acceptance bandwidth determined by the full-width-
at-half-maximum (FWHM) of the function in Equation ( 2.13 ), SPM-induced spectral
broadening is undesired and can cause a detrimental effect on the OPO conversion

efficiency (see Chapter 6).

2 2 2
IS & o
T T T

power spectral density

2
M
T

O Lt 1 1 1 1 1 1 1 i
975 980 985 990 995 1000 1005 1010 1015 1020 1025

wavelength (nm)

Figure 2.12 Graph showing an example of SPM induced spectral broadening (Figure from [36].

Stimulated Raman scattering

The SRS phenomenon arises from inelastic scattering with optical phonons i.e.
molecular vibrations in a medium. Two possible frequency shifts can occur as a
result: a frequency down-shift (stokes wave) due to the annihilation of the original
photon to produce a photon of lower energy (and hence lower frequency) and a
phonon, or a frequency up-shift (anti-stokes wave) due to the original photon and a
phonon being annihilated to produce a photon of higher energy (and hence higher
frequency) [22, 37]. Thus, SRS introduces new spectral components to the light. As
has been demonstrated in [37 — 39], the threshold of SRS is inversely proportional
to the beam intensity (i.e. proportional to its effective mode area) and L,ss. The SRS
process becomes highly efficient at very high beam intensity e.g. high-power
ultrashort pulses, causing the rapid growth of the stokes wave. The Raman gain
spectrum for fused silica fibre is presented in Figure 2.1. It can be seen that it is very

broad, spanning up to 30 — 40 THz frequency shift [37]. The peak of the gain
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spectrum occurs at a frequency shift of ~13 THz, as shown in the figure. For the
MOPA system described in Chapter 4 and 6, Raman peak at ~1090 nm wavelength
was observed under high power operation at a signal wavelength of 1040 nm, which
corresponds to a ~13 THz frequency shift. Together with SPM-induced spectral
broadening, these third order nonlinear effects are the main factors limiting the
power scaling of both the MOPA system itself as well as the OPO that was pumped
by the MOPA.
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Figure 2.13 Graph showing Raman gain spectrum of fused silica (graph taken from [40]).

2.7 Hollow-core fibres: nested antiresonant nodeless fibre

Hollow-core fibres (HCFs) have sparked significant interest over the last two and half
decades (since 1999 [41]). Due to the guidance of light through a hollow core, which
is usually filled with atmospheric air, HCF offer significant advantages over
conventional glass solid-core fibres, such as a much higher damage threshold and
outstandingly lower nonlinearity, dispersion and backscattering. There are many
different types of HCFs, the common types include: photonic-bandgap fibres (HC-
PBGFs) [41, 42] (Figure 2.14(a)), dielectric-coated Bragg (OmniGuide) fibres [43]
(Figure 2.14(b)), metallic fibres [44] (Figure 2.14(c)) and nest antiresonant nodeless
fibres (NANF) [45, 46] (Figure 2.14(d)).

The main type of HCF fibre of interest for the fibre-feedback OPO presented in this
thesis is the NANF fibre. The principle of guidance of light of a NANF fibre is vastly

35



Chapter 2

different from a conventional solid-core fibre as there is no TIR involved. The light is
confined by the non-contacting nested tubes (see Figure 2.14(d)) through coherent
reflection. For light to be coupled out of the central void, the wavelength has to be
resonant with the thickness of the membrane [47]. Other wavelengths are in anti-
resonance and are prevented from traversing the membranes in a similar principle
to a Fabry-Perot etalon. The non-contacting structure guarantees a transmission
window spanning over one octave [48]. The loss curve of a NANF fibre is typically of
U-shape (see Figure 5.1(a)). This spectral shape is not determined by the glass
properties of the NANF, but instead due to coupling of shorter wavelengths to the
glass tube modes and by leakage loss at longer wavelengths [48]. The exact shape
of the loss curve is also affected by surface scattering [46] and micro/macro bend

phenomena [49].

Typically for a NANF, the nonlinearities are 30 dB lower than that of a traditional
solid-core fibre [50]. Also the group velocity dispersion (GVD) is typically of the order
of 1 fs?’/mm [50, 51], which can be estimated from simulations based on the
structure of the NANF, as shown in [52]. As well as the small magnitude of GVD, it is
also spectrally flat [52], which suppresses the temporal delay of pulses of different
wavelengths propagating in a NANF. Another interesting feature of a NANF is that,
due to its optical properties approaching those similar to that in free-space
propagation, it has been demonstrated to provide good capability in terms of
maintaining polarisation purity (with a broadband polarisation extinction ratio > 40
dB) [53]. Hence for applications such as the HCF fibre-feedback OPO presented in
this thesis, where polarisation of the light is an important factor in achieving high
nonlinear conversion efficiency, suitably adjusting a half-wave plate at the output
end of the NANF was sufficient to control the polarisation of the OPO intracavity

signal light.
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Figure 2.14 Images showing different types of HCF fibres: a) photonic bandgap fibre [42], b)
OmniGuide fibre [43], c) metallic fibre [44], and NANF fibre [50].

2.8 Summary

In this chapter, the main background and theory that supports the experimental
work in the upcoming chapters is presented. The basic principles behind the OPO
including second-order nonlinear effects and quasi-phase matching were first
reviewed. Next the process of laser/OPO cavity design, and the importance of ABCD
matrices in cavity design were demonstrated. Also, the background knowledge of
the pump source of the OPO used throughout the experiments presented in this
thesis was provided, namely the YDF MOPA. Finally, the fundamentals of the HC-
NANF fibre were described. This is the type of fibre used in the novel HCF fibre-
feedback OPO in chapters 5 and 6.
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Chapter 3 Compact picosecond mid-IR PPLN optical
parametric oscillator with controllable peak

powers

In this chapter, a high-repetition-rate mid-infrared (MIR) optical parametric
oscillator (OPO) is presented, pumped using a gain-switched laser-diode (GSLD)
seeded, 1-um, Yb-doped fibre master oscillator power amplifier (MOPA) system that
provides both continuous-mode pulsed and burst-mode pulsed operation. Firstly,
the MOPA pump source used for the OPO system is described and characterised,
followed by the description of the OPO cavity. Finally, the OPO experimental results
are demonstrated and discussed, which is split into two sections: continuous-mode
operation and burst-mode operation. This work represents one of the methods for
achieving the main aims of my PhD project on producing high peak power, short-

pulsed MIR laser sources with a highly compact OPO system.
3.1 Introduction

As mentioned previously ultrashort-pulsed MIR lasers have many important
applications. In areas such as spectroscopy, materials processing and free-space
communications [1-3]. Features including processing speed and signal-to-noise
ratio are significantly enhanced by pulse parameters such as a high repetition rate
and high peak power [4, 5]. OPOs are commonly used as MIR laser sources through
frequency conversion from near infrared pulsed lasers. However, since OPOs require
temporal synchronization between the pump and the resonated signal when used
to produce ultrashort pulses, conventional picosecond (ps) OPO systems outputting
high-repetition-rate pulses normally operate either with a short cavity length and
low peak power [6], or with a relatively long cavity length for pulses at low repetition
rate and high peak power [7]. Other techniques such as high-harmonic-cavity OPOs
and intra-cavity-pumped OPOs can be used to reduce the OPO cavity length needed
to generate low repetition rate pulse trains, however, either high intensity pump
pulses or complex cavities are required for those solutions [8, 9]. Compared to these
techniques, burst-mode OPOs, can simultaneously achieve high peak power and

high repetition rate, whilst allowing for a short cavity length, through pumping by a
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burst of pulses with a high intra-burst pulse repetition rate but a low inter-burst
pulse repetition rate [10 — 12]. Such burst pulsed lasers have been shown to offer
enhanced imaging quality in photoacoustic spectroscopy [13], improved thermal
management in tissue ablation processes [14] and enabled laser-jamming of heat-
seeking missiles [15]. Intra-burst pulse repetition rates of 48-MHz from a mode-
locked laser pumped OPO have been demonstrated in [12] and an OPO with a higher
intra-burst pulse repetition rate of 1.1 GHz was reported in [10]. However, an
external pulse multiplier was utilised in order to increase the pump laser
fundamental repetition rate, which resulted in uneven intra-burst pulse amplitude
that impaired the output energy uniformity of the MIR pulses and associated pump-

to-idler conversion efficiency.

Here a high-repetition-rate MIR OPO is presented, pumped using a gain-switched
laser-diode (GSLD) seeded, 1-um, Yb-doped fibre MOPA system that provides both
continuous-mode (cm) pulsed and burst-mode pulsed operation. The GSLD provides
a uniform pulse train with 1.5-GHz repetition rate that allows a synchronously-
pumped OPO with a compact cavity and high conversion efficiency. Generally, in
burst-mode OPOs, steady oscillation of the resonated signals is built up from
spontaneous noise over each individual burst window, and therefore the burst-
window duration and individual pulse peak powers are crucial parameters affecting
the OPO operation and efficiency. Investigations of these parameters are thus
required to understand the dynamics of the pulse evolution process and guide the
design of the burst-mode OPO. In the Yb-doped fibre MOPA system | have built, a
burst-pulse picker with adjustable time window provides good flexibility to control
the burst-window duration and the individual pulse peak powers. The OPO is based
on a periodically poled lithium niobate (PPLN) nonlinear gain medium to generate
tunable idler wavelengths from 2260 nm to 3573 nm. In CM-pulsed operation, the
OPO generates an idler average power of 2.4 W and a maximum power conversion
efficiency of 23%. In burst-mode operation, the OPO performance is studied with
respect to the burst-window duration and the oscillation build-up time. Stable OPO
operation has been successfully demonstrated by pumping with a minimum number
of 30 intra-burst pulses. The burst-mode OPO offers MIR idler pulses with
controllable peak power from 30 W up to 1.2 kW.
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3.2 1040-nm Yb fibre MOPA pump system with burst mode

operation

3.2.1 Gain-switched Laser Diode
Theory of gain-switching

Other than gain switching, one of the most common methods of generating
picosecond pulses is through using mode locking techniques. However, mode
locking imposes many disadvantages, such as complex and expensive cavity design
requirements. Additionally, mode-locked lasers have fixed cavity lengths and hence
only provide fixed pulse repetition rates at the laser output. In contrast, gain
switching allows for a more simplified structure and offers a high capability in
controlling the pulse repetition rate. Gain-switched operation of a laser diode (LD)
was first demonstrated by Ito e/ al [16], in which a direct current (DC) bias below the
threshold of the LD was applied and combined with a sequence of injected electric
pulses that can be produced by devices such as pulse/waveform generators.
Through this method, optical pulses with duration shorter than the injected
electrical pulses can be generated. The physical process of gain-switching is

illustrated in Figure 3.1.

When an electrical pulse is injected into an LD, the carrier density increases. Lasing
occurs after the carrier density reaches a level where the gain surpasses the cavity
loss. With a long enough electric pulse, a series of laser oscillation spikes with
decreasing amplitude is generated before reaching stable continuous-wave (CW)
operation [17, 18]. In typical gain-switched operation, the applied electrical pulse
has a duration such that the falling edge drops below the lasing threshold before the
second oscillation spike occurs, hence, as mentioned above, a single optical pulse

much shorter than that of the applied electrical pulse is generated.
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Figure 3.1 Diagram illustrating the principles of gain-switching [16]

Gain-switching setup

The OPO pump source is an polarisation maintaining (PM) ytterbium-doped-fibre
(YDF) master-oscillator-power-amplifier (MOPA) system, seeded by a 1040-nm GSLD.
The setup of the MOPA seed is illustrated in Figure 3.2. A fast pulse generator with
a 3-GHz bandwidth (8133A, Agilent) was used to generate electrical pulses of 1.5
GHz repetition rate. This electric signal was then amplified with a radio-frequency
(RF) amplifier (ZHL-5W-2G+, Mini-Circuits) and fed into a bias-tee to combine with a
50 mA DC bias current. The resultant signal was connected to a Fabry-Perot laser-
diode (1064CHP, 3SPhotonics) with a typical current threshold of 60 mA for effective
gain switching. Direct gain switching of the laser-diode usually results in an output
with a broad optical spectrum due to the excitation of multiple longitudinal modes.
This would be undesirable for pumping of an OPO due to nonlinear crystals having
a limited acceptance bandwidth. One method to narrow the optical spectrum and
also improve stability of the pulses of the GSLD is injection seeding with a narrow-
line external laser source with a wavelength close to the desired resonant mode.
However, the additional use of an external seed laser adds complexity and cost to
the setup. In the GSLD described here, a self-seeding technique is used by creating
an external cavity with a fibre Bragg grating (FBG), where the reflected pulses from
the FBG act as the seeding pulse, hence narrowing the output spectrum and pulse.
In addition, this technique also improves the pulse stability. The FBG used here is
based on a polarisation-maintaining (PM) fibre, centred at 1040 nm, has a 3-dB
bandwidth of 0.24 nm and a reflectivity of 7.2 %, and was spliced to the PM fibre

pigtail of the laser-diode. It is worth noting that the GSLD can only operate at certain
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repetition rates, determined by the length of the external cavity, as synchronisation
is required between the emitted pulses from the laser-diode and the reflected pulse
from the FBG. For the GSLD system described here, the external cavity matches a
fundamental repetition rate of 71.7 MHz, which allows operation at the 20%
harmonic repetition rate of 1.5 GHz. From Figure 3.2, it can be seen that there is an
isolator followed by a 10 dB fibre tap coupler after the FBG. The isolator is used to
protect the GSLD from damage due to back-reflections. The 10 dB coupler is used to
allow monitoring of the seed pulses at the 10 dB tap port, using a photodiode and
an oscilloscope, during the MOPA in operation. The output of the GSLD, which is fed
into the first amplification stage of the MOPA, had a pulse width of 37 ps (Figure
3.3(a)) with a 1.5-GHz repetition rate and a central wavelength of 1040 nm with a
0.10-nm 3-dB width (Figure 3.3(b)) and an average power of 1 mW.

Pulse RF Bias Tee 1040 nm
Generator Amplifier LD

O kew| |
P i

>/

FBG
Isolator
DCIn
10 dB
Coupler
Main 10 dB
Tap Tap
To 1t stage To
Amplifier photodetector

Figure 3.2 Schematics of the GSLD for the MOPA
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Figure 3.3 Graphs showing the a) optical pulse and b) output spectrum of the GSLD.

3.2.2 Yb fibre amplifiers

Aside from the GSLD, the MOPA comprised three YDF amplifier stages. The general
schematic of the MOPA system is presented in Figure 3.4 (excluding the red box).
The MOPA has an 80-cm length of core-pumped PM YDF (PM-YDF-5/130-VIII, Nufern)
with a 5-um core diameter as the first stage, a 3-m length of cladding-pumped PM
YDF (PMLA-YDF-10/125-VIIl, Nufern) with an 11-um core and 125-um cladding
diameter as the second stage, and a 3.5-m length of cladding-pumped PM large
mode area (LMA) YDF (PMLA-YDF-25/250-VIll, Nufern) with a 25-um core and 250-
um cladding diameter as the third stage. The pump LDs used for the Yb fibre
amplifiers were a 980-nm single-mode LD with 200-mW launch power in the first
stage, a 915-nm multi-mode LD with 1.5-W launch power in the second stage and a
975-nm wavelength-stabilised multi-mode LD with 20-W launch power in the final
(third) stage. The MOPA provided an average output power of up to 14 W. The
output optical spectrum of the MOPA at maximum power is centred around 1040
nm with a 3-dB bandwidth of 0.1 nm (same as the GSLD seed), as shown in Figure
3.5(a). Note that the noise floor of the pump spectrum is asymmetric. This is due to
the asymmetric amplified spontaneous emission (ASE) spectral level with a peak
located at longer wavelength (~1050 nm), as shown in the full MOPA spectrum in
Figure 3.6. The output spectra (measured at 0.5-nm resolution) have an optical
signal-to-noise-ratio (OSNR) of 30-dB. From the area under the spectrum, 95% of
the energy is calculated in the main signal peak. Note that the ripples in the ASE
spectrum are due to modal interference in the multi-mode fibre used to collect the

signal for the measurement. The MOPA output pulse, measured with a 32-GHz-
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bandwidth photo-detector (83440D, Agilent) and a 20-GHz-bandwidth digital
communication analyser (Infiniium 86100C, Agilent), was observed to have a slightly
increased duration of 40 ps (Figure 3.5(b)). A half-wave plate was placed at the
MOPA output (HWP in Figure 3.7) to control the polarisation of the OPO pump.

Burst mode

15t Amp (core-pumped) 2" Amp (core-pumped)
"""""""""""""""""""""""""""""" To

5/130 5/130 Photodetector

Yb fibre Yb fibre 10dB

Coupler

From
Seed

e A o — 5 ... 3" Amp (cladding-pumped)_|___
975 nm 25/250 10/125
Yb fibre

Angled

E
14 W max. ndcap

MOPA

Output
e, 916 nm

Figure 3.4 Schematic of the MOPA pump. In burst mode operation, an EOM and an extra YDF

amplifier stage were inserted into the MOPA (blue box).

To achieve burst-mode operation, an electro-optic modulator (EOM) and an extra
core-pumped fibre-amplification stage (the red box in Figure 3.4) was incorporated
between the first and second YDF amplifier stages. The EOM functioned as a time
gate to suppress a variable number of pulses every 1 us, with a 1-MHz inter-burst
repetition rate (Figure 3.5(c)). In burst-mode operation, despite the variable burst-
window durations, the maximum output power of the MOPA was constant at 14 W

due to operation in a saturated gain regime.
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Figure 3.5 Graphs showing MOPA's (a) optical spectrum, (b) temporal pulse shape and (c) pulse

trace under burst mode operation (note the different vertical scales in (c)).
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Figure 3.6 Graph showing the MOPA's full optical spectrum with ASE.
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3.3 Compact optical parametric oscillator based on PPLN crystal

setup

The OPO was of a signal-resonant and compact linear-cavity design, consisting of
two concave mirrors and a 40-mm-long PPLN nonlinear crystal. The schematic of the
OPO cavity is presented in Figure 3.7. The radius of curvature of both mirrors (M1
and M2 in Figure 3.7) was 100 mm and both had high reflectivity (>99%) at
wavelengths around 1.5 um (signal) and 81% transmission at around both 1 um
(pump) and 3 um (idler). To provide a half-harmonic synchronisation to the 1.5-GHz
inter-burst pulse repetition rate of the pump (i.e. two signal pulses circulating in the
cavity), as well as to allow a small intra-cavity signal beam waist, a compact linear-
cavity with physical length of 15 cm was built. A standard synchronous cavity for
fundamental repetition rate operation was not used due to a mixture of lack of
mirrors with shorter radius of curvature and the physical difficulties in setting up the
cavity with such short total free space length of ~1 cm. To match the signal cavity
mode, which had a calculated beam radius of 87 um, the MOPA output beam was
focused down to a measured beam radius of 85 um after the in-coupling mirror M1
with a plano-convex lens of 150-mm focal length (L in Figure 3.7). The 40-mm-long
PPLN crystal (MOPO1-1.0-40, Covesion) consisted of 5 poled gratings with periods
ranging from 29.52 — 31.59 um in steps of 0.5 um. The crystal was mounted in an
oven allowing temperature tuning from 20 to 200 °C. A 45° dichroic mirror (M3 in
Figure 3.7) of high reflectivity at 1 um and 68.8% transmission at 3 um, placed after
the OPO cavity to filter out the residual pump light, was used for the idler
measurements. The optical elements (M1, M2 and PPLN) were aligned such that the
pump beam passed through centre of the mirrors and the PPLN grating aperture at
normal incidence. M2 was placed onto a single-axis stage for precision cavity length
tuning. Once OPO oscillation was achieved, the cavity was mechanically stable
enough such that no further cavity length tuning was required, although the cavity

length accuracy required for oscillation is only £0.15mm.

Residual pump

M1 M2
HWP L . 40 mm .
MOPA «H—e— ¥ PPLN H N R—
. 55mm i)
N 5 55 mm M3
150 mm

Figure 3.7 Schematics of the OPO. HWP: half-wave plate; L: lens; M1, M2: concave mirror
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3.4 Experimental results and discussion

3.4.1 Continuously-pulsed operation

Under CM-pulsed operation, OPO idler output at 2991.5-nm was observed at a
pump threshold average power of 1.78W. The average output power of the idler
with respect to different pump powers is shown in Figure 3.8, taking into account
the transmissions of M2 and M3. In theory the full idler power could be extracted if
M2 and M3 had an idler transmission closer to 100%. The idler power increased
linearly with respect to the pump power at a 21.0 % slope efficiency, reaching up to
a maximum value of 2.4 W. The corresponding maximum power conversion
efficiency achieved was 23% at an average pump power of 4.7 W, where the
guantum photon efficiency (idler photons output divided by pump photons input)
reached 66.2%. A reduction in conversion efficiency, though still above 20%, was
observed at higher pump powers (Figure 3.8), which was likely to have resulted from
back conversion at such high pump powers [19]. Owing to the extremely compact
and stable optical cavity, the OPO output had a good power stability with only minor
fluctuations (<5%) that were imposed by the combination of pump power variation
and mechanical perturbation of the optics, however, no drift in output power was

observed over a timescale of the order of an hour.
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Figure 3.8 Graph showing the OPO’s average idler power (black) with linear fit (red) and conversion

efficiency (blue dots) against pump power. The blue line is a guide for the eye.
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To characterise the idler wavelength tunability of the OPO, different PPLN grating
periods and oven temperatures were used, and the output spectra were measured
with an optical spectrum analyser (721 series, Bristol instruments, 6-GHz resolution).
An idler output with seamless wavelength tuning across the range 2260 — 3573 nm
was achieved, and a selection of the spectra at different central wavelengths are
shown in Figure 3.9(a). A typical idler spectrum at 2991.5 nm, as shown in Figure
3.9(b), and had a full-width-at-half-maximum (FWHM) bandwidth of 0.65 nm. The
central wavelengths of the measured idler spectra closely match the theoretical
values (Figure 3.10). The theoretical values are plotted as a heatmap of the
normalised sinc? function of Equation ( 2.13 ) to show the bandwidth of the
possible phase matched idler wavelengths. The slight difference between the
calculated and measured wavelengths is likely due to the actual temperature inside
the PPLN crystal being different from the displayed oven temperature. The idler
spectrum with a 2260-nm central wavelength (31.02 um grating period at 150°C)
shows a higher noise level due to the corresponding signal wavelength (1927 nm)
being very close to the edge of the high-reflectivity band of the cavity mirrors. Due
to the instability of the oscillation at this wavelength, the central wavelength
measured is likely to be inaccurate and from Figure 3.10 this wavelength deviates
the furthest from the calculated curve. Oscillation was not observed for the grating
of 31.59 um period as the lowest stable temperature of the PPLN crystal with the
oven off is at 50°C due to material absorption of the PPLN crystal, which is higher
that the degenerate temperature of 37°C predicted in Figure 2.4. A cooling system
e.g. a water cooler would be required to observe parametric oscillation at this

grating period.
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Figure 3.9 Graphs showing (a) the tunability of the idler from the OPO and (b) a typical idler optical

spectrum.
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at different temperatures using different PPLN grating periods.

Using a pyroelectric scanning profiler, the beam quality of the output idler was
measured for different pump powers, including within the unsaturated and
saturated OPO conversion efficiency region. The beam quality was obtained through
several beam diameter measurements at different positions along a focused idler
beam. By the ISO standard [20] a hyperbolic fit can be made to the measured beam

diameters d(z) by the following expression:

d(z) = \/a + bz + cz?
(3.1)
where z is the distance along the propagation direction, and the coefficients a, b

and ¢ can be obtained through curve-fitting. From the coefficients, the M? value can

be expressed as:

M? = 1\/4ac— b?

81

(3.2)

At a pump average power of 3 W, a close-to-diffraction-limited beam quality with
M, of 1.14 and M,? of 1.09 was obtained from the fitted function (Equation ( 3.1))
and Equation ( 3.2 )). However, at higher pump power the beam quality was found

to be degraded, reaching values of My? of 1.26 and M,? of 1.10 at the maximum
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power, as shown in Figure 3.11 using the same fitting function. It is assumed that
back-conversion and thermal effects in the OPO could be the culprit for the lower
output beam quality in this case [21]. The beam quality appears to be consistently
worse and also degrade more in the horizontal x-direction at maximum pump power
creating an elliptical beam at the focus. This is possibly due to the presence of the
hard aperture in the x-axis due to the crystal oven, similar to that presented by
Kienle et al. in [22].
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Figure 3.11 Beam quality measurements at (a) low pump power and (b) at maximum pump power.

3.4.2 Burst-mode operation

Peak power control

Through varying the burst-pulse window with the EOM, bursts of 1.5-GHz-
repetition-rate pulses, with constant 14 W average power but different numbers of
pulses in each burst, were generated for pumping of the OPO. The average power
of the idler output was measured to vary from 1.4 to 2.4 W (Figure 3.12) with the
set burst-pulse window ranging from 20 ns to 980 ns. The corresponding peak power
of each individual idler pulse was then calculated and the blue data points in Figure
3.12 shows the pulse peak power against the number of pulses for each burst mode.
As the number of pulses per burst reduces, the idler pulse peak power rises
significantly. This is due to the reduction in idler average power at a slower rate than
the reduction in the number of pulses per burst. Parametric oscillation was observed
for a number of pulses per burst as low as 30, where an idler pulse peak power of
1.2 kW was obtained at a 50 dB parametric gain (calculated using equation ( 2.12)).
This is two orders of magnitude higher than the ~30 W idler pulse peak power

achieved when the OPO was operating under the 1.5-GHz CM-pulsed regime. Thus,
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through using burst-mode operation, an extremely compact MIR OPO was realised
with simultaneously high intra-burst repetition rate and high peak-power output.
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Figure 3.12 Measurements of the OPQ’s idler average power and idler peak power. The vertical-

coloured line marks the corresponding window time.

To compare the idler with the corresponding pump in burst-mode operation, the
pump peak powers are plotted against the number of pulses per burst (Figure
3.13(a)) for maximum pump output of 14 W. The pump peak powers increased from
0.22 kW to 11 kW with decreasing burst-window times from 980 ns to 20 ns. The
corresponding idler peak powers are plotted against the pump peak power in Figure
3.13(b). It can be seen that the pump peak powers are roughly one order of

magnitude higher than the corresponding idler peak power.
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Figure 3.13 Graphs showing a) pump peak power at maximum 14 W for different number of pulses
per burst (vertical-coloured lines mark the window times) and b) Idler peak power vs.

corresponding pump peak power. The black lines are guides for the eye.
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Study of cavity build-up

At constant average power, smaller burst-pulse windows result in higher peak
powers in each individual pulse. Aside from controlling pulse peak power, it has also
been shown that burst-mode OPOs allow an increase in conversion efficiency
compared to standard long-pulse OPOs of the same pump peak power [23] due to a
decrease in the cavity signal build-up time comparable to that found using
rectangular-shaped pump pulses [24]. However, it is interesting to note that a
reduction in idler average power and hence a decrease in average power conversion
efficiency was observed from the burst-mode OPO presented in this chapter, as
shown by the black data points in Figure 3.12. This is due to the increase in the ratio
of the time required for cavity build-up to the overall burst-pulse time-window for
shorter windows. However, since the pump pulse-peak power is higher for a shorter
burst window than that for a longer burst window with the same average power,
the reductioninidler power is not linear with respect to the ratio between the burst-
window duration and the burst period. The pulse traces measured for the residual
pump with 500-ns and 25-ns burst-pulse time-windows are presented in Figure
3.14(a) and Figure 3.14(b) respectively. These graphs show a rapid pump depletion
at the start of the time-window before reaching a stabilised level, giving an
indication of the OPQ’s cavity build-up time, is highlighted by the grey area on the
plot. The build-up times for the 500-ns window and the 25-ns window are 130 ns
and 15 ns respectively. This shows that for smaller time-windows, due to the higher
pump peak power, the OPQ’s cavity build-up time decreases. However, the ratio
between the build-up time and the burst-pulse time-window is much lower for the
500-ns window (130/500) compared to the 25-ns window (15/25), resulting in a less
efficient conversion for the shorter window duration. Nevertheless, flexible control
of MIR pulse repetition rate and peak power is possible with a compact OPO device
through burst-mode operation. The burst-mode OPO also offered good power and
pulse stabilities (beyond the short initial build up transient) similar to that during
CM-pulsed operation, due to the fact that the oscillating signal reached a steady
state within all the time windows used, which generally suppresses the pulse-to-
pulse fluctuation [12]. Shaping the pump burst-window profile could be considered
to improve the conversion efficiency of the burst-mode OPO. For example, pumping
with “figure-of-h’ shaped pulses [23], where the build-up time can be reduced with

a higher pump intensity at the beginning of the window, followed by moderate
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pump intensities to avoid the back-conversion, which would result in an increase of

the overall conversion efficiency.
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Figure 3.14 Burst pulse traces of the residual pump (a) 500 ns and (b) 25 ns burst window times.

The grey area highlights the cavity build-up time.

3.5 Summary

In conclusion, a widely tunable, high-repetition-rate, compact MIR picosecond PPLN
OPO with controllable peak powers through burst-mode operation was presented
in this chapter. This is one of the possible solutions for realising an ultrashort-pulse
SPOPO with a compact cavity design. A tunable idler wavelength range of 2260 —
3573 nm was achieved. Under CM-pulsed operation at a 1.5-GHz repetition rate, a
maximum output idler average power of 2.4 W (~30 W peak power) was observed
for 14-W pump power. With the addition of an EOM to the MOPA, which functions
as a time gate to suppress a variable number of pulses per 1 us, burst-mode
operation of the OPO at 1-MHz inter-burst repetition rate was demonstrated.
Variable idler peak powers up to 1.2 kW were achieved from the OPO under burst
mode operation. The oscillation build-up times for different pump burst-pulse time-
windows and the resultant effect on conversion efficiency has also been
investigated. From the experimental results, a minimum of 20-ns time-window was
found to be sufficient to achieve an oscillation from the OPO, which simultaneously

provide high repetition rate and high peak power output.

To improve the burst-mode OPO, the compactness of the cavity can be further
increased by operating at the fundamental repetition rate instead of the current

half-harmonic. Also, as mentioned at the end of the previous section, pumping with
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bursts of higher intensity pulses at the start of each window can be used to further
improve the conversion efficiency and hence further increasing peak idler power as

a result.
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Chapter 4 Picosecond pulsed, mid-IR solid-core fibre-

feedback OPO

In this chapter, the development of a compact mid-infrared (MIR) fibre-feedback
optical parametric oscillator (OPO) is presented, in which a gain-switched laser-
diode (GSLD) seeded 1-um, fibre-laser system is used as a pump. Firstly, the master
oscillator power amplifier (MOPA) pump source used for the OPO system is built and
characterised. Next, the design and setup of the fibre-feedback OPO using a solid-
core fibre is described. Finally, the OPO experimental results are demonstrated and
discussed. These results will also be used to justify the use of an HCF as the feedback-
fibre in the OPO cavity as described in the following chapter. This work presents one
of the methods for achieving the main aims of the PhD project on producing high

peak power, short-pulsed MIR laser sources with a highly compact OPO system.
4.1 Introduction

In the previous chapter a tabletop-sized compact high-repetition-rate picosecond
(ps) OPO was developed. Through burst-mode operation, MIR peak powers up to
1.2 kW were realised. However, as studied in Section 3.4.2, one major drawback of
the burst-mode OPO is that a number of pulses within each burst window are
required for signal build-up during oscillation, which lowers the conversion

efficiency and restricts the peak power upper limit in such a system.

In this chapter, an alternative method is proposed and presented to reduce the
footprint of what would be a very bulky, or even spatially impractical, synchronously
pumped (SP) OPOs into highly compact SPOPOs by using a piece of optical fibre
inside the cavity to replace the free-space beam path for synchronous pumping [1,
2]. As mentioned in Chapter 1, this is known as a fibre-feedback OPO. A compact,
picosecond, high peak power, MIR 1-MHz fibre-feedback OPO is successfully
realised, which is pumped with a 1-um fibre-laser system seeded by a gain-switched
laser-diode (GSLD). The GSLD provides a uniform pulse train with a 64-MHz
repetition rate, which is then reduced to 1-MHz through an electro-optic modulator
(EOM), enabling a synchronously-pumped fibre-feedback OPO with a compact

cavity. At an idler wavelength of 2981 nm, the OPO generates a maximum power of
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1.24 W (1.24 W pulse energy, 9.7 kW peak power) and a maximum power
conversion efficiency of 18.3 %. With an output coupler (OC) of 90 % transmission
for the signal at 1596 nm, an output power of 3.10 W (3.1 W pulse energy, 17.1 kW
peak power) is obtained, corresponding to a maximum power conversion efficiency

of 42.7 %. The total power conversion (signal plus idler) achieved is as high as 60.1 %.

4.2 1040-nm Yb-fibre MOPA system

4.2.1 Gain-switched Laser Diode

The OPO pump source is an polarisation maintaining (PM) ytterbium-doped-fibre
(YDF) MOPA system, seeded by a 1040-nm GSLD. The seed GSLD is very similar to
that used in the MOPA system for the burst OPO pump source described in Chapter
3 (see 3.2.1), except that the fundamental repetition rate is changed to 64.0 MHz. A
3-GHz pulse generator (8133A, Agilent) was used to generate electrical signals of
square pulses with 363 ps width and 0.2 V amplitude and at a 64.0-MHz repetition
rate, and the voltage was amplified by a radio frequency (RF) amplifier (ZHL-42W+,
Mini-Circuits) to 22 V amplitude for the GSLD. The amplified electrical signals were
then injected into a bias-tee, which combined a 33-mA DC bias current before
connecting to a Fabry-Perot laser-diode (1064CHP, 3SPhotonics) for gain switching
operation. The optical pulses generated from the GSLD had a pulse width of 120.9
ps (Figure 4.1(a), a repetition rate of 64.0-MHz, a central wavelength of 1039.7 nm,
a 3dB-bandwidth of 0.031-nm (Figure 4.1(b)) and an average power of 0.38 mW.
Pulse lengths of 3 times the length used in Chapter 3 (40 ps) were chosen to reduce
the peak power and hence fibre nonlinearities in the MOPA system at repetition

rates of 1-MHz (see section 4.2.2 below).
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Figure 4.1 Graphs showing a) temporal pulse shape and b) optical spectrum of the GSLD
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4.2.2 MOPA amplification stages

Aside from the GSLD, the MOPA consisted of three PM YDF amplifier stages and an
EOM, similar to that described in Chapter 3. The general schematic of the MOPA
system is presented in Figure 4.2. Instead of operating as a time gate to produce
burst pulses, the EOM between the first and second YDF amplifier stages now acted
as a pulse picker by allowing only 1 pulse per us to pass through the EOM, thereby
reducing the repetition rate from 64.0 MHz to 1.0 MHz. To synchronise the EOM
pulse picker and GSLD pulse train, the pulse generator controlling the EOM was
triggered by the other pulse generator driving the GSLD. As the EOM significantly
reduced the average power from 27.2 mW to 0.24 mW (see Figure 4.2), a second
amplification stage 're-amplifies' the power to the same order of magnitude as the
output from the first stage to ensure enough power for seeding the final two
amplification stages. To control the polarisation of the OPO pump, a half-wave plate
was placed at the MOPA output (1 um HWP in Figure 4.8).

st . 2" Amp (core-pumpe
1039.7 nm --- 1-AMR (core-pumped) ___ ____2"Amp (core-pumped) .
1
Gi.;)ongl:z ! 5/130 00 M 5/130 Photodetector
A o Z .
0.38 mW Yb fibre Yb fibre 10 dB 10 dB

Coupler

| GSLD I

USRI Ly o Lol ol Y shoe ! 3 Amp (cladding-pumped)

-------------------------- .
2.5 m 25/250 2.5m 10/125
Yb fibre

Yb fibre

12.9 W max, End<aP

MOPA
Output

Figure 4.2 Schematics of the MOPA pump. An EOM is used to reduce the repetition rate from 64.0
MHz to 1.0 MHz.
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Figure 4.3 Spectrum of the core-pumped Yb-fibre amplification stage of the MOPA with ASE.

The 1%-stage fibre amplifier increased the seed laser power from 0.38 mW to 27.2
mW, corresponding to an 18.5-dB gain, and simultaneously generated amplified
spontaneous emission (ASE) with a shorter-wavelength peak, as shown Figure 4.3.
Note that the peak of the ASE spectrum at around 1010 nm is due to the short length
of Yb-fibre used (~0.8 m). However, as it will be shown below, the final two cladding
pumped amplification stages have longer lengths of Yb-fibres that can effectively
absorb the 1010-nm ASE from this end. Hence, no other ASE filtering was required
as it did not affect the MOPA'’s overall performance. The optical signal-to-noise ratio
(OSNR) was measured as 20 dB from the ASE peak and 34 dB from the base of the
main signal peak (the ‘effective’ OSNR). The ASE spectrum from the EOM and 2"
core-pumped amplification stage were of a similar shape to that from the 1 stage
with an ‘effective’ OSNR > 30 dB. The 3-dB spectral width of the signal after the 2™
amplification stage was similar to the GLSD seed shown in Figure 4.1(b). Note that
all OSNR values throughout this thesis is obtained through spectra measurements

at 0.5-nm resolution.

Due to the low repetition rate, even at such low average powers in the range 17 —
100 mW in the second and third stage outputs, the peak power of the pulses ranged
from 113 — 783 W. At such peak powers, considerable nonlinear effects such as self-
phase modulation (SPM) would increase the spectral width, especially if the fibres
within the MOPA system were too long. This was indeed observed since the

amplifiers were previously built for a system with much higher repetition rate (of
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the order of GHz, i.e. the MOPA system in chapter 3) where the nonlinear effects
were insignificant due to the much lower peak power. The passive fibre from the
second stage output end was of ~ 3-m length and the gain fibres of the third and
fourth stages were of ~ 3-m and ~ 3.5-m length respectively. The initial spectrum of
the MOPA output at 0.96-W average power is shown in Figure 4.4. It can be seen
that even at such low powers, spectral broadening from SPM resulted in a 10-dB
bandwidth of 0.45 nm (see Figure 4.4(a)) and that Raman scattering was present
(the peaks at and after 1090 nm in the ASE spectrum of Figure 4.4(b)). Such effects
can reduce the efficiency of the optical parametric frequency conversion process

due to the small pump spectral acceptance requirement.
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Figure 4.4 Graphs showing a) the main spectral peak and b) the full Spectrum of the MOPA at 1-
MHz for 0.96 W before the fibres were shortened.

To reduce the nonlinear effects in the MOPA system, the output passive fibre from
the second stage was reduced in length to ~1.5 m, and the gain fibres of both the
third and fourth stages were shortened to ~2.5 m. The spectra of the amplified
signals from the third amplification stage before and after shortening the Yb gain
fibre length are presented in Figure 4.5(a). By reducing the fibre length, the 10-dB
spectral width was effectively narrowed from 0.2 nm t0 0.112 nm (0.06 3-dB width).
Although this is still wider than the 0.03-nm 3-dB width from the previous
amplification stages, it is, as shown below, narrow enough for the MOPA to maintain
an output spectrum within the PPLN crystal’s pump acceptance bandwidth. The
OSNR of the third stage output was, as shown in Figure 4.5(b), 27.7 dB. As
mentioned above, there is no longer a peak at 1010 nm in the ASE from this
amplification stage onwards. The final spectrum of the MOPA at different output

powers is presented in Figure 4.6. It can be seen in Figure 4.6(a) that even after
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shortening the fibres in the MOPA system, the Raman scattering effects were still
present for output powers above 7.63 W. However, the Raman peaks were at lower
levels than the ASE peak and hence would not affect the optical parametric
conversion. Spectral broadening due to SPM in the main signal peak of the MOPA
output can be seen across all output powers. However, even at the maximum output
power of 12.89 W, the 10-dB bandwidth was only 0.8 nm. This was within the PPLN
crystal’s pump acceptance bandwidth of 1.32 nm, calculated using equations (2.13)
and ( 2.17 ) for a 40-mm crystal length at 1600-nm signal wavelength. The pump
acceptance bandwidth is taken as the FWHM of the sinc? function in equation
(2.13 ), which assumes that wavelengths withing the bandwidth have a parametric
conversion efficiency of greater than 50 % of the peak efficiency. The pulse at the
final output of the MOPA had a duration of 120.9 ps, the same as that of the GSLD
seed (see Figure 4.1(b)). Taking account of the background noise (ASE and Raman),
this corresponds to a maximum peak power of 71.5 kW. In the first experiment, the
fibre-feedback OPO cavity was constructed such that it required synchronous
pumping at a 16-MHz repetition rate. Hence, the EOM pulse picker repetition rate
was set to enable the MOPA to operate at 16 MHz. The spectrum of the MOPA at
maximum output power and at 16-MHz repetition rate operation is shown in Figure
4.7. It can be seen that, because the peak powers were now 16 times lower than
that in the 1-MHz operation, nonlinear effects on the spectrum were significantly
reduced with only minor broadening in the main signal peak from 0.031 nm to 0.058
nm (3-dB bandwidth).
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Figure 4.5 Graphs showing a) the signal peak spectrum before and after shortening the Yb gain fibre

to 2.5 m and b) the full spectrum of the third Yb amplification stage with ASE.
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Figure 4.6 Graphs showing a) the full Spectrum and b) the main signal spectrum of the MOPA at 1-

MHz for different output powers after the fibres were shortened.
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Figure 4.7 Graphs showing a) the full Spectrum and b) the main signal spectrum of the MOPA at 16-

MHz for maximum output power of 15.4 W.

4.3  Fibre-feedback optical parametric oscillator setup

The OPO was of a signal-resonant ring-cavity design, consisting of two concave
mirrors, two plane mirrors, a feedback-fibre and a 40-mm-long PPLN nonlinear
crystal. A schematic of the OPO cavity is presented in Figure 4.8. Both concave
mirrors (CM1 and CM2 in Figure 4.8) had a radius of curvature of 250 mm and were
dielectric coated with high reflectivity (>99%) at wavelengths around 1.5 um (signal)
and with ~81% transmission at around both 1 um (pump) and 3 um (idler). The plane
mirrors (M3 and M4 in Figure 4.8) were silver coated and had high reflectivity (>99%)
at all wavelengths involved (i.e. pump, signal and idler). Note that for the

measurements in Section 4.4.3, M4 was changed to an output coupler (OC) of 10%
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reflectivity at signal wavelengths, such to significantly reduce intracavity signal peak
power and hence reduce intracavity nonlinearities. The feedback-fibre used for the
experiments in this chapter was a standard telecommunications SMF-28 fibre, which
was single mode and had low loss at 1.5 pum (signal). In order to match the cavity
mode, an aspheric lens of 4.5-mm focal length was used at points A and B of the
OPO cavity to couple the signal beam into the feedback-fibre and to control the
signal beam size leaving the feedback-fibre, respectively. As the SMF-28 fibre was
non-PM, a 1.5 um HWP was placed after point B to optimise the polarisation of the
signal leaving the fibre. The free-space length of the OPO cavity was fixed at 1.58 m
to allow the feedback-fibre length to be flexibly chosen and to enable the OPO to
synchronously pumped at a variable repetition rate with a constant resonant cavity
mode without redesigning the OPO cavity. To match the signal resonant cavity mode
to a calculated beam radius of 116 um at the centre of the PPLN crystal, the MOPA
output beam was focused to a measured beam radius of 117 um with a plano-
convex lens of 200-mm focal length. The 40-mm-long PPLN crystal (MOPO1-1.0-40,
Covesion), had 5 poled gratings with periods ranging from 29.52 - 31.59 um in steps
of 0.5 um. The crystal was mounted in an oven that allowed temperature tuning
from 20 to 200 °C. For the results in this chapter, the grating with a 30.49-um period

and a temperature of 100 °C were used.

Residual Pump

1 ym
CM1
HWP Lens MgO:PPLN C.M2 DM
Pump+b - 1dler
» Y 4
: B
J Pellicle BS
A a Pellicle BS b LM\ pheric N
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Lens £A04 Signal j
- Feedback-fiber /j//

Figure 4.8 Schematic of the OPO. HWP: half-wave plate; CM1, CM2: concave mirrors; M3: plane
mirror; OC: 90% output coupler DM: 45° dichroic mirror; LPF: long-pass filter; Pellicle

BS: pellicle beam splitter.
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The cavity was designed based on a ABCD matrix calculation using Python, and for
simplicity, not taking into account for the thickness of the mirrors and the
astigmatism from the tilted CM1 and CM2 . Note that the feedback-fibre had a fixed
fundamental mode size, therefore an aspheric lens pair were chosen to adjust the
beam out of the fibre, matching the cavity mode inside the PPLN crystal, and to
couple the beam back into the fibre, reducing the intra-cavity loss. Hence, only the
free-space section of the OPO cavity was included in the calculations. For the OPO
cavity described above, a cavity length (without feedback fibre) corresponding to a
ring resonator of 180-MHz repetition rate was initially chosen. The signal beam waist
at different positions along the free-space section of the fibre-feedback OPO cavity
was calculated and is plotted in Figure 4.9. The output of the SMF-28 fibre with a
beam radius of 5.2 um, half of the mode field diameter (MFD) [3], is shown as the
starting point on the graph and the initial beam radius. The positions of the curved
mirrors and the aspheric lenses are marked by vertical red and green dashed lines,
respectively. A value of g, g, equal to 0.25 was calculated from the ABCD matrix,

which indicated a stable cavity for the resonant signal.
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of the fibre-feedback OPO cavity. The red and green dashed lines mark the position of

the curved mirrors and the aspheric lenses respectively.

In the procedure of aligning the fibre-feedback OPO cavity, several steps were taken.

The first step was to align the output end of the feedback-fibre such that the output
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signal beam had good spatial overlap with the pump beam and hence matched with
the signal cavity mode (on the basis that the pump beam was correctly focused into
the PPLN crystal). After the pump was focused to the correct position and beam
radius at the centre of the PPLN (in the presence of CM1), the pump beam would
propagate through the centre of both CM1 and CM2 and the centre of the PPLN
grating aperture. To ensure that the signal beam path from the output of the
feedback fibre overlapped with that of the pump beam between CM1 and CM2, an
external 1.5 um wavelength laser beam was coupled into the feedback-fibre through
the addition of a flip mirror before the aspheric lens at point A of the cavity (see
Figure 4.8 and Figure 4.10). The coupled 1.5 um laser light from the feedback-fibre
output was used to aid the cavity alignment of the beam path overlap between the
pump and the signal beam between CM1 and CM2. To have good spatial overlap
between the signal and pump, the beam waist radius at the centre of the PPLN
crystal must match with the calculated signal cavity mode (Figure 4.9) and hence
match the focused pump waist radius. Since the external 1.5 um laser had relatively
lower output powers of the order of 1 mW, while the beam profiler could only
measure beams with power of the order of hundreds of mW or higher, the 1.5 um
laser beam could not be directly measured. Hence, the MOPA pump power was
turned up and optical parametric amplification (OPA) was observed (i.e. using the
coupled 1.5 um light as an OPA seed). It can be assumed that the OPA provides
maximum output power when the signal beam and the pump beam is at optimum
spatial overlap. Hence the coupled 1.5 um light was aligned (both in terms of beam

path and focus position) such that the maximum OPA output power was measured.

Flip Mirror M4
A
/ - '’
/ Aspheric
Lens 1.5um y y ERN
Laser
& Feedback-fiber Y'JJ 4
JIIT

Figure 4.10 Diagram showing the flip mirror setup for the fibre-feedback OPO cavity alighment.
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The next step in the fibre-feedback OPO cavity alignment was obtaining the correct
cavity/feedback-fibre length in order to achieve synchronous pumping. To prevent
a feedback-fibre of too short length, a fibre length of slightly longer than required
was initially cut from a spool of fibre. However, to work out the exact length of fibre
to cleave off, a means of ‘measuring’ the exact roundtrip length of the fibre-
feedback OPO cavity was required. With the flip-mirror being flipped down to
exclude the external 1.5 um laser , the MOPA pump power was turned up until
optical parametric generation (OPG) was observed. A mirror of ~50 % signal
transmission (i.e. a 50:50 beam splitter) was used as the M4 mirror to allow half of
the OPG signal power to exit the cavity. The reflected OPG signal from M4 was then
coupled into the feedback-fibore and propagated back to M4 after one cavity
roundtrip, and some of that OPG signal would also pass through M4. A probe fibre
was placed after M4 and was connected to a 32-GHz-bandwidth photo-detector
(83440D, Agilent) and a 20-GHz-bandwidth digital communication analyser
(Infiniium 86100C, Agilent). The OPG signal pulses before and after propagation
around the cavity were measured and time delay between the two pulses was used
to work out the exact length of the feedback-fibre required to achieve synchronous
pumping. Once these alignment steps were completed, parametric oscillation could
be observed when the pump power was increased to above threshold, after that
fine adjustments for the cavity mirrors and positions of the feedback-fibre tips were

undertaken to further optimise the OPO power output.

A 45° dichroic mirror (M3 in Figure 4.8), with high reflectivity at 1 um and with 68.8%
transmission at 3 um, was placed after the OPO cavity to filter out the residual pump
light for idler measurements. A long-pass filter, with high reflectivity at 1 um and
with 86.1% transmission at 1.5 um, was placed after the output coupler (M4) to filter
out any residual pump light for signal measurements. Note that in a high reflectivity
cavity without an output coupler, when M4 is replaced with a silver mirror, a pellicle
beam splitter (BS) (BP108, Thorlabs Inc.) with 5% reflectivity at the signal
wavelength was placed inside the cavity to extract a small proportion of the

intracavity signal for spectral measurements.
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4.4 Experimental results and discussion

4.4.1 16-MHz SMF-28 fibre-feedback OPO

An SMF-28 fibre of 11.4-m length was initially used in the HR OPO cavity to enable
synchronous pumping at 16 MHz. An idler output at 2980.9 nm was observed from
the OPO above a pump power threshold of 2.59 W. The output average power of
the idler with respect to different pump powers is shown in Figure 4.11, taking into
account the transmissions of CM2 and the dichroic mirror (DM). In theory, the full
idler power could be accessible if CM2 and DM had an ideal transmission nearer to
100 %. The idler power increased linearly at a slope efficiency of 21.0 %, reaching a
maximum value of 2.0 W. A power conversion efficiency of 16.2 % was achieved at
the maximum pump power of 12.4 W, corresponding to a quantum photon

efficiency (idler photons output divided by pump photons input) of 46.4 %.
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Figure 4.11 Graph showing the fibre-feedback OPQ’s average idler power (black) with linear fit (red)
and conversion efficiency (blue dots) versus pump power for 16-MHz operation. The

blue line is a guide for the eye.

To investigate the impact of nonlinearities arising from the solid-core fibre inside
the fibre-feedback OPO cavity on the optical spectra of the signal and idler when the
intracavity signal peak power is high, the idler spectrum was recorded at different
pump powers with an optical spectrum analyser (OSA) (721 series, Bristol
instruments) and is presented in Figure 4.12. A spectral broadening from 7.9 nm to

17.3 nm at the full-width-at-half-maximum (FWHM) can be observed. This spectral
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broadening arises from the broadening of the signal spectrum due to high

intracavity signal peak powers (see below).

The signal spectrum in the cavity before and after the feedback-fibre, measured with
the pellicle BS (see Figure 4.8) and an OSA (AQ6375B, Yokogawa), is shown in Figure
4.13, exhibiting a spectral peak at 1.6 um. As expected, the signal spectral width also
increased with increasing pump power. The 3-dB signal spectral bandwidth
increased from 0.5 nm to 1.8 nm (Figure 4.13(a)) and from 1.0 nm to 6.9 nm (Figure
4.13(b)) at positions before and after the feedback-fibre, respectively. It can be seen
that the signal spectrum is narrower before the feedback-fibre than after the
feedback-fibre under the same pump power. A comparison at the maximum pump
power is shown in Figure 4.13(c). This is likely due to the gain narrowing effect from
the PPLN crystal in which an effective band-pass filter was formed by the limited
gain acceptance bandwidth (dictated by the quasi-phase matching condition and the
sinc? function in Equation ( 2.13)) constraining the spectral width of the signal at
the input end of the feedback-fibre. at 16-MHz operation, spectral broadening only

due to SPM can be observed.
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Figure 4.12 Graph showing the OPQ’s idler spectrum at different pump power for 16-MHz

operation. Spectral broadening can be observed with increasing pump power.

The signal pulses before and after the feedback-fibre were also measured, which
both gave a duration of 114 ps, as shown in Figure 4.14. The pulse shape and
duration were not changed due to the 11.4-m fibre length and the relatively weak
SPM. In the next experiment, the 11.4-m SMF-28 fibre was replaced by a 203-m
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SMEF-28 fibre to enable synchronous pumping at 1 MHz for higher output pulse

energies and peak powers. In this case, more significant nonlinearities from the solid

core fibre due to the longer fibre length and higher intracavity signal peak power

were observed. These results are presented in Section 4.4.2 below.
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Figure 4.13 Graph showing the OPQ’s signal spectrum at different powers for 16-MHz operation a)
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before feedback-fibre, b) after feedback-fibre and c) a comparison of before and after

the feedback-fibre at maximum pump power. Spectral broadening can be observed

with increasing pump power, with the signal spectrum after the feedback-fibre

broader than before the feedback-fibre.
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Figure 4.14 Graph showing the temporal pulse shape of the signal within the OPO cavity. At 16 MHz
repetition rate, the signal pulse duration is unaffected by nonlinear effects in the

feedback-fibre.

Feedback-fibre damage

Note that small fibre coating colour changes from clear to brown of the feedback-
fibre due to heat accumulation was observed during operation of the OPO at 16-
MHz repetition rate (Figure 4.15(a)). After operating the OPO for an extended period
of time (several weeks), the coating on the fibre input section completely burned
and this in turn compromised the beam coupling (Figure 4.15(b)). This is believed to
be due to part of the signal beam being coupled into the fibre cladding which does
not guide the signal light, this hence leaks into the fibre coating causing heating and
burning. Notice that the fibre coating only burned immediately after the metal V-
groove, where the tip of the feedback-fibre was held. This indicates that the metal
V-groove acted as a heat sink that can cool the fibre coating. The rest of the
feedback-fibre was unaffected due to most of the cladding signal being lost at the
point of burning. To prevent the fibre coating from burning, an extra segment of
metal V-groove was added to extend the fibre cooling section, as shown in Figure
4.16. This method proved to be very effective, and no more accounts of the

feedback-fibre damage have occurred since.
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Figure 4.15 Photographs showing a) burning of fibre coating (circled in red) after several minutes
of the OPO operating with a new fibre and b) fibre damage in the same position after

weeks of operating the OPO.

Figure 4.16 Photograph showing the addition of an extra segment of metal V-groove to prevent the

coating of the feedback-fibre from burning.

4.4.2 1-MHz SMF-28 fibre-feedback OPO with HR cavity

After replacing the 11.4-m SMF-28 feedback-fibre in the OPO cavity with a 203-m
SMF-28 feedback-fibre and reducing the pump MOPA's repetition rate to 1 MHz
with the EOM, the idler output was observed from the OPO with a pump average
power threshold of 0.48 W. The average output powers of the idler with respect to
different pump powers is shown in Figure 4.17, again taking into account the losses

from CM2 and DM. The idler power increased linearly at a slope efficiency of 18.0 %
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within the 2 - 5 W pump power range. At higher pump powers, idler power roll off
was observed, reaching a maximum idler power of 1.1 W. The corresponding power
conversion efficiency was achieved with a maximum value of 17.9 % at 3.5-W pump
power, where the quantum photon efficiency reached 51.3 %. At higher pump
powers a decrease in conversion efficiency was observed (Figure 4.17), which was
likely due to back conversion at such high pump intensities [4]. Note that the
maximum average pump power used here was kept at only 7.27 W, because crystal
damage occurring at higher pump powers was observed due to the much higher
pump peak power and intensity inside the PPLN crystal at 1 MHz. For example, for
a7.27 W pump at 1-MHz repetition rate, the calculated peak intensity in the centre
of the PPLN crystal is 135 MW/cm? for a 120 ps pulse. This is already quite close to
the PPLN crystal damage threshold reported previously [5].

1 I I I I I I . i
10 -1 '.’.-...‘.".-.. [ ] u L 18
.} “l-.._.._l [ 16 —
m "'L.__. 2
0.8 - / -14 >
— . -
=3 12 G
G 0.6- 10 é
3 T
@)
o -8 <
504 T (i S
L - 18.0 % slope efficiency g ¥
=2 i @
>
-4 C
0= ] m Idler Power - 8
; /I - Linear fit of Idler Power| [ 2
00d Em —H—Conversion Efficiency | | 5

0 | 1 2 3 4 5 6 7 . 8
Pump Power (W)

Figure 4.17 Graph showing the fibre-feedback OPQ’s average idler power (black) with linear fit (red)
and conversion efficiency (blue dots) against pump power under 1-MHz operation. The

blue line is a guide for the eye.

To investigate the nonlinear effects on the signal and idler due to the long feedback-
fibre inside the cavity, idler and signal spectra were measured in a similar fashion to
that for the OPO under 16-MHz operation. The graph in Figure 4.18 shows the idler
spectrum at different pump powers under 1-MHz operation. Again, an increase in
spectral width with pump power was observed, from 19.7 nm - 42.3 nm at FWHM,

which is more significant than that at 16-MHz (Figure 4.12).
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Figure 4.18 Graph showing the OPQ’s idler spectrum at different power under 1-MHz operation.
Spectral broadening greater than that at 16-MHz operation can be observed with

increasing pump power.

The signal spectra measured at positions before and after the feedback-fibre in the
cavity are presented in Figure 4.19, which shows a significantly greater spectral
broadening than that at 16-MHz operation (Figure 4.13). The 3-dB bandwidth of the
main peak spectra (1.6 um) for the signal before the feedback-fibre (Figure 4.19(a))
increased from 5.5 nm to 12.9 nm, and the one after the feedback-fibre (Figure
4.19(b)) increased from 18.9 nm to 40.0 nm. In addition to spectral broadening in
the main signal peak, supercontinuum (SC) generation was also observed. This is
most clearly seen in the spectra at the output of the feedback-fibre (Figure 4.19(b)).
The SC probably arises from a combination of nonlinear effects such as SPM, Raman
scattering and modulation instability in the long-length feedback-fibre at the high
intracavity peak powers. From the reflected power of ~7 mW from the pellicle BS
after the feedback-fibre, it was estimated that the intra-fibre signal average (peak)
power was of 0.13 W (1.0 kW). Note that the dip in the spectrum just under 1800
nm is due to the wavelength dependence of the pellicle BS (Figure 4.20) used to
direct a small proportion of the signal out of the cavity for the spectral and temporal
pulse measurements. One would expect the SC spectrum to be flatter and more
continuous if the pellicle BS's reflectance had been uniform over the wavelength
range covering the entire spectrum. Again, as shown in Figure 4.19(c), the spectral
width of the signal before the feedback-fibre was much narrower than that after the

feedback-fibre under the same pump power. As mentioned above in Section 4.4.1,
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this arises from the spectral filtering effects of the PPLN crystal due to its finite gain
bandwidth. It can be seen that there are only small changes in the signal spectrum,
with a constant 3 dB width at the main signal peak for both before and after the
feedback-fibre, under pump powers above 3.46 W. This is also reflected in the signal
temporal pulse measurements shown in Figure 4.21. At average pump powers
above 3.46 W, the signal pulse duration remained constant both before and after
the feedback-fibre.
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Figure 4.19 Graph showing the OPQ’s signal spectrum at different power under 1-MHz operation a)
before feedback-fibre, b) after feedback-fibre and c) a comparison of before and after
feedback-fibre at maximum pump power. Other than the increase of spectral width

with pump power, SC generation can also be observed.
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Figure 4.20 Graph showing the wavelength dependent reflectance of the pellicle BS. (Data
provided by Thorlabs [6]).

Taking the SMF-28 dispersion value D of 21 ps/nm.km [3], and using the following

equation [7]:

At = DAAL

(4.1)

where At is the temporal broadening, 44 is the spectral width and L is the fibre
length, some calculations can be made to understand this. For a 5.5-nm signal
spectral width, the expected pulse broadening over 203 m of fibre is 23.4 ps, and for
12.9 nm spectral width, the calculated pulse broadening factor is 55.0 ps. The signal
pulse durations of 150 ps and 175 ps measured before the feedback-fibre under 2.32
W and 3.46 W powers, represent broadening of 25 ps and 55 ps to the pump pulse
(120 ps), respectively (Figure 4.21(a) and Figure 4.21 (b)) . This is in a good
agreement with the calculation, hence the spectral width of the signal before the
feedback-fibre can be recognised as the ‘effective’ spectral width of the signal

circulating within the OPO cavity.

On the other hand, if the spectral widths of the signal measured after the feedback-
fibre, 18.9 nm and 40.0 nm, are used for calculation, the theoretical pulse
broadening would be 80.6 ps and 171 ps respectively. However, signal pulse
durations of 179 ps and 246 ps under 2.32 W and 3.46 W pump powers, represent
pulse broadening of 69 ps and 126 ps, respectively (Figure 4.21(c) and Figure
4.21(d)) . The reduced pulse broadening from measurement compared to
calculation is expected since the calculations assumed the spectral width is constant

over the entire length of the feedback-fibre. However, in reality the spectrum
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gradually broadens as the signal propagates through the feedback-fibre, hence the

measured pulse broadening is less than the values obtained from calculations.
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Figure 4.21 Graphs showing the temporal pulse shape of the signal before the feedback-fibre at: a)
2.32 W pump, b) 3.46 W pump and above, and signal after the feedback-fibre at: c)
2.32 W pump, d) 3.46 W pump and above.

For applications requiring a narrow spectrum from the OPQ, it is undesirable to have
the spectral broadening that originated from the nonlinear effects in the feedback-
fibre. Moreover, the SC generation reduces the efficiency of the OPO because only
the parts of the spectrum within the gain bandwidth of PPLN will receive high
parametric gain, while the rest of the spectrum, i.e. the generated SC will be lost.
One method of reducing the nonlinear effects is to use a HCF feedback-fibre instead
of a SMF-28 feedback fibre. The HCF fibre has a hollow core and light is guided in air,
which has a much lower nonlinear coefficient compared to silica glass, hence it is
expected that nonlinear effects will be significantly reduced compared to that from
SMF-28 fibre-feedback OPO. Other than replacing the solid-core SMF-28 feedback-
fibre with a HCF feedback-fibre, a large OC replacing one of the high reflectivity

cavity mirrors before the input end of the feedback-fibre would reduce the signal
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peak power entering the feedback-fibre and hence eliminate the nonlinear effects.
In addition to the reduced nonlinear effects, more signal light may be extracted from
the cavity offering an extra source of output to the idler. In results presented in
Section 4.4.3 below, mirror M4 in the OPO cavity is replaced by an OC of 90%
transmission for the signal, which significantly reduces the nonlinear effects arising
from the feedback-fibre.

4.4.3 1-MHz SMF-28 fibre-feedback OPO with a 90% signal-transmission

output coupler

After replacing the cavity mirror M4 with an OC of 90% transmission at the signal
wavelengths, the idler output at 2980.9 nm and signal output at 1595.0 nm were
observed from the OPO under a pump average power threshold of 0.77 W. Although
with the high loss of the 90% signal transmission OC, the OPO threshold only
increased by 0.29 W. This is a well-known characteristic of fibre-feedback OPO cavity
where the OPO output is insensitive to cavity losses under the very high parametric
gain [1]. The average output power of the idler, signal and combined output with
respect to different pump powers are presented in Figure 4.22. All converted
powers increased linearly with respect to pump power at a slope efficiency of 17.1 %,
48.7 % and 67.6 % for idler, signal and total, respectively. The maximum idler and

signal power generated was 1.24 W and 3.10 W, respectively.

The maximum idler power for the OPO with and without the OC (1.24 W and 1.11
W respectively) corresponds to pulse energies of 1.24 pJ and 1.1 W, respectively.
This is almost an order of magnitude higher than that previously achieved in our
research group (0.19 W [8]) from a 7.19-MHz fibre-feedback OPO. The idler power
conversion efficiency reaches a maximum value of 18.3 % at 3.5-W pump power
(Figure 4.22 (a)). This is very similar to that from the OPO cavity without the OC,
where a maximum idler power conversion efficiency of 17.9 % also occurred at 3.5-
W pump power (see Section 4.4.2 above). Nevertheless, under operation with an
OC, the drop in idler power conversion efficiency at higher pump powers is much
lower (18.3 % to 17.0 %) compared to that without an OC (17.9 % to 14.4 %). This
lower drop in the conversion efficiency is believed to be due to the reduced back

conversion that results from the lower intracavity signal peak power with the OC.
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Figure 4.22 Graph showing the fibre-feedback OPQ’s average a) idler, b) signal and c) total

converted power (black) with a linear fit (red) and its respective conversion efficiency

(blue dots) against pump power under 1-MHz operation with the OC. The blue line is a

guide for the eye.

As shown in Figure 4.22(b), the signal power conversion efficiency begins to plateau

and stabilise from around 5.7-W pump power and reaches a maximum value of 42.7 %

at 7.27-W maximum pump power. The total power (sum of signal and idler)

conversion efficiency reaches a maximum value of 60.1 % at a 6.1-W pump power,

and shows 59.7% at the maximum 7.27-W pump power without significant drop.

The total power conversion efficiency starts to plateau at around 5.0-W pump

power.
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Figure 4.23 Graph showing the OPQ’s idler spectrum at different power under 1-MHz operation

with OC. Spectrum broadening is reduced compared to 1-MHz operation without OC.

The idler and signal spectra were measured in a similar fashion to that described in
Sections 4.4.1 and 4.4.2. The graph in Figure 4.23 shows the idler spectrum of the
OPO at different pump powers under 1-MHz operation with an OC. An increase of
spectral bandwidth from 10.5 nm - 29.0 nm at FWHM with increasing pump powers
was observed, which is less than that from the OPO at 1-MHz without the OC (Figure
4.18). These idler spectra already indicate a reduced nonlinear effect (though still
significant) from the feedback-fibre due to the lower intracavity signal peak power

through the replacement of M4 with an OC.

The signal spectra measured for positions in the cavity, before and after the
feedback-fibre, with respect to different pump powers is presented in Figure 4.24.
The signal spectrum after the feedback-fibre (Figure 4.24 (b)) clearly shows that
there is no longer a SC. The 3-dB width of the signal spectrum before the feedback-
fibre (from the OC) ranged from 5.4 nm - 13.0 nm and the signal spectrum after the
feedback-fibre ranged from 5.9 nm - 24.4 nm. These results show a clear
improvement in terms of achieving a narrower spectrum compared to the OPO with
all high reflectivity mirrors. Hence, through reducing the intracavity signal peak
power, the use of an OC is very effective in reducing the nonlinearities from the
feedback-fibre. Other possible methods of reducing intracavity/intra-fibre signal
peak power is through splicing a fibre coupler near the input end of the feedback-

fibre instead of using a mirror OC. A near diffraction-limited beam quality would be
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expected due to single-mode fibre output. However, a proportion of that high signal
peak power will still propagate through a certain length of the fibre before it leaves
the fibre-coupler. Hence a higher intracavity nonlinearity than that using a mirror

OC will be expected.

From the reflected power of ~0.6 mW from the pellicle BS after the feedback-fibre,
it is estimated that that the intra-fibre signal average (peak) power was reduced
from 0.13 W (1.0 kW) with the HR cavity to 12 mW (0.1 kW) with the 90 % signal-
transmission OC. However, SPM dominated spectral broadening is still present. For
example, at 7.27-W maximum pump power, the 3-dB signal spectral widths before

and after the feedback-fibre are 13.0 nm and 24.4 nm, respectively.
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Figure 4.24 Graph showing the OPQ’s signal spectrum at different power under 1-MHz operation
with an OC a) before feedback-fibre and b) after feedback-fibre. SC generation is no

longer observed.

The significant signal spectral broadening is also shown to affect the temporal pulse
duration and shape (Figure 4.25) due to dispersion, similar to the OPO cavity without
the OC. The signal pulse before the feedback-fibre from the OC ranged from 120 -
170 ps and the signal pulse after the feedback-fibre ranged from 144 ps - 222 ps.
Thus, even though the 90 % signal transmission OC in the OPO cavity mitigates the
SC, there is still significant spectral broadening due to SPM, which also leads to
increased signal pulse duration as well as pulse shape distortion due to dispersion
in the feedback-fibre. At 7.27-W maximum pump power, both the spectral width
and temporal pulse duration of the signal are almost identical to that from the OPO
cavity without the OC (12.9 nm and 175 ps respectively). As mentioned in Section
4.4.2, The OPO system can possibly be further improved by using a HCF feedback-
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fibre to supress the nonlinearities. This in turn should improve the conversion
efficiency and hence allow higher output power. A HCF fibre-feedback OPO is

demonstrated in Chapter 5.
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Figure 4.25 Graphs showing the temporal pulse of the signal a) before the feedback-fibre and b)
after the feedback-fibre at different pump powers. Even with an OC of 90 % signal

transmission, pulse broadening due to dispersion is still present.

Finally, the signal and idler beam quality was measured using a pyroelectric scanning
profiler under different pump powers, using the Equations ( 3.1 ) and ( 3.2 ) to fit
the data and obtain the value of M?. The beams of both signal and idler show non-
Gaussian profiles at all pump powers. At low pump power, the signal beam has an
M2 of 1.21 and M,? of 1.22 (Figure 4.26(a)) and the idler beam has an M,? of 1.26
and M,? of 1.37 (Figure 4.26 (c)). The beam quality degrades further with increasing
pump power with a signal My? of 2.67 and M,? of 2.55 (Figure 4.26 (b)) and an idler
M2 of 1.84 and M,? of 3.03 (Figure 4.26 (d)) at the maximum pump power. The poor
beam quality is likely to have arisen from the non-ideal alignment of the OPO where
the spatial overlap of signal and pump beam within the PPLN crystal is not good,
however, parametric oscillation can still be realised with a good conversion
efficiency due to the high parametric gain at such high peak powers. Also,
Astigmatism can be observed, especially at higher powers arising from the angled
curved mirrors. In addition, it is possible that back-conversion and thermal effects
in the OPO further degrade output beam quality at such high pump powers [8].
Further optimisation of the beam quality of the fibre-feedback OPO at high

power/gain is presented in chapter 5.
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Figure 4.26 Beam quality measurements of signal at (a) low power and (b) at maximum power, and
of idler at (c) low power and (d) at maximum power.

4.5 Summary

In conclusion, the method of using a fibre-feedback cavity to realise a compact, low
repetition rate OPO was discussed. A 1-MHz-repetition-rate, compact, ps SMF-28
fibre-feedback OPO based on PPLN was presented. The OPO is synchronously
pumped by an YDF MOPA system, seeded by a 1040-nm GSLD. The MOPA system
operated at a 1-MHz repetition rate and generated 7-W output power. For an OPO
with all cavity mirrors of high reflectivity at signal wavelengths (1600-nm), a
maximum idler (2981-nm wavelength) average power of 1.1 W (~8.6 kW peak power)
was achieved at the maximum pump power of 7.27 W. SC generation in the signal
was observed, which arises from nonlinearity in the SMF-28 feedback-fibre and high
intracavity signal peak power. This also caused temporal broadening of the signal
pulse due to fibre dispersion. By replacing one of the cavity mirrors before the

feedback-fibre with an OC of 90 % transmission at the signal wavelength, intracavity
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signal peak power was significantly reduced resulting in the elimination of the
supercontinuum generation. However, significant spectral broadening due to self-
phase modulation remained, which still caused temporal broadening in the signal
pulse. For the OPO cavity with the OC, a maximum idler average power of 1.24 W
and a maximum signal average power of 3.10 W was achieved. This corresponds to

idler and signal peak powers of 9.7 kW and 17.1 kW respectively.

Currently, the fibre-feedback OPO at 1-MHz operation is not pumped at the
maximum available power due to crystal damage at high pump intensity. Therefore,
to power scale the fibre-feedback OPO, the cavity should be redesigned to increase
the size of the beam waist at the centre of the PPLN crystal. This would allow the
pump beam to be focused to a larger beam size with lower beam intensity to enable
higher pump powers without damaging the PPLN crystal. This should in turnincrease

the maximum output peak power of the fibre-feedback OPO.

Another improvement is to replace the current solid-core SMF-28 feedback fibre
with a HCF fibre to further reduce nonlinear effects in the cavity and hence reduce
spectral and temporal broadening. This should increase the conversion efficiency

and hence would also increase the peak power of the output.
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Chapter 5 Picosecond pulsed, Mid-IR hollow-core fibre-

feedback OPO

5.1 Introduction

In this chapter, a fibre-feedback optical parametric oscillator (OPO) using a hollow-
core fibre (HCF) as the feedback-fibre operating at 1-MHz repetition rate is
developed and characterised. Firstly, a low-loss HCF with a transmission window
covering the OPO signal wavelengths is presented. Next, the construction of an OPO
using the HCF inside the cavity is described and the experimental results are
discussed. Finally, characterization of the signal and idler beam quality is
implemented, and numerical simulations are carried out to provide theoretical
support for optimising the beam quality. This work presents the first ever fibre-
feedback OPO using an HCF as the feedback-fibre to significantly reduce the
intracavity nonlinearities arising from the high intracavity signal peak power and
long solid-core fibre length requirement at MHz-level repetition rates, as discussed

previously in Chapter 4.
5.2  HCF feedback-fibre

The pump source of the HCF fibre-feedback OPO was the same Ytterbium-doped
fibre (YDF) master oscillator power amplifier (MOPA) system used to pump the solid-
core fibre-feedback OPO described in Chapter 4 (Figure 4.2). The OPO had the same
cavity design and geometry as the setup described in Chapter 4 (Figure 4.8), except
that the solid-core SMF28 feedback fibre was replaced by an in-house made HCF
fibre. The HCF fibre was a nested antiresonant nodeless fibre (NANF) [1], with the
cross sectional geometry presented in Figure 5.1(b). The light was confined to the
central void by the presence of the 6 non-contacting nested tube elements through
coherent antiresonant reflection, as determined by the thickness of the membrane
elements used to ensure single mode operation [2, 3]. The NANF fibre used here
was of 33.5-um core diameter with < 2 dB/km loss at 1500 nm—1700nm (signal), as
shown in the cutback plot in Figure 5.1(a). The HCF was chosen to replace the solid-

core fibre inside the cavity and hence to reduce the OPQ’s intracavity nonlinearities.
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A 298-m length of HCF fibre was chosen to match with the pump repetition rate for
the OPO when an effective refractive index being close to 1 was taken into account.
In comparison to the SMF-28 fibre, the HCF fibre had a 30-dB lower nonlinearity and
a group velocity dispersion (—3.5 fs2/mm vs. =23 fs?/mm) about 6 times smaller,
which is highly beneficial in realizing such short-pulsed OPOs. Note that aspheric
lenses with 9.8-mm focal length were used to replace the original ones used in the
solid-core-fibre feedback fibre OPO cavity in order to match the signal cavity mode
due to the larger core size of the HCF fibre. As with the solid-core fibre-feedback
OPO presented in Chapter 4, the polarisation from the HCF feedback-fibre output

was controlled using a 1.5 um half wave-plate (see Figure 4.8).

(a)10; (b)
9_
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Figure 5.1 Graphs showing (a) Cutback plot of the HCF fibre used in the fibre-feedback OPO cavity

and (b) HCF fibre cross section.

5.3  Experimental results and discussion

5.3.1 HCF fibre-feedback OPO with HR cavity

For the high reflectivity (HR) cavity, OPO operation was observed at a pump average-
power threshold of 0.23 W. The output average power of the idler with respect to
different pump powers is presented in Figure 5.2. The idler power increased linearly
with respect to the pump power at a slope efficiency of 23.9 % up to a maximum
power of 1.64 W. This maximum idler power from the HCF fibre-feedback OPO
corresponds to a pulse energy (peak power) of 1.64 pJ (12.8 kW). As can be seen, a

maximum power conversion efficiency of 27.6 % occurred at a pump power of 1.6
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W. A roll-off in conversion efficiency can be observed for pump powers greater than

2 W, which is likely due to back-conversion in the OPO.

A pellicle beam splitter (BS) with 5% signal reflection was inserted at positions
before and after the HCF feedback fibre (see Figure 4.8) to extract a small proportion
of the signal for spectral measurements, as shown in Figure 5.3. It is interesting to
note that although the signal spectrum is narrower than that with the solid core
SMF-28 feedback-fibre, nonlinear effects are still present due to rotational Raman
scattering of the nitrogen in air. This can be observed through the frequency shifts
for pump powers greater than 1.0 W, similar to that reported by Mousavi et al. [4].
The central wavelength of the signal spectrum is 1594.8 nm. The smaller peaks near
1605.9 nm and 1587.9 nm around the central peak (Figure 5.3) correspond to the
1%t order stokes and anti-stokes respectively. As expected, the signal spectrum at the
input of the feedback-fibre is narrower than that after the feedback-fibre due to the
filtering effect of the PPLN crystal mentioned in Chapter 4. Note that the stoke and
anti-stokes peaks are also observed in the signal spectrum before the feedback-fibre
due to these wavelengths being close to the small side peaks of the sinc? function
of the parametric conversion efficiency (Equation ( 2.13 )). This weak parametric
conversion can also be observed in the side peaks on the idler spectrum in Figure
5.4 below.

1l8 L] L] L] L] L] L] 1 L] 30
1.6 - iy N n"
“Een.gg. - [ 25 ©
1.4- f “u-n g, <
I
S 1.2
= F20 G
- [S)
Q 1.0 + U=
% 0.8 - ‘ L 15 10
o n 23.9 % slope S
o 0.6- -
% =10 e
—_ Q
0.4 >
c
0.2 - B Idler Power -5 8
] === Linear Fit of Idler Power
0.0 ==Hl=Conversion Efficiency 0

0 1 2 3 4 5 6 7 8
Pump Power (W)

Figure 5.2 Graph showing the HCF fibre-feedback OPQ’s average idler power with respect to pump

pump
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Figure 5.3 Graphs showing the signal spectra a) before and b) after the HCF feedback fibre.

The idler spectra centred around 2985.7 nm at different pump powers are
presented in Figure 5.4. Due to the broadening of the signal spectrum, the idler
spectrum is also broadened, especially for pump powers greater than 3.5 W. The
FWHM spectral width of the idler ranges from 0.32 — 17.51 nm. This idler spectral
width is significantly narrower than that from the HR cavity OPO with a solid-core
feedback fibre (19.7 nm - 42.3 nm) and is comparable to, although still narrower
than, that from the solid-core fibre-feedback OPO with a 90 % output coupler (OC)
(10.5 nm - 29.0 nm). Hence this shows the significant reduction in intracavity
nonlinearity for the OPO with the HR cavity through the replacement of the solid-
core feedback fibre with the HCF fibre. The very small peaks around 2950 nm and
3020 nm on either side of the central peak correspond to the parametric frequency
conversion of the signal Raman peaks (1605.9 nm and 1587.9 nm). However,
because the parametric gain at these wavelengths is very low, these peaks are only

~5% of the central peak intensity.
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Figure 5.4 Graphs showing the idler spectra of the HCF fibre-feedback OPO at different pump

powers.

The duration of the signal pulse of the HCF fibre-feedback OPO before and after the
feedback fibre was also measured with a fast photo-detector (83440D, Agilent) and
a digital communication analyser (Infiniium 86100C, Agilent), once again usinga 5 %
pellicle BS to direct a small proportion of the signal out of the cavity. The signal pulse
before the feedback-fibre had a pulse width of 120.4 ps at all powers, as shown in
Figure 5.5(a). As expected, the signal pulse width is similar to that of the MOPA

pump due to the very low dispersion of air in which most of the signal light in the

HCF fibre is guided.
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Figure 5.5 Graphs showing the signal pulse of the HCF fibre-feedback OPO a) before the feedback
fibre and b) after the feedback fibre
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Figure 5.6 Signal pulse after the feedback fibre with the higher order mode supressed

The signal pulse after the feedback-fibre at different pump powers is presented in
Figure 5.5(b). Although the main pulse width is also 120 ps at all powers, small pulses
can be observed after ~1-ns time delay. By taking the area under the curve, the
power in the small pulse is ~24% of the total power. This is believed to be due to
some higher order modes being excited and propagated in the HCF feedback fibre.
By tweaking mirrors M3 and M4 (see Figure 4.6) and thereby optimising the signal
launch angle into the HCF feedback-fibre to reduce the higher order contents, the
smaller peak can be effectively supressed, dropping to 8.6 % of the total power, as
shown in Figure 5.6. The small peak does not pose a great problem to the system as
it is not synchronous with the pump pulse in the time domain and hence does not

get amplified as shown in Figure 5.5(a).

These results provide strong evidence and justification for using a HCF fibre as the
ultralow nonlinearity feedback-fibre of the OPO to improve the systems power
scalability. As with the solid-core fibre-feedback OPO presented in Chapter 4, the
intracavity nonlinearity was then further reduced through replacing M4 (see Figure
4.6) with an OC of 90% signal transmission. Not only does this further improve the
power scalability, but it also allows signal output. The results for the high loss cavity

are presented in the section below.
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5.3.2 HCF fibre-feedback OPO with 90 % output coupler

For the cavity with a 90% OC, OPO operation was observed at a pump average-
power threshold of 0.48 W. The output average power of the idler, signal and sum
of idler and signal with respect to different pump powers is presented in Figure 5.7.
The idler power increased linearly with respect to the pump power at a slope
efficiency of 21.7% up to a maximum power of 1.50 W, and the signal power also
increased linearly with respect to the pump power but with a higher slope efficiency
of 44.8%, reaching a maximum power of 3.02 W. The total power conversion
efficiency at the maximum pump power was calculated to be 62.1%. As there is no
drop in conversion efficiency, back conversion is no longer present. The maximum
idler power for the HCF fibre-feedback OPO corresponds to a pulse energy (peak
power) of 1.50 W (11.7 kW). To the best of our knowledge, these results from the
HR cavity and the cavity with 90 % OC represent the highest energy MIR pulses

achieved from such OPOs to date.
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Figure 5.7 Graph showing the HCF fibre-feedback OPQ’s average a) idler, b) signal and c) total
converted power (black) with linear fit (red) and its respective conversion efficiency

(blue dots) against pump power with OC. The blue line is a guide for the eye.
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Figure 5.9 Graph showing the spectra of the idler at low and max. power for the HCF fibre-feedback

OPO with 90 % OC. The inset shows the magnified spectra.

The graphs in Figure 5.8 show the signal spectra with 0.05-nm resolution for the
HCF-fibre-feedback OPO, measured at the OC. The FWHM of the signal spectrum
ranged from 0.07 — 0.09 nm. The signal spectra after the feedback-fibre are identical
to that measured at the OC, suggesting no additional nonlinear effects arise from
the HCF. It can be seen that the signal spectrum is significantly narrower than that

from the solid-core SMF-28 fibre-feedback OPO (5.4 nm - 13.0 nm as described in
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Chapter 4) and also without rotational Raman peaks (as observed with the HCF fibre-
feedback OPO with HR cavity). Note that the slight wavelength shift at maximum
output power is due to the small temperature change of the PPLN crystal at higher
pump powers. The idler spectra from the HCF fibre-feedback OPO, at low and
maximum output powers, are presented in Figure 5.9. The central signal and idler
wavelengths were 1601.6 nm and 2952.9 nm at low power and 1602.6 nm and
2948.2 nm at maximum power, respectively. Compared with both the solid-core
SMEF-28 fibre-feedback OPO and the HCF fibre-feedback OPO with HR cavity, the
idler spectral width from the HCF fibre-feedback OPO with 90 % OC, as with the
signal spectrum, is also much narrower, ranging from 0.48 - 8.38 nm. Note that the
increase in spectral widths at high power (especially for the idler) is attributed to the
increase in the pump spectral width due to self-phase modulation (SPM) in the fibre
MOPA system, mainly from the final amplifier stage (Figure 4.4(b)). The multipeak
nature of the idler spectrum especially at high power arises from parametric transfer
of the multiple peaks of the pump spectrum, which is similar to that reported and
described in the previous studies [5—7]. The SPM in MOPA system could be reduced
through the use of active fibres with increased core size/dopant concentration.
Nevertheless, the use of a HCF fibre as the OPQ’s feedback fibre has very successfully
reduced the intracavity nonlinearities, leading to an improved power scalability of

the OPO. Further power scaling work is presented in Chapter 6.

The signal and idler wavelength tunability was characterised using different PPLN
grating periods and oven temperatures. Seamless wavelength tuning for the ranges
of 1472 -1758 nm and 2559 — 3563 nm was achieved for the signal and idler outputs,
respectively, as shown in Figure 5.10. The measured central wavelengths against the
crystal temperature are plotted in Figure 5.11 along with the theoretical phase-
matched wavelengths. The theoretical values are plotted as a heatmap of the
normalised sinc? function of Equation ( 2.13 ) to show the bandwidth of the
possible phase matched idler wavelengths. Note that the slight discrepancy
between the measured and theoretical wavelengths is likely due the actual
temperature inside the PPLN crystal being slightly different to that displayed by the
oven controller. OPO operation was only observed from four out of the five channels
of the PPLN crystal. For the 31.59-um-grating channel, the theoretical phase-
matched signal wavelengths at crystal temperatures above 20 °C range from 1896 —

2040 nm. However, the loss of the HCF feedback-fibre is anticipated to be quite high

105



Chapter 5

across this waveband, and these wavelengths lie at the edge of the high reflectivity
band of the curved cavity mirrors. As a consequence, it was not possible to achieve

OPO laser oscillation with this channel.
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Figure 5.10 Tunability of the (a) signal and (b) idler from the fibre-feedback OPO and the

corresponding maximum power.
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Figure 5.11 The measured signal and idler central wavelengths (points) and the theoretical

wavelengths (heatmap) plotted against the PPLN temperature.

The duration of the output signal pulses of the HCF fibre-feedback OPO with 90 %
OC was also measured, and exhibited a constant pulse width of around 120 ps
(Figure 5.12) at different powers due to the negligible nonlinearity and small
dispersion. The signal pulse before and after the HCF feedback-fibre were identical

and no sub-peaks were detected suggesting that the signal launch into HCF was
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much better optimised than that for the HR cavity hence no higher order mode was
excited. This also explains the higher power conversion from the HCF fibre-feedback
OPO due to the better temporal overlap between the interacting pulses. Note that
the output idler pulse width was not measured due to a lack of suitable
instrumentation, however they would be expected to have a similar width to that of
the pump. Nevertheless, an idler pulse train depicting a 1-MHz repetition rate

measured using a relatively slow photodetector with rise time of 3 ns is presented

in Figure 5.13.
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Figure 5.12 Graph showing signal pulse from the HCF fibre-feedback OPO with 90 % OC. Due to

the narrow linewidth of the signal spectrum, the pulse width was maintained at 120

ps.
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Figure 5.13 Graph showing the 1-MHz pulse train of the idler.
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Finally, the signal and idler beam qualities for the HCF fibre-feedback OPO were
measured at low and maximum power using a pyroelectric scanning profiler, using
the Equations ( 3.1 ) and ( 3.2 ) to fit the data and obtain the value of M?2. At low
power, the signal beam had an M,? of 1.24 and M,? of 1.34 (Figure 5.14(a)) and the
idler beam had an M,? of 2.27 and M,? of 2.07 (Figure 5.14(c)). The beam quality
degraded with increasing pump power, with a signal M,? of 3.84 and M,? of 3.00
(Figure 5.14(b)) and an idler My? of 3.22 and M,? of 2.66 (Figure 5.14(d)) obtained at
the maximum pump power. Similar to that with the solid-core fibre-feedback OPO
in 67Chapter 4, the poor beam quality is likely to have arisen from the non-ideal
alignment of the OPO where the spatial overlap of signal and pump beam within the
PPLN crystal is not good, however, parametric oscillation can still be realised with a
good conversion efficiency due to the high parametric gain at such high peak powers.
A more detailed study on the optimisation of the fibre-feedback OPO’s output beam

quality is presented in the section below (Section 5.4).
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Figure 5.14 Beam quality measurements of signal at (a) low power and (b) at maximum power, and

of idler at (c) low power and (d) at maximum power.
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5.4 Optimisation of beam quality for the fibre-feedback OPO

5.4.1 Initial cavity redesign

To improve the beam quality of the fibre-feedback OPO, the cavity was initially
redesigned such that the resonant signal beam waist inside the PPLN crystal was
increased and the free-space section of the cavity was made symmetrical. Increasing
the size of the signal beam waist inside the PPLN crystal would in turn increase its
Rayleigh length and hence reduce the variation of the size of the beam inside the
crystal, so that the pump, signal and idler beams would have better spatial overlap
along the entire length of the PPLN crystal. Increasing the beam size inside the PPLN
crystal would also reduce the pump intensity, which was expected to eliminate back-
conversion and improve the OPO’s output beam quality. It can be seen from the plot
in Figure 4.9, showing the signal beam radius along the free-space section of the
fibre-feedback OPO cavity, that the signal beam radius along the PPLN crystal was
asymmetric because of the asymmetric free-space design. Together with the short
Rayleigh length (14.3 mm) of the signal beam with 116 um waist radius, it became

difficult to achieve a good spatial overlap between the pump, signal and idler beams.

1 pm Residual Pump

CMl CM2
HWP MgO:PPLN

Pump g

DM
*Idler
&

L5 pm Aspheric
HWP  Lens

Aspheric
Lens £40

Signal

J /‘/ ) Feedback-fibre

Figure 5.15 Schematic of the redesigned fibre-feedback OPO cavity. HWP: half-wave plate; CM1,
CM2: concave mirrors; M3: plane mirror; OC: 90% output coupler DM: 45° dichroic

mirror; LPF: long-pass filter.
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The fibre-feedback cavity was modified to change the separation distance between
CM1 and CM2 to increase the signal beam waist radius at the centre of the PPLN
crystal to 163 um. The setup of the redesigned symmetric cavity is presented in
Figure 5.15. For the new signal cavity mode, aspheric lenses of 11.0-mm focal length
were used to match the HCF feedback-fibre’s MFD at point A in Figure 5.15 and for
the signal at the output of the HCF feedback-fibre (point B in Figure 5.15) to match
the cavity mode. To match the signal beam waist at the centre of the PPLN crystal,
the MOPA output beam was focused down to a measured beam radius of 164 um
with a pair of plano-convex lenses of 75-mm and 50-mm focal length. Note that due
to physical space restrictions in our set up, and lack of ready access to a suitable
single lens solution, a combination of two available lenses was used to focus the
pump beam to the exact position and with the specific beam waist required. This
cavity was also designed through an ABCD matrix calculation in Python. Note that
due to the limited length of HCF fibre available at the time of experiment, all of the
redesigns to the cavity throughout the rest of the thesis (including in Chapter 6)
were undertaken with the condition that feedback-fibre length and hence the total
free-space length of the cavity remain unchanged in all redesigns, and that only the
mirror position changes. Hence the calculated signal cavity mode can be far from
collimated when it reaches the aspheric lens at the feedback-fibre input and when
is leaves the aspheric lens after the feedback-fibre output. This is not the optimum
use for theses aspheric lenses since they were designed to collimate a beam or focus
a collimated beam. Without this restriction, the cavity redesign can be improved to
have different free-space cavity lengths to allow for cavity modes where the beam
at the aspheric lenses are collimated. The signal beam radius along the free-space
section of the fibre-feedback cavity is presented in Figure 5.16. It can be seen that
with the increased signal beam waist size and a symmetrical cavity design, the signal

beam size along the PPLN crystal is more even.
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Figure 5.16 Graph showing the signal beam radius at different positions along the free space section
of the redesigned fibre-feedback OPO cavity with 163 um signal beam radius. The red
and green dashed lines mark the position of the curved mirrors and the aspheric lenses

respectively.

5.4.2 Preliminary results

The MOPA output beam quality was first checked as a degradation in the pump
beam quality would also affect the OPO’s output beam quality. As the YDF fibre in
the MOPA’s final stage amplifier is a large mode area (LMA) fibre that supports 2
spatial modes (LPo1 and LP11), proper coiling of the fibre is required to suppress the
higher order LP11 mode [8]. As shown in Figure 5.17, the beam quality was measured

with an M? value of 1.02 at the maximum MOPA output power.
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Figure 5.17 Beam quality measurement of the MOPA output at maximum power.

With the redesigned fibre-feedback OPO cavity having a larger cavity-mode beam
waist in the PPLN crystal, beam qualities of the output signal and idler from the OPO
were measured again at low and maximum output power. At low power, the signal
beam had an M2 of 1.17 and M,? of 1.20 (Figure 5.18(a)) and the idler beam had an
M2 of 1.34 and M,? of 1.46 (Figure 5.18(c)). The beam quality was found to undergo
a significant degradation when increasing the pump power, showing a signal My’ of
2.96 and M,? of 2.90 (Figure 5.18(b)) and an idler M\? of 2.28 and M,? of 2.14 (Figure
5.18(d)) at the maximum pump power. Even though the beam quality of both the
signal and idler at the maximum power is still far from being diffraction limited (M2 >
2), there is already significant improvement compared to the initial fibre-feedback
cavity, where the M? is greater than 3. This improvement is observable in the beam
profile. For example, the idler far-field beam profiles before and after the redesign
of the OPO cavity are shown in Figure 5.19. The idler beam shape from the
redesigned cavity clearly has a greater resemblance to a circular Gaussian profile

beam than the idler beam from the initial cavity.
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Figure 5.18 Beam quality measurements of signal at (a) low power and (b) at maximum power, and

of idler at (c) low power and (d) at maximum power of the HCF fibre-feedback OPO

with the redesigned cavity with larger signal beam waist.

a)

Figure 5.19 Idler far-field beam profile at maximum power before and after the cavity was

redesigned.

One major difference between a fibre-feedback cavity and a conventional free-
space cavity is that a conventional cavity actively shapes the resonant beam and
optimises the beam quality which is restricted by the cavity mode. A fibre-feedback

cavity however, does not actively shape the resonant beam due to the resonant
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beam in the cavity being dictated by the feedback-fibre output. Hence, one has to
manually optimise the cavity alignment at the feedback-fibre output such to match
the cavity mode of the corresponding free-space cavity in order to optimise the
output beam quality. From the results above, the cavity mode at high power/gain is
likely to have deviated from that at low power, hence the current alignment does
not match the cavity mode to achieve good beam quality. One other method that
can be used to alter the alighment at the output of the feedback-fibre is to change
the aspheric lens at the feedback-fibre output to one with a different focal length.
An empirical test with aspheric lenses with several different focal lengths is
presented below. The target was to achieve an idler beam with M? value close to 1.0

at an output power of 1.0 W (i.e., 1.0 W pulse energy).

To better match the resonant signal cavity mode at higher pump power, the 11.8-
mm focal length aspherical lens at the output end of the HCF feedback-fibre was
replaced with aspherical lenses of different focal lengths (18.4-mm, 15.28-mm and
13.86-mm, as quoted from Thorlabs) to see which would provide better beam

guality at the maximum output power.

The signal and idler beam quality at maximum power (1.7-W and 1.04-W
respectively) for aspheric lenses of different focal lengths is presented in Figure 5.20.
Using the 18.4-mm focal length aspheric lens, a signal beam with My? of 1.47 and
M,? of 1.58 (Figure 5.20(a)) and an idler beam with M\? of 1.11 and M,? of 1.25
(Figure 5.20(b)) was achieved. Using the 15.29-mm focal length aspheric lens, a
signal beam with M,? of 1.86 and M,? of 2.17 (Figure 5.20(c)) and an idler beam with
M2 of 1.88 and M,? of 1.91 (Figure 5.20(d)) was achieved. Using the 13.86-mm focal
length aspheric lens, a signal beam with M,? of 2.15 and M,? of 1.98 (Figure 5.20(e))
and an idler beam with M2 of 1.61 and M,? of 1.85 (Figure 5.20(f)) was achieved.
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Figure 5.20 The beam quality of signal and idler at maximum power from the HCF fibre-feedback

OPO using aspheric lens of focal length 18.4-mm ((a) and (b) respectively), 15.28-mm
((c) and (d) respectively) and 13.86-mm ((e) and (f) respectively).

It can be seen that out of the four different aspheric lenses used (including the 11.0-

mm lens), using the aspheric lens of 18.4-mm focal length was able to achieve by far

the best beam quality at the 1.0-W-level (1.0-uJ pulse energy) idler. Hence, by

empirically changing the focal length of the aspheric lens at the HCF feedback-fibre
output, a good signal (My? = 1.47 and M,? = 1.58) and idler (M\® = 1.11 and M,? =
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1.25) beam quality could be achieved at output powers of 1.7-W and 1.04-W
respectively. Note that as mentioned above that a fibre-feedback cavity does not
actively shape the resonant signal beam, hence an idler beam quality better than
that of the resonant signal beam could be obtained, unlike a resonant signal beam
quality better than that of the idler beam quality expected from a conventional free-

space cavity.

5.5 Summary

In conclusion, a fibre-feedback OPO using, for the first time ever, an HCF fibre as the
feedback-fibre was presented. As with the solid-core fibre-feedback OPO presented
in Chapter 4, the HCF fibre-feedback was also synchronously pumped at 1-MHz
repetition rate. The OPO generates MIR pulses with a pulse energy of up to 1.50 pJ
(11.7 kW peak power). This at the time (before the results in Chapter 6 were
achieved)), was the highest energy MIR pulse achieved from a fibre-feedback OPO.
In comparison to the solid-core fibre-feedback OPO presented in Chapter 4, the HCF
fibre-feedback OPO was shown to have significantly lower intracavity nonlinearity,
especially with the high-loss cavity using a 90 % signal transmission output coupler.
Both the signal and idler spectrum from the HCF fibre-feedback OPO were
significantly narrower compared to that from the solid-core fibre-feedback OPO.
Also, as a result, the signal pulses are no longer distorted and had a width close to
that of the pump pulses (120-ps). These results show the significant improvement
of the fibre-feedback OPQ’s power-scalability. Further work to power-scale the

fibre-feedback OPO is presented in the next chapter.

The output signal and idler beam quality from the HCF fibre-feedback OPO was also
improved significantly. Through redesigning of the OPO cavity and empirically
changing the focal length of the aspheric lens at the HCF feed-back fibre output,
good signal (M = 1.47 and M,? = 1.58) and idler (M,* = 1.11 and M,? = 1.25) beam
qualities were achieved at maximum output powers of 1.7-W and 1.04-W

respectively.
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Chapter 6 Power-scaling of picosecond pulsed, mid-IR

HCF fibre-feedback OPO

6.1 Introduction

In the previous chapter, a fibre-feedback OPO using a ~300-m length of hollow-core
fibre (HCF) in the cavity as the intracavity delay line [1] has been demonstrated, in
which the ultralow nonlinearity of the HCF significantly improved the power
scalability of the OPO compared to a traditional solid-core fibre-feedback OPO [1].
A maximum MIR pulse energy of 1.5 pJ at 2950 nm was achieved from the HCF fibre-
feedback OPO with further power scaling being limited by the ytterbium-doped-
fibre (YDF) master-oscillator-power amplifier (MOPA) pump source, which exhibited

strong nonlinear spectral broadening at pump powers over 7.3 W.

In this chapter, the development of an upgraded MOPA system, with significantly
reduced nonlinearities in the fibre amplifiers, providing a maximum output power
of 33.8 W, is presented. Using this upgraded MOPA source as the pump, power
scaling of the HCF fibre-feedback OPO, based on periodically poled lithium niobate
(PPLN) crystals and synchronously pumped at 1-MHz repetition rate, is explored.
Using this system, a maximum overall pulse energy of over 15 u was realised, for
the first time. In addition, wavelength tunability of the HCF fibre-feedback OPO has
been expanded by using PPLN crystals with different poled grating periods to
generate signals and idlers with wavelength ranges of 1329 — 1641 nm and 2841 —
4790 nm respectively, significantly pushing the MIR wavelengths beyond the
previously reported 3563 nm. MIR pulse energies up to 5.1 pJ at 2967 nm and NIR
pulse energies of 10.1 w at 1600 nm were achieved. This, to date is the highest-
energy MIR pulse, as well as the highest total converted pulse energy (15.2 pJ),
achieved from a fibre-laser-pumped picosecond OPO. Furthermore, systematic
studies of the pump acceptance bandwidth for the widely-tunable OPO and its
impact on the OPO power performance at different wavelength were carried out

both theoretically and experimentally.
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6.2 Power scaling of 1040-nm Yb-fibre MOPA pump source

6.2.1 1040-nm GSLD seed

As described in the previous chapters, the OPO pump source | used in the early
phases of my work was an YDF MOPA system, seeded by a 1040-nm GSLD. The GSLD
setup is identical to that used in Chapters 4 and 5, operating at the fundamental
repetition rate of 64.0-MHz. However, the 3-GHz pulse generator (8133A, Agilent)
used to provide electric pulses to the GSLD became faulty. Even though it was
replaced by a pulse generator of the same model, the output pulse and spectrum
changed slightly although the same settings were used. This was likely due to slight
discrepancies in the resolutions between the pulse generators. The measured
output pulse of the GSLD had a duration of 137-ps (Figure 6.1(a)), and the optical
spectrum had a central wavelength of 1040.3 nm with a 3-dB linewidth of 0.045 nm
(Figure 6.1(b)). Just as with measurements in previous chapters, the pulse was
measured with a fast-photodetector with 32-GHz bandwidth and the spectrum was

measured with an OSA with 0.02nm resolution.
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Figure 6.1 Graphs showing the GSLD's output a) optical pulse and b) optical spectrum.

6.2.2 MOPA amplification stages

The general setup of the of the power-scaled MOPA was very similar to that used in
the previous two chapters. A detailed schematic of the Yb-fibore MOPA pump source
is presented in Figure 6.2. The first and second stage amplifier used the same core-
pumped polarisation maintaining (PM) YDF (PM-YDF-5/130-VIII, Nufern) with a 5-
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um core diameter, with an EOM in between the two stages to reduce the repetition
rate down from 64.0-MHz to 1.0-MHz. A 10-dB tap was inserted after the second
stage amplifier to monitor the 1.0-MHz pulse train. The third stage amplifier also
used the same cladding-pumped PM YDF (PMLA-YDF-10/125-VIIl, Nufern) with an
11-pum core and 125-pum cladding diameter. The first three amplifier stages uses
forward pumping as this configuration gives a lower amplified spontaneous
emission (ASE) noise than that in backwards pumping direction. The final amplifier
stage (described below) uses a backwards pumping as it reduces the nonlinear
effects in the amplifier. This is due to the pulse energy and peak power initially rises
slower than that for forward pumped configuration, hence for a given output power,

the spatially integrated pulse peak power is lower.

15t Amp (core-pumped) 2" Amp (core-pumped)

To
5/130 Photodetector

5/130

Yb fibre 10 dB

0) =y coupler

WDM -
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Angled

Endcap
MOPA

Output

Figure 6.2 A detailed schematic of the 1040-nm Yb fibre MOPA. LD: pump laser diode; WDM:

wavelength division multiplexer; EOM: electro-optic modulator.

Previously, the fourth-stage amplifier used a 2.5-m length of cladding-pumped PM
LMA YDF (PMLA-YDF-25/250-VIIl, Nufern) with a 25-um core and 250-um cladding
diameter. This LMA gain fibre had a cladding-pump absorption of 5.1 dB/m at 975
nm. As described in Chapter 4, further increase in the output peak power beyond
100 kW resulted in significant spectral broadening caused by self-phase modulation
(SPM) and a wavelength shift to 1091 nm due to Raman scattering, which made it
unsuitable as a pump source due to the output spectral width exceeding the pump
acceptance bandwidth of the PPLN OPO. In order to reduce these nonlinearities and
to power scale the MOPA, the 25/250 um Yb gain fibre was replaced by a cladding-
pumped PM LMA YDF (PMLA-YDF-30/250-HI-8, Coherent) with a 30-um core and
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250-um cladding diameter. Not only did this fibre have a larger core diameter, but
it also had a higher cladding-pumping absorption (7.2 dB/m). Hence, a shorter length
with a larger core could be used to mitigate the nonlinearity. A 1.8-m YDF was
chosen to provide a suitable balance between high-power efficiency and low
nonlinearity. As shown in Figure 6.2, an angled endcap is used at the output of the
MOPA in order to increase the beam size at the fibre output facet and prevent any
back reflections at the fibre output being guided back into the fibre, which could
cause damage. This endcap was in-house-made by splicing a piece of coreless fibre
of 250-um diameter to the output end of the Yb gain fibre. The coreless fibre was
then cleaved leaving a desired length left that acted as the endcap. The maximum
tolerable endcap length is such the output beam size is equal to that of the endcap
diameter, i.e., 250 um. This length can be calculated from the core numerical
aperture (NA) of the Yb gain fibre. For the 30/250 um gain fibre used here, which
has a core NA of 0.07, the maximum endcap length was ~2.24 mm. An endcap length
of ~1 mm was used in the MOPA presented in this chapter. To create an angle end
facet, the endcap is angle-polished using fibre sandpaper sheets at an 8° angle. This
angle was chosen to prevent back reflection while not significantly degrading the

output beam circularity.
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Figure 6.3 Beam quality measurement of the output of the taper. Inset shows the far field beam
profile.
The fibre amplifiers (first, second and third stages) in the MOPA system were kept

unchanged from the system described in Chapter 4, therefore the full spectrum was
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similar to that presented in Figure 4.3 and the optical pulse and central signal peak
spectra were similar to that of the seed (Figure 6.1), except for the broadening of
the spectrum in the third stage amplifier stage to 0.058-nm, similar to that in Figure
4.5(a). To connect the 10/125-um fibre of the third-stage amplifier output to the
30/250-um fibre of the fourth-stage amplifier input, an in-house made fibre taper
was fabricated and employed as a mode-field adapter (MFA), where a length of
passive 30/250-um fibre was tapered down using an automated glass processor
(GPX-3000, Vytran) to a smaller core size with an MFD matching that of the 10/125-
um fibre. After splicing the taper to the output of the third amplification stage, a
negligible loss from the taper was measured (<1 %). The beam quality was also

measured at the output of the taper to have a value of M2 ~ 1.0 (Figure 6.3).

Initially, the power of the third-stage amplifier output was set at 120 mW, which
was the same as that used in the experiments described in Chapters 4 and 5.
However, endcap damage (Figure 6.4) was observed when the fourth-stage
amplifier output power was increased to approximately 30 W. It is suspected that
Q-switched pulses were generated and caused the damage when the fourth-stage
amplifier was operating at a very high gain (>24 dB). A new endcap was made and
to prevent it from becoming damaged again, the output power from the third stage
amplifier was increased to 300-mW and hence the optical gain from the final stage
amplifier was reduced. However, since SPM-induced spectral broadening was
already shown in the third-stage amplifier, the 10/250-um Yb gain fibre length was
cut from 2.5-m to 1.25-m in order to reduce the SPM when operating at the higher
power level. The spectrum of the third-stage amplifier output, with 1.25-m Yb gain
fibre, at 300-mW is presented in Figure 6.5. Although the spectral width was still
wider than that at 120-mW with the 2.5-m fibre, it was narrow enough such that the
final MOPA output spectral width could be kept within the pump acceptance
bandwidth of the OPO PPLN crystal.
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Figure 6.4 Microscope image of the damaged MOPA endcap
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Figure 6.5 Spectrum of the third stage amplifier with 1.25-m Yb gain fibre at 300-mW output power.
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Figure 6.6 Beam quality of MOPA output at a) 1.4 W and b) 16 W with 75-mm Yb-fibre coil diameter.

The insets show the far field beam profiles.

Next, the beam quality of the MOPA output was characterised. Because of the larger
core diameter of the 30/250-um fibre, a greater number of spatial modes are
supported (4 instead of 2) in comparison to the 25/250-um fibre. In an attempt to
filter out the higher-order modes, the gain fibre was coiled with a diameter of 75-
mm. For this coiling diameter, the MOPA output beam quality was measured at low
(1.4 W) and medium (16 W) powers, as presented in Figure 6.6. Although the M?
value up to 16 W was below 1.2, it can be seen from the far-field beam profile at 16
W (inset of Figure 6.6(b)) that the beam no longer looks Gaussian, suggesting higher-
order-mode content. Note that the output polarisation extinction ratio (PER) was
only of 11.6-dB. The low PER also suggests that there was higher-order-mode
content in the beam as the PM characteristics of the fibre do not work as well for

the higher-order modes compared to the fundamental mode.

Toincrease the propagation losses of the higher-order modes, a smaller fibre coiling
diameter was required. To work out the required coiling diameter for the 30/250-
um fibre, a RP Fiber Power simulation software package was used to model the fibre
and calculate the propagation losses of different modes at different coiling radii
(Figure 6.7). From the calculations, a coiling radius of 25 mm (i.e., 50 mm in diameter)
was selected as a sensible value to use as it had a high propagation loss for the
higher-order modes (>15 dB/m) and a relatively low propagation loss for the

fundamental LPo; mode (~2 dB/m).
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Figure 6.7 Propagation loss against curvature radius for different spatial modes of the 30/250 um

fibre calculated using RP fiber power software.

After the coiling diameter of the 30/250-um Yb gain fibre was reduced to 50-mm,
the MOPA output beam quality was re-characterised. The beam quality measured
at maximum output power of 37-W is presented in Figure 6.8. It can be seen from
the M? (~ 1.02) value obtained and the far-field beam profile that the MOPA output
has a close to diffraction-limited beam, though with a large astigmatism. This wasn’t
compensated for when pumping the OPO, as the OPO output signal and idler beams
did not show obvious astigmatism (see Figure 6.25). In addition to the good beam
quality, the PER was also measured to show an increased value of >17 dB at all

powers.
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Figure 6.8 Beam quality measure of the MOPA output at 37-W maximum power with 50-mm fibre

coil diameter. The inset shows the far field beam profile.
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Figure 6.9 Graphs showing a) the MOPA output power against pump power and b) the power

stability over a 1-hour time frame at maximum output power.

The slope efficiency of the MOPA output (Figure 6.9(a)) and the power stability at
the maximum (Figure 6.9(b)) output power were then characterised. The output
power of the MOPA increased linearly with the pump power at a slope efficiency of
68.0 % up to a maximum average power of 37.1 W. This corresponded to a maximum
pulse energy (peak power) of 37.1 W (254 kW). The output power at the maximum
was monitored over 1 hour, which showed a good stability with a 0.29 % RMS
variation. The output pulses of the MOPA were measured showing the same pulse

width (137-ps) as the GSLD seed at the 1-MHz repetition rate (Figure 6.10).
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Figure 6.10 Output optical pulse of the MOPA. The inset illustrates the 1.0-MHz pulse train.
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Figure 6.11 Graphs showing a) the full Spectrum and b) the main signal spectrum of the MOPA.

Following that, the output spectra of the MOPA at different powers were measured
(Figure 6.11). The optical signal-to-noise ratio (OSNR) of the MOPA output spectra
decreased from 26.6 dB to 17.5 dB with increasing power. As will be explained in the
section below (6.4.1 HCF fibre-feedback OPO output power), this is one of the
factors causing power roll-off in the OPO output. The peak around 1091-nm (Figure
6.11(a)) arises from a Raman frequency shift that occurred due to the high peak
powers in the fourth stage amplifier. However, the Raman peak only started to show
at output powers above 17.7 W from the fourth stage amplifier with the larger fibre
core diameter (30-um) and a shorter fibre length (1.8-m), whereas it happened at

power of 7.6 W from the amplifier with the previous 2.5-m length of 25-um core
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fibre (see Figure 4.6). This shows a significant reduction in fibre nonlinearities. The
graph in Figure 6.11(b) shows the signal peak spectra of the MOPA output at
different powers. Although the SPM-induced spectral broadening is still present,
because of the reduced fibre nonlinearities in the fourth-stage amplifier the 10-dB
bandwidth at 38.3-W maximum power is 0.8 nm, which is the same as that at 12.9-
W before the MOPA was upgraded (see Figure 4.6(b)).

6.3  HCF fibre-feedback OPO setup

The HCF fibre-feedback OPO cavity is similar to that presented in Figure 5.15.
However, due to the much higher available pump power compared to that in
chapter 5, the focal lengths of the aspheric lenses in the cavity were changed to
18.4-mm to support a larger signal beam waist (196 um) at the centre of the PPLN
crystal (instead of 163 um), whilst simultaneously allowing the signal beam size to
match the HCF MFD (23.5 um) at the input and output end of the feedback-fibre.
This was to further increase the Rayleigh distance of the pump (80.3 mm to 116 mm)
and signal (52.2 mm to 75.4 mm), thereby allowing better signal-pump overlap. It
also reduced the pump intensity to enable a more even pump depletion, which
slowed the degradation of beam quality with increased output powers. The ABCD
matrix calculations for the signal beam radius along the free-space section of the
HCF fibre-feedback OPO cavity is presented in Figure 6.12. To match the signal beam
waist, the pump was focused to a beam waist of 200 um in radius, in the presence
of cavity mirror CM1 (see Figure 5.15), by using a 300-mm focal length plano-convex

lens.
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Figure 6.12 Graph showing the signal beam radius at different positions along the free space section
of the redesigned fibre-feedback OPO cavity with 196 um signal beam radius. The red
and green dashed lines mark the position of the curved mirrors and the 18.4-mm

aspheric lens respectively.

6.4 Experimental results and discussion

6.4.1 HCF fibre-feedback OPO output power

Preliminary results with power roll-off

At a pump power threshold of 3.0 W, OPO operation was observed using a 30.49-
um PPLN grating at an oven temperature of 100 °C. The average output power of
the idler (black), taking into account the loss of CM2 and the dichroic mirror (DM),
the signal output average power (black), the total converted power (green) and the
total conversion efficiency (blue) with respect to different pump powers are
presented in Figure 6.13. The idler power increased linearly with respect to the
pump power up to 16.3-W of pump power at a slope efficiency of 19.2 %. It then
increased at a slower rate with higher pump powers, reaching a maximum output
power of 3.55 W. The signal power also increased linearly with respect to the pump

power in the low pump power region at a slope efficiency of 43.3 %. It then
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increased at a slower rate in the higher pump power region, reaching a maximum
output power of 7.85 W. This corresponds to an overall slope efficiency of 62.5 % in
the low pump power region and a maximum total converted power of 11.4 W. A
maximum total conversion efficiency of 57.0 % was observed at 9.3-W pump and
slightly dropped to 49.9 % at the maximum power. The small power roll-off and the
decrease in power conversion efficiency was likely due to back conversion occurring
at such high pump intensities. Note that the pump power was not increased to the
maximum available power (31.4 W, after taking account for the 80.1 % pump
transmission), as the output power stopped increasing after 22.9-W of actual pump
power. Other than back conversion, this was also due to the significant increase in
optical noise in the MOPA (e.g. amplified spontaneous emission (ASE) and Raman

scattering) after this power. More details on this will be discussed below.
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Figure 6.13 Graphs showing the OPQ’s Average idler power with linear fit (black), average signal
power with linear fit (red), total converted power with linear fit (green) and conversion

efficiency (blue dots) against pump power for. The blue line is a guide for the eyes.

Eliminating the OPO output power roll-off

A first attempt to eliminate the power roll-off of the HCF fibre-feedback OPO was to
decrease the pump intensity by increasing the pump beam radius inside the PPLN
crystal in order to reduce back conversion. From Figure 6.13, it can be seen that the
total power conversion efficiency starts to decrease at pump power over three times
the pump threshold. Based on this observation, an increase in the pump threshold

from 3-W to ~6-W was targeted in order to prevent back conversion of the pump at
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powers up to 18-W. Therefore, the new beam diameter must provide a peak
intensity at 6-W average power that is equal to the current peak intensity at 3-W
average power for a 200 um beam waist radius. At a 3-W average pump power, the
peak power is 21.68 kW considering the 1-MHz repetition rate and 137-ps pulse
width. This is equivalent to a peak pump intensity of 17.25 MW/cm? for a beam
radius of 200 um. In order to match this peak intensity at 6-W average power with

a peak power of 43.36 kW, a beam waist radius of 283 um was required.
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Figure 6.14 Graph showing the signal beam radius at different positions along the free space section
of the redesigned fibre-feedback OPO cavity with 283 um signal beam radius. The red
and green dashed lines mark the position of the curved mirrors and the 25-mm

achromatic doublet lenses respectively.

In order to realize a good spatial overlap between the resonant signal and the pump
after increasing the pump beam spot size, the OPO cavity design needed to be
modified to provide a cavity signal mode with 283-um beam waist radius at the
centre of the PPLN crystal. The ABCD matrix calculation for the signal beam radius
along the free-space section of the fibre-feedback cavity is presented in Figure 6.14.
Without making big changes to the existing cavity, the only modification required
for this new design was to replace the current aspheric lenses of 18.4-mm focal

length with new lenses of 25-mm focal length. Note that aspheric lenses of this focal
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length were not available, achromatic doublet lenses of the same focal length were
therefore used, which potentially also corrected for beam aberrations in collimated

beams, like with the aspheric lens.

With the new cavity design offering a 283-um radius beam waist at the centre of the
PPLN crystal, the OPO was characterised again. OPO operation was observed at a
pump threshold of 5.9 W. The output average power of the idler, signal, and the
total conversion efficiency with respect to different pump powers are presented in
Figure 6.15. The idler power increased linearly with respect to the pump with a slope
efficiency of 23.9 %, then increased at a slower rate and reached a maximum output
power of 3.96 W. The signal power also increased linearly with respect to the pump
at up to 18.5-W power with a slope efficiency of 45.5 %, then increased at a slower
rate and reached a maximum output power of 7.77 W. A maximum total converted
power of 11.73 W was achieved. A maximum total conversion efficiency of 45.6 %
was observed at 17.4-W pump and dropped to 37.3 % at the maximum pump power.
The increase in slope efficiency arises from improved power roll-off. Although an
improvement is observed with a higher total converted power, there is still power
roll-off after 17.4-W pump power. At such large pump beam waist, it is expected
that the back conversion has been eliminated and that the power roll-off is now due
to other factors. Another speculation that may have caused the power roll-off is the
decrease in OSNR of the MOPA output spectra with increase of output power (Figure
6.11(a)). For example, the OSNR of the MOPA output at maximum power (38.3-W)
was 17.50-dB, and only 59.5 % of the power was calculated to be within the 10-dB
bandwidth of the central peak spectra by simple integration of the spectrum,
whereas the effective power within the 10-dB bandwidth of the central peak spectra
was 77.0 % for the output at 28.5 W, where the OSNR is 20.4-dB. In this case, the
effective pump power for the OPO at the maximum pump power (22.8-W) was very
similar to that at 28.5-W measured output (21.9-W). Therefore, a power roll-off at

higher pump powers was observed.
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Figure 6.15 Graphs showing the OPQ’s Average idler power with linear fit (black), average signal
power with linear fit (red), total converted power with linear fit (green) and conversion

efficiency (blue dots) against pump power for. The blue line is a guide for the eyes.

To prove this, the MOPA was operated at the maximum power and a power
attenuator, consisting of a pair of a half-wave plates and a polarizing beam-splitter
cube (Figure 6.16), was placed at the output to control the power for the OPO pump .
With this setup, power roll-off was no longer observed, as presented in Figure 6.17.
This proves that the power roll-off observed previously in Figure 6.15 arises from
the OSNR degradation of the MOPA output at higher powers instead of back
conversion. However, because the effective OPO pump power at the maximum
MOPA output is only 59.5 % of the measured power, the idler and signal slope
efficiency (15.1 % and 31.1 % respectively) and the maximum conversion efficiency

(39.4 %) are all much lower compared to previous results.
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Figure 6.16 Simplified schematic showing the power attenuator setup for the MOPA system. HWP:

half-wave plate; PBS cube: polarizing beam splitter cube.
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Figure 6.17 Graphs showing the OPQ’s Average idler power with linear fit (black), average signal
power with linear fit (red), total converted power with linear fit (green) and conversion

efficiency (blue dots) against pump power for. The blue line is a guide for the eyes.

To improve the OSNR of the MOPA output spectra and increase the OPO conversion
efficiency, a 1040-nm fiberised bandpass filter (BPF) of 5-nm bandwidth was
inserted after the second stage amplifier to reduce the ASE spectral components
being further amplified in the following fibre amplifiers. The spectrum of the second-
stage amplifier output with and without the 1040-nm BPF are shown in Figure 6.18.
It can be seen that most of the ASE had been effectively filtered out by the BPF. With
this the output ASE spectra after the fourth stage amplifier was effectively
suppressed (see Figure 6.19(a)) and the OSNR was improved to 19.1-dB at the
maximum power. Due to suppression of the ASE, the effective pump power within
the 10-dB bandwidth of the central spectra peak was increased to 81.5 % of the
total measured power at the maximum output. With the reduced ASE, the Raman
peaks around 1150-nm (see Figure 6.19(a)) that were previously covered by the ASE
could be observed. Note that the measured maximum power and slope efficiency
of the MOPA was now slightly lower (33.8-W and 60.1 %, respectively, as shown in
Figure 6.20) after using the 1040-nm BPF. This was likely due to the reduced output
power from 18-mW to 13-mW after the second-stage amplifier from the BPF
insertion loss, which in turn reduced the output power in the third-stage amplifier.
The output of the third-stage amplifier was not remeasured after using the 1040-

nm BPF in order to avoid breaking the splice of the output to the taper due to the
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short lengths of fibres used to minimise nonlinearities. Although the maximum
measured MOPA output power was reduced, the effective pump power increased
t033.8 W x 81.5 % =27.5 W by ~4.8 W. Consequently, the effective peak power of
the MOPA output also increased, which resulted in an increase in SPM-induced
spectral broadening with a 10-dB bandwidth of 1.30-nm at the maximum power (see
Figure 6.19(b)). Nevertheless, this is still within the theoretical pump acceptance
bandwidth of 1.32-nm for a 40-mm length PPLN crystal at 1600-nm signal (as
mentioned in Chapter 4). Note that the PER of the MOPA output remained at >17
dB at all powers after the addition of the BPF.
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Figure 6.18 Graph showing the spectrum of the second stage amplifier with and without the 1040-
nm BPF.
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Figure 6.19 Graphs showing a) the full Spectrum and b) the main signal spectrum of the MOPA with
the 1040-nm BPF.
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Figure 6.20 Graph showing output power against pump power of the MOPA with 1040-nm BPF.

Using the MOPA with the 1040-nm BPF operating at the maximum power and
utilising the power attenuator described in Figure 6.16 to control the pump power
for the HCF fibre-feedback OPO, the OPO operation was observed at a pump
threshold of 4.9-W average power. The idler output average power (black), the
signal output average power (red) and the total converted power (green) with
respect to different pump powers are presented in Figure 6.21. The idler power
increased linearly with the pump power at a 22.1 % slope efficiency up to a
maximum power of 5.1 W, and the signal also increased linearly with the pump
power at a 44.1 % slope efficiency up to a maximum power of 10.05 W. The slope
efficiencies significantly increased after using the 1040-nm BPF in the MOPA and
were now comparable to the slope efficiencies of the OPO pumped with the MOPA
without the BPF before power roll-off occurred (see Figure 6.15). The corresponding
overall slope efficiency and the maximum converted power are 66.2 % and 15.18 W,
respectively. In comparison, the OPO’s maximum total output power was also
increased significantly (from 11.73 W to 15.18 W) with a total power conversion
efficiency of 55.5 % when 27.4 W pump power is launched onto the PPLN crystal
(81 % of the incident 33.8 W pump power). The corresponding maximum pulse
energies (peak powers) of the signal and idler are 10.1 W (72.3 kW) and 5.1 wJ (36.9
kW) respectively. This is over 3 times the maximum achieved in the previous results
presented in Chapter 5. These results, to date, represent the highest energy pulses
(both MIR and total converted) achieved from a fibre-laser-pumped picosecond
OPO.
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Figure 6.21 Graph showing the OPQ’s average idler power with linear fit (black), average signal
power with linear fit (red), total converted power with linear fit (green) and conversion

efficiency (blue dots) against pump power (the blue line is a guide for the eye).

50 -

= |dler
45 - - Signal

40 m— Pump
T 37.07 W 0.29 % RMS

10 10.5 W 1.34% RMS

5.12 W 1.62% RMS

0 600 1200 1800 2400 3000 3600
Time (Sec)

Figure 6.22 Graph showing the power stability of the OPQ’s signal (red) and idler (black), and the

MOPA pump at maximum output over a 1-hour time frame.

The OPO output power stability, for both the signal and idler, was also measured
over the course of 1 hour (shown in Figure 6.22). The root mean square (RMS) values
of 1.3 % and 1.6 % were obtained for the signal and idler respectively. The good
power stability of the OPO is attributed to the stable MOPA pump source (Figure
6.9(b)), high gain operation and the robust cavity design of the OPO.
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6.4.2 Output spectrum and signal pulse

The resonated signal spectrum from the OC was measured with a spectrum analyser
(OSA) (AQ6375, Yokogawa, 0.5-nm resolution) and is shown by the red curve in
Figure 6.23(a). The signal spectra had a central wavelength of 1599.7 nm and a
linewidth at full-width-at-half-maximum (FWHM) of 0.09 nm. The corresponding
idler spectrum, measured with an OSA (721 series, Bristol instruments, 4-GHz
resolution), is also presented by the black curve in Figure 6.23(a). The central idler
wavelength was 2967 nm and the FWHM linewidth was 7.5 nm. The much wider
spectral width of the idler spectrum and its multipeak nature originated from the
transfer of the pump spectrum (blue spectrum in Figure 6.23(a)) through the
parametric process — which is similar to that reported and described in the previous

studies on parametric transfer [2 — 4].
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Figure 6.23 Graphs showing: a) the spectra of signal (red) and idler (black) from the OPO, and the
pump spectrum (blue) for comparison. The inset shows the magnified signal spectrum;

and b) the OPQ’s output signal pulse.

The output signal pulse trace of the OPO was also measured and is shown in Figure
6.23(b). As expected, the signal pulses maintained the same duration as that of the
pump (137 ps) due to the low intracavity nonlinearity and dispersion, similar to that
observed in chapter 5. Again, the output idler pulses were not measured due to a
lack of suitable instrumentation. However, it would be expected to also have a

similar duration to that of the pump.
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6.4.3 Wavelength tunability

Using the different PPLN grating periods of the MOPO1-1.0-40 and MOP0O2-1.0-50
crystals and different oven temperatures, the wavelength tunability of the OPO was
characterised. A continuous wavelength tuning of the signal and idler output across
the ranges of 1329 — 1641 nm and 2841 — 4791 nm, respectively, were achieved.
Examples of several spectra with different central wavelengths are presented in
Figure 6.24(a). Tuning between wavelengths 1641 nm and 2841 nm were not
achieved due to the pump acceptance bandwidth at these wavelengths being much
narrower than the current pump bandwidth (see discussion below). The maximum
output powers for the signal and idler at different wavelengths were also measured
and are presented in Figure 6.24(b). The output powers reached their maximum for
the signal and idler at respective wavelengths of around 1600 nm and 3000 nm, and

they decreased at both sides of the wavelength tuning range.
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Figure 6.24 Graphs showing: a) tunability of the signal and idler, and (b) the corresponding
maximum output powers and calculated pump acceptance bandwidths. The orange dashed

horizontal line marks the 1.3-nm spectral width of the pump (with the right vertical axis).

To understand and explain the power change, the pump spectral acceptance
bandwidths for the OPO using 40mm/50mm PPLN crystals and operating at these
wavelengths were calculated [5] and are plotted in Figure 6.24(b). The pump
acceptance bandwidth varied significantly with respect to the signal/idler
wavelength as a result of the wavelength dependent dispersion of the PPLN crystals.
The real pump spectral linewidth marked by a dashed horizontal line is also shown

in Figure 6.24(b). It can be seen that the rapid power drop of signal (idler) at >1600
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nm (<2967 nm) was due to the reduction of the pump acceptance bandwidth with
respect to the actual pump bandwidth. A slow decrease in the maximum power was
observed in the wavelength range of 1429 — 1510 nm (signal) and 3393 — 3823 nm
(idler), which was likely due to the slightly increased signal loss of the HCF (see Figure
5.1(a)) due to water vapor absorption at these wavelengths. A rapid decrease in
power was seen for signal (idler) wavelengths of 1429 — 1329 nm (3823 — 4791 nm),
where the theoretical pump acceptance bandwidth falls below the pump bandwidth.
One possible method to overcome this problem is to further reduce the spectral
width of the pump source by further reducing the MOPA nonlinearities, e.g.
replacing the Yb gain fibre of the fourth-stage amplifier by one with an even bigger
core size to reduce the pulse intensity in the fibre or a larger cladding-pump
absorption to shorten the fibre length, and hence further improve the power
scalability over the entire wavelength range. However, such a setup would require
more complex high-order mode suppression or water cooling of the gain fibre, and
thus would further complicate the setup. Alternatively, the pump acceptance
bandwidth can be increased through utilising a PPLN crystal with a shorter length,
however, this would result in a reduced optical parametric gain and hence lower the
OPO efficiency.

6.4.4 Beam quality

The signal and idler beam quality were measured, after OC and DM in Figure 5.15,
respectively, using a pyroelectric scanning profiler at low (1.4 W Figure 6.25(a)) and
1.0 W Figure 6.25(c), respectively) and high (10.05 W Figure 6.25(b) and 5.13 W
Figure 6.25(d) respectively) output powers, using the Equations (3.1 ) and (3.2 ) to
fit the data and obtain the value of M2. At low output powers, a beam quality of M,?
=1.34 and M2 = 1.37 for the signal, and M? = 1.90 and M,? = 1.94 for the idler were
obtained. The beam quality degraded with increased output power to My? = 2.92
and M,? = 3.26 for the signal and M, = 3.32 and M,? = 3.77 for the idler at the
maximum output power. The degradation in beam quality at higher powers is likely
due to the non-uniformity of pump depletion across the beam at the high pump
intensity and high parametric gain. Also, as studied in Chapter 5, the signal cavity
mode changes with respect to pump power. Hence, because the cavity has not been
optimised to match the signal cavity mode at such high pump powers, it is expected

that the OPO will generate a degraded output beam. Just like with the work
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presented in Section 5.4, it is anticipated that a different combination of lenses in
the cavity will be required to better match the signal mode at higher pump powers

in order to improve the OPO output beam quality.
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Figure 6.25 Beam quality measurements of signal at (a) low power and (b) at maximum power, and

idler at (c) low power and (d) maximum power.

6.5 Conclusion

In summary, this chapter presents a 1-MHz repetition-rate, compact picosecond-
pulsed HCF fibre-feedback OPO based on PPLN providing 2967-nm MIR pulse
energies up to 5.1 W and 1600-nm NIR pulse energies up to 10.1 wJ. This, to date, is
the highest MIR pulse energy and total converted pulse energy (15.2 ) achieved
from a fibre-laser-pumped picosecond SPOPO. Using PPLN crystals with different
poling periods, widely tunable signal and idler wavelength ranges of 1329 — 1641 nm
and 2841 — 4790 nm, respectively, were realised. The variance of pump acceptance

bandwidth with respect to the wavelength tuning and its effect on the output power
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of the OPO were also studied. When the pump acceptance bandwidth falls below
than the pump bandwidth, a significant reduction in the OPO output power was
observed. This was observed for signal (idler) wavelengths within 1429 — 1329 nm
(3823 — 4791 nm) and wavelengths >1600 nm (2967 nm). Further power scaling of
the OPO is still possible if the nonlinearities in the MOPA pump system can be
further reduced, such as using a fourth-stage amplifier with an Yb gain fibre of a
larger cladding-pump absorption (e.g. PMLA-YDF-30/250-UF, Coherent [6]) such
that an even shorter length of gain fibre could be used. However, such a setup would

require water cooling of the gain fibre, which would further complicate the setup.
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Chapter 7 Hollow-core fibre power delivery of MIR

pulses

7.1 Introduction

In this chapter, results of MIR power delivery using hollow-core fibre (HCF) for the
output beam of a HCF-feedback OPO are presented, showing an example application
of the developed OPO. The chapter starts by discussing the motivation for MIR
power delivery in HCFs, which is then followed by the description of the power
delivery experiment. Finally, the experimental results are presented and discussed.
Note that the MIR HCFs used in this work are characterised by my colleague Dr.
Qiang Fu, and the power-delivery work presented in this chapter is completed by
myself with the assistance of Dr. Qiang Fu. The HCF fibres are in-house made by the

fibre-fabrication group in the ORC.
7.2  Motivation of MIR power delivery in HCF

Long-distance, fibre-based, single-mode laser beam delivery enables new
possibilities for a broad range of applications for current and emerging high-power
laser sources. For example, kilowatt-power, single-mode near-infrared laser beams
have now been successfully transported over kilometre distances, making them
useful for future industrial manufacturing in giga-factories and subsurface rock
drilling, amongst other applications [1]. There is also a rising interest for such laser
delivery systems at longer wavelengths in the MIR spectral region, in areas such as
organic materials processing [2 — 4], spectroscopy [5], biomedical diagnostics [6],
and surgical treatment [7, 8]. In laser surgery, for example, optical fibres enhance
system flexibility and allow the placement of the laser source in remote locations
far from the operating theatre so that extra space will be available for surgeons and

hence a safer and less cluttered operating environment can be enabled.

MIR light transmission at wavelengths longer than 2.5 um through traditional silica
solid-core fibres is a challenge due to their high material absorption. Therefore, over
the past decades, alternative materials e.g., heavy metal oxide glass, fluoride glass,

and chalcogenide glass have been investigated and various types of MIR fibre have
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been fabricated [9]. However, fabrication difficulties have significantly limited the
production of long lengths of fibre, hence making it unfeasible for applications
requiring long-distance MIR laser delivery. Current delivery distances have been
limited to lengths of the order of only several meters [10 — 14]. Furthermore, these
types of fibre have low damage thresholds, small mode areas, and high nonlinearity,

which also hinders their use in high-power single-mode MIR beam delivery.

HCFs offer a cutting-edge solution by guiding light in a hollow core, leading to a high
damage threshold and remarkably low nonlinearity, dispersion (as shown in the HCF
fibre-feedback OPO in Chapters 5 and 6), and backscattering, making them highly
suitable for MIR delivery. As mentioned in Chapter 2, there are several common
types of MIR HCFs: metallic fibres [15], dielectric-coated Bragg (OmniGuide) fibres
[16], hollow-core photonic bandgap fibres (HC-PBGFs) [17], and antiresonant fibres
[18]. Metallic fibres are rather outdated due to their mechanical rigidity, high loss,
and multimode output (i.e. not diffraction limited) [19]. OmniGuide fibres have a
dielectric multi-layered structure, leading to omnidirectional reflectivity. Although
such fibres with a design for COz laser transmission have achieved a solid foundation
for surgery applications, their fibre length and potential operation at other MIR
wavelengths are still limited by their challenging fabrication processes, where at
least two thermomechanically compatible materials must be identified, with high
refractive-index contrast and the capability of being drawn down to fibre while

reliably maintaining a multilayer structure with micrometer dimensions [9].

HC-PBGF fibres have two-dimensional periodic structures (see Figure 2.14), typically
fabricated with silica glass, creating a photonic bandgap that guides light. To date,
HC-PBGF fibres have been reported with MIR transmission windows extending out
to 3.7 um and a minimum loss of 0.05 dB/m at 3.3 um but with a relatively narrow
0.6 pum transmission window in a 50-um fibre core [17]. Although such fibres are an
attractive choice for MIR delivery, there are only a few reports of delivery
experiments over relatively short lengths of fibre. For example, a 0.4-m-distance
MIR delivery of 62-W-peak-power, 225-us duration pulses at 2.94 um from an
Er:-YAG laser in a 24-um-core HC-PBGF with a low coupling efficiency of just 5% was
demonstrated by Urich et al. [20].

Hollow-core anti-resonant fibres (HC-ARFs) form an extremely promising subset of

the HCF family and have sparked great interest in MIR transmission. Chalcogenide-
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based HC-ARFs have been shown with guidance up to ~10 um, conveniently
overlapping with the CO; laser emission wavelengths [21,22]. However, difficulties
in the fabrication of long lengths of soft-glass HC-ARF fibres are similar to those in
the fabrication of solid-core, soft-glass fibres mentioned above. Additionally, such
fibres typically cannot withstand high temperatures and are of low mechanical
strength, making handling of the fibre relatively difficult, which limits their feasibility
for industrial and medical applications. In contrast, silica-based HC-ARFs, with
reported guidance of MIR light up to 7.9 um [23], are an excellent alternative. Such
fibres have high mechanical and chemical stability. They are also compatible with
existing well-developed fabrication methods capable of producing long lengths of
high-quality fibre for telecommunications (i.e. the 300 m HCF used in the fibre-
feedback OPO was originally designed for telecoms). Thus, HC-ARFs are a suitable
candidate for long-distance MIR delivery. Recently, Urich et al. [24] presented a
9.88-m-maximum-distance MIR delivery of a 2.94-um laser with pulses of 0.24-kW
peak-power (54-mJ-pulse-energy) using a 0.034-dB/m-loss “ice-cream cone” HC-
ARF fibre design at 35 % coupling efficiency. The current MIR HCF fibre delivery
systems are generally limited by the difficulty in fabrication of long lengths of
compatible uniform low-loss single-mode fibre and the lack of stable, high-beam-
quality, powerful MIR laser sources, which thus limits the possibilities for the

transport of high-brightness output over long distances.

7.3  MIR power delivery setup

The MIR fibre used in my experiments is an in-house-made single-cladding ring
(“tubular”) HC-ARF fibre, fabricated using Heraeus F300 fused silica glass via a two-
step stack-and-draw technique [25]. Two different fibres of different transmission
windows were used: “FIBRE 1” with low loss in the range 2.91 —3.29 um, and “FIBRE
2” with low loss in the range 3.15 - 4.15 pum.

A scanning electron microscope (SEM) cross-sectional image of “FIBRE 1” is shown
in Figure 7.1(a). The fibre has a core diameter of 108 um, and its structure was
specifically designed for the delivery of the laser beam from the high-power MIR
HCF fibre-feedback OPO presented in chapter 5 [26]. From the cutback plot shown
in Figure 7.1(b), the fibre has a broadband low-loss window of range 2.91 — 3.29 um

where the losses are <0.1dB/m with minimum loss of ~0.07 dB/m at 3.08 um.
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Figure 7.1 (a) SEM image of the “FIBRE 1” fibre cross section. Graphs showing (b) the cutback loss
of the fibre and (c) the HC-ARF fibre macrobend loss measurement at bend diameters

of 20, 24, 28, 32, 36, and 40 cm.

The macrobend loss of “FIBRE 1” is shown in Figure 7.1 (c). The transmission
spectrum of a 10-m-long fibre at a bend diameter of > 60 cm was recorded as a
baseline and then compared with that at bend diameters of 20, 24, 28, 32, 36, and
40 cm. In the fibre’s low-loss window, the macrobend loss starts to increase at the
short wavelength edge for bend diameters of less than 28 cm. At bend diameters of
28 cm, <1 dB/m macrobend loss was achieved for wavelengths longer than 2.67 um.
The macrobend properties of this HCF fibre also make it highly practical for

deployment in real-world applications.

An SEM cross-sectional image of the “FIBRE 2” HC-ARF is shown in Figure 7.2(a). The
fibre has a core diameter of 105 pum. In the loss measurement of the 118-m fibre,
HCI gas absorption features at ~3.2 — 3.8 um were observed (black line in Figure
7.2(b)), indicating high fibre losses at corresponding wavelengths. These are
common effects observed in long lengths of unpurged HCF fibres due to the use of
chlorine in the glass manufacturing process [17,18]. To eliminate HCl absorption
features, the fibre was purged with 7.7-bar argon for 2 days, which is sufficient to

replace all the gas in the 118-m HC-ARF (estimated from the gas flow model in [27]).
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A cutback plot for the purged “FIBRE 2” is shown in red in Figure 7.2(b). Due to the
argon purging, there are no longer HCl gas absorption features at ~3.2—3.8 um (red
line in Figure 7.2(b)). No evidence of the re-emergence of HCl absorption features
was observed after >100 hours of exposure of the argon-purged 108-m (10-m
removed during cutback measurements) HC-ARF fibre to the ambient atmosphere.
From the cutback measurement, the fibre has a broadband low-loss window
extending from 2.7 to 4.7 um, and the minimum loss value of 0.05 dB/m is obtained
between 3.4 and 3.6 um. Note that the loss of ~0.24 dB/m between 4.5 and 4.6 um

represents a new record for a HCF fibre in this wavelength range [18,25].

) )

Purged “FIBRE 2" (32cm diam.)
Unpurged "FIBRE 2" (32cm diam.)

Loss (dB/m)

0.1+

T T T T
2500 3000 3500 4000 4500
Wavelength (nm)

—— 24cm [
—20cm |
—— 16cm
—13cm
——8cm

COy

\,\\/.
Pt e AP e

3000 3500 4000 4500
Wavelength (nm)

Figure 7.2 (a) SEM image of the “FIBRE 2” fibre cross section. Graphs showing (b) the cutback loss
for purged (red) and unpurged (black) fibre and (c) the HC-ARF fibre macrobend loss measurement
at bend diameters of 8, 13, 16, 20, and 24 cm.

The macrobend loss of “FIBRE 2” is presented in Figure 7.2(c). The transmission
spectrum of a 10-m-long fibre at a bend diameter of > 60 cm was recorded as a
baseline and then compared with that at bend diameters of 8, 13, 16, 20, and 24 cm.
In the fibre’s low-loss window, the macrobend loss starts to increase at the short
wavelength edge for bend diameters of less than 20 cm. At bend diameters of 13
cm, <1 dB/m macrobend loss was achieved for wavelengths longer than 3.4 um. The
macrobend properties of “FIBRE 2” also make it highly practical for deployment in

real-world applications.
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The laser used in the delivery experiments is the HCF fibre-feedback OPO presented
in Chapter 5. Figure 7.3 shows the schematic of the MIR HCF fibre power delivery
setup. A dichroic mirror (m1) was used to filter out unwanted near-infrared beams
(OPO pump and signal beams). Two antireflection-coated calcium-fluoride plano—
convex lenses (f1, f2; Figure 7.3) were used for collimation (f1, f =250 mm) and then
focusing (f2, f = 100 mm) of the MIR beam to ~70 um diameter in order to match
the theoretical mode field diameter of 73.5 um for the HCF fibre and to achieve a
high coupling efficiency. The HCF fibre was spooled on a 32-cm-diameter drum apart
from the two short-end sections, which were held straight to enable input coupling

alignment and output beam analysis.
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Figure 7.3 The schematic of MIR HCF fibre power delivery. m1: mirror 1; f1, 2: lens 1, 2; HCF: hollow-

core fibre.

7.4 Experimental results and discussion

7.4.1 2.91 - 3.29 um power delivery

The graph in Figure 7.4 shows the power delivered through 5-m and 100-m lengths
of “FIBRE 1” at a wavelength of 3.0 um. A maximum coupling efficiency of ~66% was
obtained by considering the transmission from the 5-m-long fibre and the
corresponding cutback fibre loss. The output power increased linearly with the input
power. The coupling did need to be adjusted slightly to optimize the throughput
efficiency at higher power levels where the beam quality is lower. For the 5-m and
100-m HCF fibres, maximum delivered powers (pulse energies) of 475 mW (0.48 W)
and 75 mW (0.075 wJ) were obtained, respectively, at an input power of 780mW.
Because of the degradation of beam quality at high powers, a slight drop in delivered
power was observed after the maximum. The corresponding throughput efficiencies

(fibre output power/input power) were 61 % (5-m fibre) and 9.6 % (100-m fibre),
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which would be possible to further improve by utilizing more advanced low-loss HC-
ARF fibre designs, such as conjoined or nested tubes [28, 29]. As mentioned in
previous chapters, the temporal profile of the MIR laser pulses generated from the
OPO was not measured due to the lack of suitable instruments; however, the pulse
duration is expected to be similar to that of the OPO pump pulses, which have a
Gaussian-like shape and a 120-ps pulse width [26]. The maximum delivered peak
powers were therefore estimated to be 3.7 kW and 0.59 kW for the 5-m and 100-m
HCF fibres, respectively.
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Figure 7.4 Graph showing Delivered against input average powers through 5-m long and 108-m-

long “FIBRE 1” at a wavelength of 3.0 um.

Several spectra of the delivered MIR pulses through the 100-m length of “FIBRE 1”
are plotted in Figure 7.5, as measured by an optical spectrum analyser (721 series,
Bristol Instruments, 1.3 — 5 um, 4-GHz resolution). Continuous wavelength tuning
was achieved between 2.85 and 3.33 um, which covers its entire transmission range.
Note that the multi-peak features of each spectrum (~4 nm spectral linewidth,
FWHM) come from the OPO source itself. No nonlinear effects were observed for
either HCF fibre length. No laser-induced fibre damage was observed through all of
these experiments, indicating that the delivered power was only limited by the

available input power in these experiments.
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Figure 7.5 Graph showing the tunable delivered MIR laser spectrum through 100-m long “FIBRE 1”.

The graph Figure 7.6 shows the beam quality measurement from the output end of
the 100-m “FIBRE 1” at the maximum transmitted power of 3.0 um. A beam quality
of My?= 1.02 and M,? = 1.02 was measured using a pyroelectric scanning profiler
(NanoScan, Ophir Photonics), and the inset of Figure 7.6 shows the corresponding
output beam profile. Using Equation ( 3.1 ) to fit the data, the M? values were
obtained using Equation ( 3.2 ). Hence, the delivered MIR beams were near
diffraction limited. The output beam quality from the 5-m fibre was slightly worse,
likely due to a small amount of light being transmitted in a higher-order mode over
this length scale, but it was still near diffraction limited, with a beam quality of M?
~ 1.1. The delivered laser power stability at the maximum output power for both 5-
m and 100-m fibres was recorded for 1 hour, as shown in Figure 7.7, with
corresponding RMS values of 1.1 % and 2.6 %, respectively. The good power stability
is attributed to a number of factors, such as the good OPO power stability and laser
pointing stability of the laser source, and the good mechanical stability of the

coupling system.
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Figure 7.6 Graph showing the beam quality measurements for the 100 m long “FIBRE 1” at

maximum output power. Inset: the beam profile at the output of the 100 m long “FIBRE
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Figure 7.7 Power stability measurements for 5 m long and 100 m long “FIBRE 1” over a 1-hour time

period at maximum delivered power.
7.4.2 3.15-4.15 pm power delivery

The graph in Figure 7.8 shows the power delivered through 5-m and 108-m lengths

of “FIBRE 2” at a wavelength of 3.3 um. A maximum coupling efficiency of ~70% was
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calculated by considering the transmission from the 5-m-long fibre and the
corresponding cutback fibre loss. The output power increased linearly with the input
power. Similar to the previous experiment, the coupling did need to be adjusted
slightly to optimize the throughput efficiency at higher power levels where the beam
quality is lower. For the 5-m and 108-m HCF fibres, maximum delivered powers
(pulse energies) of 592mW (0.59 wJ) and 133mW (0.13 ) were obtained,
respectively, at an input power of 880mW. The corresponding throughput
efficiencies (fibre output power/input power) were 67% (5-m fibre) and 15% (108-
m fibre), which, as mentioned for “FIBRE 1”, could be further enhanced by utilizing
more advanced low-loss HC-ARF designs. Assuming the MIR pulse duration
generated by the OPO to be 120 ps and that it was maintained throughout the HCF
fibre due to the low dispersion (simulated to be 0.2 — 0.4 ps/nm/km for wavelengths
between 3.2 and 3.6 um), the maximum delivered peak powers were estimated to
be 4.9 kW and 1.1 kW for the 5-m and 108-m HCF fibres, respectively.
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Figure 7.8 Graph showing Delivered versus input average powers through 5-m long and 108-m-long

“FIBRE 2” at a wavelength of 3.3 um.

Several example laser spectra of the 108-m delivered MIR pulses are plotted in
Figure 7.9, as measured by the optical spectrum analyser. Continuous wavelength
tuning is achieved between 3.12 and 3.58 um, which is difficult to achieve in a long
unpurged HCF fibre due to the above mentioned HCl absorption. Note that the

multi-peak features of each spectrum (~4 nm spectral linewidth, FWHM), as
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mentioned for “FIBRE 1”, come from the OPO source itself. The long wavelength
tuning limit was due to the OPO tuning bandwidth rather than the fibre transmission
window (Figure 7.2(b)). In the short 5-m fibre, purging is not essential because the
HCl absorption has a much lower impact on the transmission. As with “FIBRE 1”, no
nonlinear effects were observed for either HCF fibre length. The delivered power
was again only limited by the available input power in these experiments since no

laser-induced fibre damage was observed in all of the experiments.
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Figure 7.9 Graph showing the tunable delivered MIR laser spectrum through 108-m length of “FIBRE
27,

The delivered MIR beams were near diffraction limited. Figure 7.10 shows the beam
quality measurement from the output end of the 108-m HCF fibre at the maximum
transmitted power of 3.3 um. A beam quality of My?>= 1.02 and M,? = 1.03 was
obtained from measurements using the pyroelectric scanning profiler, and the inset
of Figure 7.10 shows the corresponding output beam profile. The output beam
quality from the 5-m fibre was slightly worse, likely due to a small amount of light
being transmitted in a higher-order mode over this length scale, but it was still near
diffraction limited, with a beam quality of M? ~ 1.1. The delivered laser power
stability at the maximum output power for both 5-m and 108-m fibres was recorded
for 1 hour, as shown in Figure 7.11, with corresponding RMS values of 0.8% and 1.9%,
respectively. Note that even though the RMS value of the output power from the 5-

m fibre is lower than that of 108-m fibre, the former appears to be less stable (see
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Figure 7.11). This is due to 0.8% of 592 mW (= 5.0 mW) is larger than 1.9 % of 133
mW (2.5 mW). Hence there is a larger absolute fluctuation from the output power
of the 5-m fibre than that of the 108-m fibre.
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Figure 7.10 Graph showing the beam quality measurements for the 108 m length of “FIBRE 2" at

maximum output power. Inset: the beam profile at the output of the 108 m length of

“FIBRE 2".
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Figure 7.11 Power stability measurements for 5 m and 108 m “FIBRE 2” over a 1-hour time period

at maximum delivered power.
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7.5 Summary

In conclusion, the first hundred-metre scale (108-m-long), high-power, near-
diffraction-limited MIR pulse delivery system using HC-ARF fibres was demonstrated.
The fibre used has a broad low-loss 2.7 — 4.7-um guiding window with minimum
fibre loss values of 0.05 and 0.24 dB/m at 3.4 — 3.6 um and 4.5 — 4.6 um, respectively,
with the values at 4.5 — 4.6 um to date representing the record HCF fibre loss at this

wavelength range.

For “FIBRE 1”, combining this fibre coiled on a 32-cm-diameter drum with a MIR OPO
laser source, tunable MIR laser beams were transmitted at wavelengths from 2.91
to 3.29 um. Maximum average (peak) powers of 475 mW (3.72 kW) and 75 mW
(0.59 kW), and corresponding pulse energies of 0.48 pJ and 0.075 W, were delivered
at 3.0 um wavelength over HCF fibre lengths of 5 m and 108 m, respectively, at a

coupling efficiency of ~66%.

For “FIBRE 2”, through purging the HCF fibre with argon, parasitic HCI gas absorption
was eliminated (at least over a 100-hour observation period). Combining this fibre
coiled on a 32-cm-diameter drum with a MIR OPO laser source, tunable MIR laser
beams were transmitted at wavelengths from 3.12 to 3.58 um. Maximum average
(peak) powers of 592 mW (4.9 kW) and 133mW (1.1 kW), and corresponding pulse
energies of 0.59 W and 0.31 W, at a wavelength of 3.3 um were delivered over HCF
fibre lengths of 5 m and 108 m, respectively, at a coupling efficiency of ~70%. Such
a high-brightness MIR pulse delivery system, offering record delivery distances,
could open up new possibilities in terms of MIR devices and approaches, and offers
great potential for use in a broad range of industrial, scientific, and medical
applications. Further reduction in HCF fibre loss in the mid-IR is to be anticipated in

due course with the adoption of more refined fibre designs.
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Chapter 8 Conclusion and future work

8.1 Introduction

In this chapter, the thesis is summarised highlighting the main results achieved
throughout the PhD project on high energy and high peak power mid-infrared (MIR)
picosecond (ps) optical parametric oscillators (OPOs). On the basis of the
development and achievement on advanced MIR ps OPOs, ideas and proposals for
future works to further scale the OPO power and to apply the OPO for biomedical

imaging applications are discussed.
8.2 Summary and key results achieved

The main theme throughout this thesis is to overcome the fundamental physical
difficulties in realising an ultrafast synchronously pumped OPO (SPOPOQ) operating
at low pulse repetition rate and generating high pulse energy/peak power, whilst
simultaneously offering a compact cavity configuration despite the requirement of
temporal synchronisation between the pump and the resonant signal pulses. As
summary of the main experimental results from the OPOs presented in this thesis is

presented in Table 8.1

In chapter 3, a two-mirror short-cavity MIR ps SPOPO based on a MgO doped
periodically poled Lithium Niobate (MgO:PPLN) crystal and pumped with a Yb-fibre
master oscillator power amplifier (MOPA) was developed. The OPO has a seamlessly
tunable idler wavelength range of 2260 — 3573 nm. Under continuous-mode-pulsed
operation at a 1.5-GHz repetition rate, a maximum idler average power of 2.4 W
(~30 W peak power) was obtained with 14-W of pump power. Through the addition
of an electro-optic modulator (EOM) to the MOPA-based pump source, burst-mode-
pulsed operation at 1-MHz inter-burst repetition rate with variable intra-burst pulse
number was realised for the OPO. Controllable peak powers of up to 1.2 kW were
achieved from the OPO under burst-mode operation. This acts as one of the
methods to achieve a compact SPOPO (see photograph in Figure 8.1) with high peak
power output. Through the cavity build-up study of the OPO, it was found that this

burst-mode OPO requires a minimum time-window of 20-ns in order to achieve laser
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oscillation, which simultaneously provides high repetition rate and high peak power

output.
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Figure 8.1 Photograph showing the cavity of the Burst-mode OPO with its dimensions. The red light

arises from the low efficiency sum frequency generation between the idler and the

pump.

The second method proposed to achieve ps MIR pulses with high peak power/pulse
energy output is through a fibre-feedback OPO. By using a long piece of optical fibre
inside an OPO cavity to act as an intracavity delay line, the fibre-feedback OPO
enables low repetition rate and high peak power/pulse energy output whilst

simultaneously having a relatively small cavity footprint (see Figure 8.2).

_“Length~1000 mm

£ Feedback-fibre spool

N

-

Figure 8.2 Photograph showing the fibre-feedback OPO cavity with its dimensions. The red light
arises from the low efficiency sum frequency generation between the idler and the
pump, and the green light arises from the low efficiency second harmonic generation

of the pump.
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A study of a conventional solid-core fibre-feedback OPO was conducted in chapter
4, in which intracavity nonlinearities arising from the feedback fibre were
investigated. Initially a 11.4-m length of solid-core SMF-28 fibre was used as the
feedback-fibre to support synchronous pumping at 16 MHz. A MIR idler beam with
up to 2.0 W maximum average power was achieved at a wavelength of 2981 nm,
which corresponds to a maximum peak power (pulse energy) of 0.98 kW (0.13 )
for a 120 ps pulse. At 16-MHz repetition rate, only minor self-phase-modulation
induced spectral broadening was observed from the OPO output. However, after
increasing the solid-core feedback fibre length from 11.4 m to 203 m to support
synchronous pumping at 1-MHz, a significant increase in intracavity nonlinearities
was observed due to the substantially higher intracavity signal peak power. With a
high-reflectivity (HR) OPO cavity, supercontinuum (SC) generation expanding the
1.6-pum signal spectrum up to a wavelength of ~2.1-um was observed at the fibre
output. Increasing the OPO cavity loss with a 90% signal output coupler (OC)
reduced the intracavity nonlinearity, however, SPM induced spectral broadening of
the signal output resulting in a 3-dB linewidth of 24.4 nm was still observed, which
resulted in the idler spectrum being broadened to 29.0 nm. In addition to the
spectral broadening, high group velocity dispersion (—23 fs?/mm [1]) from the silica
glass significantly distorted the signal pulse. Although a high pulse energy of 1.24-pJ
for MIR idler was achieved, further power-scaling was limited by the intracavity

nonlinearities of the OPO.

In chapter 5, a hollow-core fibre (HCF) was used as the feedback fibre, for the first
time ever, in place of the solid-core SMF-28 fibre to further reduce the intracavity
nonlinearities of the fibre-feedback OPO. A 298-m length of HCF was used to
maintain the synchronous pump at 1-MHz repetition rate. With the HR cavity, the
OPO output spectrum was significantly narrower than that from the solid-core fibre-
feedback OPOs (with both HR and 90 % OC cavity). However, some degree of
intracavity nonlinearity was still observed arising from rotational Raman scattering
of the nitrogen gas in the air that filled the HCF. In contrast, using the high loss cavity
with a 90% signal OC, intracavity nonlinearities were no longer observed. Tunable
signal and idler wavelengths in the range of 1472 — 1758 nm and 2559 — 3563 nm,
respectively, were realised. The HCF fibre-feedback OPO generated MIR pulses with
a pulse energy (peak power) of up to 1.50 pJ (11.7 kW). Further power scaling of the
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system was only limited by the pump source, which showed strong fibre

nonlinearities at higher peak powers.

Due the signal mode inside the free-space segment of the fibre-feedback OPO cavity
is determined by the aspheric lens at the output end of the feedback fibre, a
selection of aspheric lenses of different focal lengths were used in an attempt to
empirically optimise the OPO output beam quality. Good signal (M? = 1.47 and M,?
= 1.58) and idler (My> = 1.11 and M,? = 1.25) beam qualities were achieved

experimentally at output power levels of 1.7 W and 1.04 W, respectively.

Power scaling of the pump source and the HCF fibre-feedback OPO is presented in
chapter 6. To reduce the fibre nonlinearities in the MOPA, the 25-um core diameter
Yb-doped fibre (YDF) in the final stage amplifier was replaced by one with a larger
30-um core diameter. This YDF also has a higher cladding-pump absorption (7.2
dB/m vs. 5.1 dB/m), thus allowing a ~70-cm shorter length of YDF to be used. The
power scaled MOPA provided an average power up to 33.8-W with a 10-dB spectral
width of 1.3 nm. With this pump, MIR (2967 nm) pulse energies up to 5.1 pJ and NIR
(1600 nm) pulse energies up to 10.1 w were achieved from the HCF fibre-feedback
OPO. This, to date, is the highest energy result of both MIR pulse and total converted
pulse (15.2 pl) achieved from a fibre laser pumped ps SPOPO. Widely tunable signal
and idler wavelengths ranging of 1329 — 1641 nm and 2841 — 4790 nm, respectively,

were realised.

This was then followed by an investigation of the variance of pump acceptance
bandwidth with respect to the wavelength tuning and its effect on the output power
of the OPO. A significant reduction in the OPO output power was observed when
the pump acceptance bandwidth falls below the pump bandwidth. This was the case
for signal (idler) wavelengths within 1329 — 1429 nm (3823 - 4791 nm) and
wavelengths >1600 nm (2967 nm). Further power scaling of the HCF fibre-feedback
OPO is still limited by the fibre nonlinearities in the MOPA pump and will be briefly

discussed in the future work section (8.3.1) below.

Finally, as one of the possible applications of the OPO, MIR power delivery through
a HC anti-resonant fibre (HC-ARF) using the HCF fibre-feedback OPO from chapter 5,
was demonstrated in chapter 7. MIR power delivery in two different spectral
windows (2.85 — 3.33 um and 3.12 — 3.58 um) was achieved with two different

pieces of HCF fibre. The delivered beam from both fibres had a near-diffraction-
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limited beam quality (M? ~ 1.02). At a MIR wavelength of 3.3 um, the first hundred-
meter-scale (108-m) high-power, near-diffraction-limited pulse delivery using HC-
ARFs was demonstrated. Maximum average powers (peak powers) of 592 mW (4.9
kW) and 133mW (1.1 kW) were delivered over 5-m and 108-m lengths of HCF,
respectively, at a coupling efficiency of ~70%. This promising result opens up
possibilities and enhances the flexibility of the use of the MIR HCF fibre-feedback

OPO in applications such as laser surgery.

Burst OPO Solid-core HCF P?ivgf;::?det?a:llf F
fibre-feedback OPO fibre-feedback OPO oPO
0, H ) H 0, 1
HR cavity | HR cavity 90 % sngr.\al HB 90 % S|g.nal 90 % 5|gr.1al
loss cavity Cavity loss cavity loss cavity
Signal N/A 1595 1595 1595 1472 - 1758 3129-1641
Wavelength 5760
(nm) Idler 3573_ 2980 2980 2986 2559 - 3563 2841 -4790
Max. Average Slgna| N/A N/A 3.10 N/A 3.02 10.1
Power (W) Idler 2.4 11 1.24 1.64 1.50 5.1
Max. Peak Signal N/A N/A 24.3 N/A 23.6 723
Power (kW) Idler 1.2 8.6 9.7 12.8 11.7 36.9
Max. Pulse Signal N/A N/A 3.10 N/A 3.02 10.1
Energy (W) Idler 0.051 1.1 1.24 1.64 1.5 5.1
Signal Pulse N/A 150-246 | 120-170 120 120 120
duration (ps)
Repetition
Rate (MHz) 1500 ! ! !
. 5.5-40.0 5.4-13.0 0.7-0.9 0.09
, Signal [ N/A (3-dB) (3-dB) N/A (FWHM) (FWHM)
Spectral Width 19.7- 032-
(nm) dler 0.65 42' 3 10.5-29.0 1'7 51 0.48-0.38 7.5nm
(FWHM) (FWHM) (FWHM) (FWHM) (FWHM) (FWHM)
. M,2=2.67 M,2=1.47 M,2=2.92
| N/A N/A N/A
Beam Quality | 8" / / M,2=2.55 / M,2=1.58 M,2=3.26
at Max. Power M,2=1.26 M,2=1.84 M\ 2=1.11 M,2=3.32
ldler | \12-1.10 N/A M,2=3.03 N/A M,2=1.25 M,2=3.77
Pump
Wavelength 1040 1040 1040 1040
(nm)
Pump Spectral 0.1 0.80 0.80 13
Width (nm) (3-dB) (10-dB) (10-dB) (10-dB)
Pump Power
14 8 8 33
(W)
Pump Pulse 40 120 120 137
duration (ps)

Table 8.1 Summary of the experimental results from the OPOs presented in this thesis.
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83 Future work

8.3.1 Further power-scaling of the HCF fibre-feedback OPO

From the results presented in chapter 6, the further power-scaling of the HCF fibre-
feedback OPO is still limited by the maximum output power available from the
MOPA pump and the nonlinearities such as SPM-induced spectral broadening and
the increasingly prominent Raman frequency shift in the fibres within the final-stage
Yb fibre amplifier of the MOPA pump.

To further reduce the nonlinearities within the MOPA to allow for higher powers,
the YDF in the final stage could potentially be replaced with one of even larger core
size. However, such large mode area (LMA) fibre may support an even larger number
of high-order modes, which poses greater difficulty in achieving efficient filtering of
these modes. The 50-cm coiling diameter used for the currently 30-um core

diameter fibre is already very tight in practice.

Another method to reduce the MOPA fibre nonlinearities is to replace the MOPA’s
final stage YDF with one of the same core size (30 um) but with higher cladding pump
absorption, such that a shorter length of gain fibre could be used. For example, the
PMLA-YDF-30/250-UF fibre supplied by Coherent [2] has a cladding-pump
absorption of 17 dB/m at 975 nm, whereas the PLMA-YDF-30/250-HI-8 fibre (also
supplied by Coherent [3]) used in the final stage amplifier in chapter 6 only has a
cladding-pump absorption of 7.2 dB/m at 975 nm. Therefore, theoretically only 75-
cm of the PMLA-YDF-30/250-UF fibre is required to provide the same gain as the
1.8-m length of the PLMA-YDF-30/250-HI-8 fibre currently used. However, thermal
management of the YDF is very important with such a high cladding-pump

absorption, which would mean a more complex cooling system is required.

8.3.2 Applying the HCF fibre-feedback OPO to three-photon microscopy

applications

One way to exploit the HCF fibre-feedback OPO for real world application is utilising
it as a tool for three-photon microscopy (3PM) in biomedical research. High-

performance laser sources of ultrashort pulses with high pulse energy and wide
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wavelength tunability are the key requirement to enable fast, selective, high-

resolution and deep-penetration microscopy for life science research.
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Figure 8.3 Diagram illustrating the principles of two-photon and three-photon excitation (figure

adapted from [4].

Multi-photon microscopy (MPM) has become the workhorse for biomedical imaging
for life science research thanks to features such as high resolution, fast acquisition,
non-invasive and label-free ability. MPM relies on the nonlinear interaction between
light and biological tissue (see Figure 8.3), which offers several advantages over
traditional confocal microscopy, including increased imaging depth and significantly
lower photodamage and photobleaching due to the use of lower photon energy
infrared light [5]. In the last 20 years, two-photon microscopy (2PM) has been most
commonly used due to the vast choice of suitable laser sources. However, 2PM has
a fundamental limitation on imaging depth of ~500 um due to the strong
background scattering beyond this depth. Recently, 3PM has been recognised as a
promising alternative method that offers higher resolution and deeper penetration
capabilities in biomedical imaging application (see Figure 8.4 for comparison
between 3PM and 2PM imaging). The primary obstacle to the popularisation of 3PM
imaging has been the high-standard laser source requirement to overcome the
tissue absorption and provide high intensity. It has been found that the 1.3 = 1.8 um

window is the optimum wavelength regime for 3PM imaging, providing a suitable
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trade-off between absorption and scattering. Ultrashort pulses (100 — 150 fs) with
low repetition rates (1 — 5 MHz) have been shown to provide high peak and low
average power to excite the three-photon absorption whilst avoiding thermal
damage [6]. Thus, to meet these requirements, widely tunable fs-pulsed laser
sources, with high peak power and low average power (hence low repetition rates),
are highly sought-after in order to accelerate the wide use of the 3PM technique.
Prior to the development of the novel HCF fibre-feedback OPO presented in this
thesis, the only possible design option for an fs SPOPO to be applied to the 3PM
technique is to use a traditional solid-core fibre-feedback OPO. However, as
presented in Chapter 4, strong nonlinearity and dispersion occur within the fibre
when the fibre-feedback OPO operate with high intracavity signal peak power [3],
greatly hindering this application. Instead, optical parametric amplifiers (OPAs),
despite their low efficiency and high cost, are most currently used for 3PM imaging
applications. Another method of achieving the required peak power is through the
method of cavity dumping, as shown by Lamour et al. [7]. However, This method
requires a cavity dumper such as an acousto-optic modulator, which increases the

complexity and the cost of the setup.

1300-nm 3PM 920-nm 2PM

Figure 8.4 Comparison between 3PM and 2PM imaging of mouse neuron 780 um below the brain

surface (images from [6]).

As previously shown in chapter 5, combining the HCF and OPO technologies, the
novel HCF fibre-feedback OPO offers many advantages for high-energy ultrashort
pulse operation. With advanced structure design and fabrication, the HCF fibres

used in this PhD project provide several orders-of-magnitude lower dispersion and
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nonlinearity in comparison to conventional fibres (see chapter 5 and [8]). The HCF-
feedback OPO also provides broadband wavelength tunability to target the
optimum spectral region for low attenuation and deep penetration in typical
biological tissues. This new laser technique therefore has great potential for high-
performance 3PM for biomedical imaging applications. Since the HCF fibre-feedback
OPO developed during my PhD operates with pulses at 137 ps, several design change
will be required to allow for operation at ~100 — 150 fs pulses. The first design
change would be pump source from the current ps YDF MOPA to a 100 fs source
e.g., a chirped-pulsed amplification source, similar to that presented in [9], or even
simpler, replace the current gain-switched seed source to a mode-locked laser,
similar to that in [10]. Also, since high peak power fs fibre laser pump sources will
have much larger spectral widths due to higher pulse peak power and therefore
greater nonlinearities in the fibore MOPA system (e.g. >20 nm [9]), the fs OPO will
require much shorter crystal lengths of ~1 mm to accommodate for a much larger

pump acceptance bandwidth.
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