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APPLICATIONS
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The aim of my project is to develop pulsed Ytterbium (Yb) doped fibre master
oscillator power amplifier (MOPA) systems seeded by semiconductor lasers. | was
principally focused on two specific projects aligned to sponsored programs of

research within the ORC pulsed fibre laser group:

The first project, TSB funded project LAMPS, aimed to develop an important class
of next generation laser system capable of average output powers of more than 100
W when operating in both the nanosecond and picosecond regimes. The goal was to
develop a fully fiberized, polarisation maintaining, single transverse mode system.
The full project included the development of the necessary diode & micro-optic
systems, fibre beam delivery technology and with application focused evaluations
in collaboration with our industrial partners. The main project partners were BAE
Systems, Selex, Ceram, Intense Photonics, ORC, Herriot Watt University, Power
Photonics, OptoCap and Rofin Sinar. | contributed to the development of the single
transverse mode Ytterbium (Yb)-doped fibre system and achieved the full target
specifications of 100 W of output power with single mode and single polarisation
operation in both the nanosecond and picosecond regimes. In addition, second
harmonic generation pumped by the fundamental beam at 1.06 pm was also
achieved. In order to transfer from picosecond pulses to nanosecond pulses it is
only necessary to switch the seed laser, the power amplifier system remaining
unchanged making for a highly flexible system. Both fundamental and second

harmonic beam were successfully used to do material processing and various high



power frequency conversion experiments (visible, broadband supercontinuum and
mid-IR).

The second project, called HEGAC (also funded by the TSB), was a collaboration
with the University of Cambridge and SPI Lasers Ltd. The aim of the HEGAC
project was to develop a high power nanosecond fibre laser with an active pulse
shaping capability suitable for cutting metals. This project targeted mJ pulses with
more than 100 W average power at the final output — with a 200 W stretch
objective. We first achieved more than 310 W using a free space seeding and
pumping configuration in our laboratories proving power scaling of our proposed
approach. | subsequently rebuilt and improved this system and developed a fully-
fiberized version (including all pump launches). The laser was capable of
generating >100 W of output power and pulse energies up to 2.5 mJ. This project
also involved spatial mode as well as temporal pulse shaping. Using a pair of
axicon lenses the normal Gaussian beam profile was converted to a ring shaped
profile as required and the system tested up to average powers of 100 W. In
addition to the normal temporal pulse shapes required using our pulse shaping
system (square, triangle and step), | also achieved high average power pulses with
smooth shaped pulses (Parabolic and Gaussian) using an adaptive pulse shaping
technique. The laser was transported and successfully used in materials processing
experiments at Cambridge, proving the robustness of the design and
implementation. | also did some novel experiments on high efficiency Raman

conversion exploiting the square shaped pulses possible using this laser.
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Chapter 1 Introduction

Overview

This chapter gives a brief overview of why high power pulsed fibre MOPA laser systems
are of great interest. In section 1.1 the general motivations are introduced. A short review
of the state of the art in this area is given in section 1.2. Finally, an outline of the thesis

structure is given in section 1.3.

1.1 Motivation for the project

Pulsed laser systems have found widespread application in both the scientific research
and commercial worlds. At present, the workhorse lasers are solid-state and gas lasers.
However, there are problems associated with these lasers such as the management of
thermal effects sufficient to preserve mode quality, low efficiency, the large physical
size as well as the cost of manufacture and ownership. Rare-earth doped fibre lasers have
much higher efficiency than crystal host solid-state lasers. In addition, the spectral
transitions in glass are much broader than in crystals, which mean that is possible to
amplify very short optical pulses [1]. Furthermore, the management of thermal effects
and the effect on mode quality of the output is much easier since in fibre thermal lensing
is generally negligible due to the inherent waveguiding in the core. The beam quality of
the output is purely determined by the fibre structure and fibre configuration (at least up
to the several 10’s of kW average power regime). The development of fully-fiberized
lasers and amplifier will lead to cheap, robust and compact replacements for expensive,

complicated solid-state and gas lasers.

At present, the cost of solid state laser systems is limiting many applications of ultrafast
pulsed lasers. Most of these ultrafast pulsed lasers are based on mode locked Ti:Sapphire
cavities. They are bulky, expensive and are not readily scalable to the multi-watt average
power levels required by many applications. Nanosecond high power lasers use Nd-
doped glass/crystals which require careful thermal management in order to prevent beam
quality distortion caused by thermal lensing effects. Even higher power applications are
currently served by even more bulky and expensive gas laser systems (e.g. CO, lasers)

which cannot provide femtosecond pulses.

Fibre laser systems seem avoid the problems mentioned above. They have good mode

guality, high gain efficiency, low cost and compact size. In addition, they are generally



pumped with compact semiconductor diode laser sources which are available
commercially at low cost. Because of the feasibility of all fiberized integration
eliminating free space devices and alignment, fibre lasers potentially require fewer
components and mechanical parts making them more robust and compact [2]. However,
the high power fibre laser is still a relatively new technology which is not well developed
and currently many fibre lasers reported in the literature (particularly many pulsed fibre
lasers) still incorporate bulky optics such as lenses, mirrors, dichroic mirrors, acousto-
optic/electro-optic modulators, frequency conversion crystals and so on. Practical pump
coupling is a major issue and although some all fiberized approaches have been invented
(e.g. GT-wave[3]), they still have some drawbacks when it comes to pulsed fibre laser
operation since they decrease the pump brightness and increase the fiber length.
Pumping schemes using taper fibre bundle (TFB) technology to combine multimode
pump and signal beams into a single fibre provide advantages in terms of brightness
preservation, simplicity when adding pumps and flexibility when adapting signal and
pump to different types of gain fibres — however the limited degree of isolation between
laser signal and pumps can be a challenge for certain pulsed systems. Despite these
issues all fibre high power pulsed fibre lasers can be built that are very robust and
practical to use. As a consequence, fibre lasers, both continuous wave and pulsed, are in
the process of moving out of research labs to become the next generation of industrial
work horse lasers. With these high power and reliable sources at 1 um, one can easily
frequency convert the power to other wavelengths using traditional conversion
techniques such as crystal based Second Harmonic Generation, Third Harmonic
Generation, Fourth Harmonic Generation and Optical Parametric Oscillation - as well as
novel fibre based techniques such as Stimulated Raman Scattering Conversion and
Supercontinuum Generation. Fibre lasers, together with external frequency conversion
techniques, can now be used to generate light at essentially any wavelength spanning
from the deep UV to the mid-IR over a 4000 nm spectral range [4-7]. Because of their
versatility and flexibility, | believe fibre lasers will replace many of the traditional solid

state lasers and gas lasers for many applications in the very near future.

The aim of my research was to develop pulsed Yb*'-doped fibre master oscillator power
amplifier (MOPA) systems seeded by semiconductor lasers and to develop wavelength

conversion schemes based on these systems.

I was principally devoted to working on two Technology Strategy Board (TSB) projects.
The first of these projects was known by the acronym ‘HEGAC [8]’. The aim of this

project was to develop a nanosecond system for materials processing — specifically the



gas-assisted cutting of metal. Our group demonstrated active shaping of the electrical
drive pulses to a laser diode used as a MO in order to compensate for the pulse shaping
effects due to gain saturation in a Yb**-doped fibre amplifier cascade so as to allow the
generation of user defined customized output pulses [9]. This project aimed to generate
more than 200 W of average power at the final output. We achieved more than 310 W of
average output power using a free space pumping scheme [10]. However to make the
system reliable and robust, we built a fully fiberized system (including pump delivery)
capable of generating 100 W of output power and nanosecond pulses with up to 2.5 mJ
of energy. A polarisation maintaining version was also built to make the system more
versatile and suitable for frequency conversion uses. This project required both temporal
shaped pulses and a ring-shaped output beam. In order to generate this ring mode we
used a pair of external axicon lenses designed by another group in the ORC to reshape
the normal Gaussian beam profile generated by the laser. In addition to the normal pulse
shapes (square, triangular and step profile), we also achieved high average power with

smooth shaped pulses (Parabolic and Gaussian) [10].

The other project was referred to be the acronym ‘LAMPS][8]’, which aimed to develop
an important class of next generation laser system capable of delivering more than 100
W average output power but with the flexibility to work either in the nanosecond or
picosecond pulse regimes, according to the requirements of the different applications
pursued within the project (various materials processing and defence applications) . The
aim was to build a fully fiberized, polarisation maintaining and single transverse mode
laser system. | contributed to the development of the Yb**-doped fibre lasers and
amplifiers capable of generating high energy output pulses. To change from picosecond
pulses to nanosecond pulses, only the seed laser needed to be modified, keeping the
amplifier chain unchanged. I achieved 100 W output power providing single mode and
single polarisation operation both in the nanosecond and picosecond regimes. Using
these laser sources, | then successfully demonstrated various wavelength conversion
experiments. These included nanosecond pulse pumped OPOs, SHG and stimulated
Raman conversion, as well as synchronously-pumped picosecond OPOs, SHG and
supercontinuum sources. All these results proved pulsed fibre lasers combined with
frequency conversion techniques represent practical solutions to various wavelength

generation needs.



1.2 Brief review of the state of the art in pulsed fibre
lasers at the beginning of my project

To provide some initial perspective of my PhD contribution relative to the development
of the field | provide a very brief overview of the state of the art in high power pulsed
fibre lasers at the start of my project — further more focussed descriptions of the literature

relevant to specific aspects of my project are provided in the chapters that follow.

Fibre lasers were first introduced in the 1960s using multimode Nd-doped fibres by Elias
Snitzer [11, 12]. However, due to the lack of appropriate pump sources (the first fibre
laser were flash-lamp pumped and thus highly inefficient), the field of fibre lasers
developed quite slowly. With the development of single mode doped fibres in the mid-
1980s and parallel advances in semiconductor pump lasers the technology finally took
off. At the beginning, fibre lasers used core-pumping and most work focused on Nd-
doped silica fibre devices operating at 1.06 um, as well as Er-doped fibre devices
operating around 1.55 um. The invention of the cladding pumping scheme in 1988 was
however the key to power scaling [13] and has led to the boom in fibre laser power
increases in the following decades. In 1995 2 W was reported [14], followed by 20 W
[15] and 35 W [16] in 1997 and thereafter 110 W was reported in 1999 [17] using the
Yb-doped gain medium. In 2003, the kilowatt power barrier for a close to diffraction
limited beam was broken at the ORC, University of Southampton [18]. Later, several
kW class commercial CW lasers with good output beam quality were successfully
introduced to the market [19, 20]. The 10kW level was broken for the first by the
company IPG in 2009 during my PhD.

Along with the development of CW lasers, short pulse high power Yb**-doped double-
clad fibre lasers have also been intensively investigated due to their high peak power

outputs.

In the nanosecond regime, high energy single transverse mode operation in core pumped
erbium doped LMA fibres was first studied [21]. The LMA concepts was then applied to
the ytterbium system in 2000 [22]. In this experiment, a multimode LMA fibre with V
number 7.4 was coiled to a diameter ~1.58 cm: the output beam quality was measured to
be M?=1.09. Single mode pulsed operation was later achieved with pulse energy of 255
wJ, peak power of 300 kW and a pulse duration of 0.8 ns [23]. Several high average
power cladding pumped mJ nanosecond Yb**-doped fibre lasers were reported in 2002:
Limpert et al. reported a Yb**-doped high energy nanosecond fibre MOPA capable of

delivering 100 W average output powers and corresponding pulse energies of 2 mJ (90
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ns pulse duration) and 15 W average power with 4 mJ pulse energy at a lower repetition
rate with near diffraction limited beam quality [24]. None of these systems were fully

fiberized or used active pulse shaping.

There has also been a lot of interest in picosecond pulsed sources. In 2001, Limpert et al
reported a 10 picosecond, single mode fibre MOPA with 43 W average output power at
80 MHz repetition rate [25]. In 2005, our group transfered some well developed
techniques from telecoms such as gain switching and picosecond pulse compression to
the 1 micron regime to get short duration pulses in a highly practical manner [26].
Output powers as high as 300 W were reported using cladding-pumped ytterbium doped
fibre amplifiers (YDFA) seeded by a 1060 nm gain-switched Faby Perot laser [27, 28].
Later, progress was made using VECSEL mode-locked lasers as the seed source [29].
However, free space pump and signal coupling were used at various stages of the MOPA

chain in these experiments.

Another development worthy of mention here in the ultrafast pulse regime is Chirped
Pulse Amplification (CPA), which firstly stretches a femtosecond seed pulse to longer
duration, then amplifies this stretched pulse to high energy in a chain of amplifiers. At
the output end, a diffraction grating pair is used to compress the amplified chirped pulse
back to the femtosecond regime. The purpose of this is to avioid having high peak
powers in the fibre tereby avoiding fibre nonlinearity. Galvanauskas et al [30]
demonstrated a 50 um-core Yb**-doped fibre CPA that produced 380 fs pulses with
energies of 1.2 mJ. In addition, the development of compact stretchers and compressors
in CPA systems has attracted a lot of attention. With the development of high damage
threshold dielectric diffraction gratings, millijoule pulse energies in the femtosecond
regime were achieved in 2007. This result shows that a Gigawatt peak power level fibre
system is feasible. Recently, an 830 W high average power CPA system [31] was
reported which demonstrates that the kilowatt-class ultra short pulse fibre system will be
available very soon. My work is not focused on CPA systems, but progress here is worth
mentioning as the compressor technology developed has proved useful in my picosecond

system (although the scale of compression is very different in my work).

1.3 Thesis Structure

My thesis is structured as follows.

Chapter 2 introduces the background knowledge of the Yb**-doped fibre technology.

The basic laser physics and physics of the underpinning technologies are described in



this chapter. The constraints encountered in fibre lasers due to various nonlinearities are

also discussed in this section.

The development of high power nanosecond MOPA systems with active pulse shaping is

described in chapter 3.

Chapter 4 describes the development of high power (100W) picosecond MOPA systems
in both non-PM and PM configurations.

Chapter 5 presents experimental studies toward frequency conversion (SHG, OPOs and
Raman conversion) using the single mode, single polarisation nanosecond source that |

developed.

In Chapter 6 | describe results obtained for wavelength conversion in the picosecond
regime. Using the picosecond source | developed 56 W of frequency doubled output
source at 530 nm was achieved. A high power synchronously pumped OPO and high

power supercontinuum source are also demonstrated using the picosecond source.

Finally, conclusions and possible future work are given in Chapter 7.
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Chapter 2 Background

Overview

This chapter discusses the basic theory of Yb**-doped fibre lasers and amplifiers. In 2.1 a
brief introduction to Yb**-doped fibres is given. In 2.2 basic techniques and fibres used
in fibre amplifiers and lasers are discussed. In 2.3 nonlinearities encountered when
developing pulsed fibre amplifiers and lasers are introduced. In 2.4 a conclusion is

given.

2.1 Introduction

Rare-Earth (RE) doped fibre lasers were first introduced in the 1960s [1, 2]. Due to poor
performance, mainly limited by the pump source and fibre fabrication technology, they
were out performed by solid-state lasers. In the 1980s, with the development of the
semiconductor pump lasers and RE doped single mode silica fibre with low loss, the RE
doped fibre laser became a viable technology. It provides high gain efficiency, low
lasing threshold and a wide gain spectrum. Then, a revolutionary optical device, the
Erbium Doped Fibre Amplifier (EDFA), changed the whole world by solving the
problem of complex electrical regeneration of optical pulses and allowing direct optical
pulse amplification in the 1.5 um window. The ytterbium doped fibre laser and amplifier
also got the chance to develop to a new stage when appropriate high power

semiconductor pump diodes become available.

Ytterbium is one of the most versatile RE ions in a silica-based host. It provides several
very attractive features, particularly an unusually broad absorption band and emission

band. This broad absorption allows for ultra-short laser pulses to be amplified.
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Figure 2.1: Energy level diagram of Yb * in silica
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The energy level graph shown in Fig 2.1 shows the two relevant manifolds. One is the
ground-state 2F,,, manifold, the other is %Fs, excited-state manifold, ~10000 cm™ above
the ground level [3, 4]. These manifolds extend to three sub-levels in 2F.,, and four sub-
levels in 2F;,. The lack of other energy levels close to these prevents Excited State
Absorption (ESA) at either pump or laser wavelength. In addition, the multi-phonon
emission from the excited state is reduced [5]. The inversion lifetime of Yb®* ions in
pure silicate glass is around 1.5ms. The value of the lifetime is important in MOPA
systems with tens of kHz repetition rate as it directly influences the amount of amplified
spontaneous emission (ASE). Assuming the pump is constant, the lower the repetition
rate is, the larger the amount of ASE is generated as the time without stimulated
emission is longer and the population inversion density is higher. ASE powers emitted in
forward and backward directions in a fibre amplifier can differ. Usually, ASE is stronger
in the direction opposite to that of pumping. The spectral shape of ASE can depend on
the pump intensity level. The ASE spectrum shifts toward where the gain grows more
quickly. In this work, it was important to consider ASE carefully to avoid unwanted

lasing outside the signal wavelength.

Different host glass compositions lead to different optical transition cross sections in the
fibre core. Two types of host glasses are popular in high power fibre lasers at present.
One is phosphosilicate glass and the other is aluminosilicate glass. The phosphosilicate
glass host Yb**-doped fibre has a property of reduced photodarkening, which is the
phenomenon that the optical power losses in a medium grow when the medium is
irradiated with light at certain wavelengths [6, 7]. This phenomenon reduces the
conversion efficiency of pump to signal and increases heat generation inside the
medium. This is very important for laser users who want a laser which can serve for a

long time without performance degradation.
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Figure 2.2: Phosphosilicate glass host and aluminosilicate glass host Yb**-doped fibre

ground-state absorption spectrum (dotted line), emission spectrum (solid line)[4]

Figure 2.2 (a) shows the cross section of phosphosilicate glass host Yb**-doped fibre and
(b) shows the cross section of aluminosilicate glass host Yb**-doped fibre. From Fig 2.2
(@) we can see that Yb**-doped phosphosilicate glass has relatively flat absorption
around 950 nm and a peak absorption at 975 nm. Similarly, from Fig 2.2 (b), we see the
aluminosilicate glass host Yb*'-doped fibre has two absorption peaks at 915 nm and 975
nm. Hence, when pumping the phosphosilicate glass host Yb*'-doped fibre, 940 nm
pumps are often used. When pumping the aluminosilicate glass host Yb**-doped fibre,
915 nm pumps are most commonly used. Both phosphosilicate and aluminosilicate glass
host Yb**-doped fibres can be pumped at 975 nm, but due to the relatively narrow
spectral range, complex pump wavelength stabilization techniques need to be
implemented. It is sometimes worth the effort of stabilizing the pump wavelength when
you need to reduce the fibre device length. The higher pump power absorption around
975 nm can significantly reduce the fibre length needed in a system, which is critical to

minimize the nonlinearities in the fibre.

2.2 Ytterbium doped fibre lasers and amplifiers

2.2.1 Principles of optical fibres

An optical fibre has the basic structure shown in figure 2.3. It is composed of a core and
cladding. It is usually made of highly transparent material such as silica. Light
propagates in the core which has the highest refractive index (n;). The cladding material
has a slightly lower refractive index (n,) than the core, which confines the light in the
core due to total internal reflection. The coating is usually made of polymer which can

protect the fibre from damage. Normally, this has higher refractive index than silica.

Numerical aperture (NA):

12



The numerical aperture (NA) is defined as the sine of the half maximum angle of an

incident ray that can be coupled into the fibre.
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Figure 2.3: The ray picture of fibore NA

In step-index fibres, when a light ray is incident from air with refractive index n, =1

and enters the fibre core, according to Snell’s law.

Ny Sin @, =n, sin 6, 2.1)

Where &; is the incidence angle of the input light ray, while 6, is the angle of the

refracted light ray. According to geometry, 8, =90° — 6, , whereé, is the critical angle

for total internal reflection. Applying Snell’s law in the limiting case of a ray which is

transmitted parallel to the interface we obtain:

. 4N
0. =sin™" %
My (2.2)
where n, and n, are the refractive indices of the core and cladding. From equation

(2.1) and (2.2), the NA can be expressed as function of the refractive index of the core

and cladding as:
NA=n,-sing, ., =N, —n; 2.3)

Equation (2.3) provides an approximation of the connection between the NA and the
acceptance angle of the fibre. Any light ray that has an incident angle less than 6, can

satisfy the total internal reflection condition, and hence, be guided inside the core of the
fibre.

V number:

13



Single-mode fibres support only the fundamental mode per polarization state for a given
wavelength [8]. For step-index fibres, the number of modes supported by the fibre can be

determined by a normalized frequency parameter, the V. number:

A A (2.4)

where a is the core radius and A is the wavelength of light. When V <2.405, the fibre
is single-mode [9, 10]. Single-mode operation of a step-index fibre is limited to a certain
wavelength range. The fibre will be single mode only for wavelengths longer than the
cut-off wavelength, for which V =2.405. The long wavelength limit, beyond which
there are no guided modes, is defined by the bend losses. The core is wrapped by the
cladding which is a layer of pure silica glass. Normally, a fibre with high NA has low
bending loss, as the light is strongly guided. The bending loss can increase very quickly
once a critical bend radius is reached. This bending radius limit can vary from a few
millimetres to tens of centimetres depending on the NA of the fibres. In a multimode
fibre, at a particular bending radius, the bending loss is typically larger for high order
modes than for lower order modes [11]. Therefore, by properly adjusting the bend
radius, it is possible to introduce significantly higher losses for higher-order modes,
without affecting the lowest-order mode. This technique has been applied in high power

fibre amplifiers to achieve single mode operation in a multi-mode fibre [12].
Chromatic dispersion:

First, we need to define phase velocity and group velocity. The phase velocity of light is

the velocity with which phase fronts propagate in a medium. It is related to the

wavenumber and the optical frequency: v, :%. In vacuum, the phase velocity is c,

independent of the optical frequency, and equals the group velocity. In a medium, the
phase velocity is typically smaller by a factor n, called the refractive index, which is
frequency dependent. The group velocity is the velocity with which the envelope of a

weak narrow-band optical pulse propagates in a medium.

Chromatic dispersion is the variation of phase velocity with the optical frequency or

wavelength. Dispersion is often specified by the dispersion parameter D, which is equal

27C

to —7,82, S, is group velocity dispersion (GVD) parameter. When D, <0 (3, >0)

the dispersion is described as normal, while D, >0 (3, < 0) the dispersion is described

as anomalous. Normal dispersion, where the group velocity decreases with increasing

14



optical frequency, occurs for most transparent media in the visible spectral region.
Anomalous dispersion typically occurs at longer wavelengths [8]. At a certain
wavelength D, =0; this wavelength is known as the zero-dispersion wavelength. For

example, in single mode communication fibre SMF-28 the zero-dispersion wavelength is

~1.3 pm.

2.2.2 Core pumping and Clad pumping configurations
2.2.2.1 Core pumping scheme

Initially, Rare-Earth doped fibres used the same configuration as conventional optical
fibre. The core of the fibre is doped with Rare-Earth elements like Erbium and
Ytterbium. The core has the highest refractive index, the cladding has a lower refractive
index, and the coating material is a polymer which has higher refractive index than the
cladding, as shown in Fig. 2.4.

coating

cladding n

R o R —
refractive index

—

Figure 2.4: Structure of doped fibre

The revolutionary Erbium Doped Fibre Amplifier (EDFA), invented in 1985 at the
University of Southampton, used this kind of fibre [13]. Because the pump and signal
both propagate in the core of the fibre, this scheme is known as core pumping. This kind
of fibre has the drawback that the power of the single mode laser used as the pump is
very limited, normally at the sub-watt level. The pump and signal are coupled into the
same core using a device called a Wavelength Division Multiplexer (WDM), as shown
in Fig. 2.5. The output of the WDM is then spliced to the Rare-Earth doped fibre. The

pump then amplifies the signal as they pass along the fibre together.

rare-earth doped fiber

: : WDM
signal input

= %
_a_ﬂ splice

pump diode
Figure 2.5: Core pumping scheme

15



Core pumped amplifiers are usually used as pre-amplifiers because the output power is
limited to a few hundred milliwatts. Due to the high confinement of pump and signal in
the relatively small core, it needs to be carefully designed to minimise nonlinear effects.
In my experimental setup, this core pumping scheme is quite common at the beginning
of the amplifier cascade, using a fibre pulled at the ORC. This fibre is named HD-406-2.
It has a core diameter of 5um, NA=0.21 and Yb**-doping concentration about 2000 ppm.
The pump is coupled into the Yh**-doped fibre using a 980 nm/1060 nm WDM coupler.

2.2.2.2 Cladding pumping scheme

To overcome the problem of the unavailability of powerful single mode output fibre-
coupled pump diodes, the cladding pumping scheme was invented in 1989 [14]. The
cladding-pumping fibre configuration does not require single-mode pump sources, but
can still produce a single mode laser output. In this scheme, high power, multimode,
diodes/stacks, with output powers scaling from the sub-watt level to the kilowatt level,
are used as pumps. With the fast development of pump diodes, fibre laser power has
scaled very rapidly in the last 10 years. The typical structure of a double-clad fibre is

shown in Figure 2.6.

Outer cladding

RE-doped Core
(Primary waveguide) Inner cladding
(Secondary waveguide)

Refractive
index

Figure 2.6: Schematic of a double-clad fibre and Refractive index profile

The core is usually doped with a Rare-Earth material such as Ytterbium for guiding the
signal and absorbing pump power. The inner cladding has a lower refractive index
compared to the core. It is multimode to enable guiding of the high power multimode
pump light. To allow guiding in the inner cladding, the outer cladding has a lower
refractive index than the inner cladding. It is usually a polymer with a lower refractive
index than silica. This Double-Clad Fibre (DCF) allows the launch of high power
multimode pump diodes while the core is still small enough to enable single mode

operation. Because the cladding modes overlap with the doped core, the pump power is
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absorbed in the core and amplification of the signal will occur. With DCF, we can
convert high power, low brightness, poor beam quality pump light into high power, high
brightness, good beam quality signal wavelength light after amplification. But there are
problems: the absorption is very low because most of the pump power propagates in
modes which do not strongly overlap the core, as shown in the top graphic in Figure 2.7.
To improve the absorption, it is necessary to break the circular, centrally symmetrical
structure to improve pump overlap with the core and increase absorption by the Rare-
earth ions. To achieve this, D shaped and other shapes of DCF were developed.

Figure 2.7: Pump propagating in DCF and (a) Offset doped core structure (b) rectangular
shape cladding (c) D-shaped cladding (d) hexagonal shape cladding

Figure 2.7 shows different inner cladding geometries; all designs aim to improve the

pump coupling into the core.

When practical, it is better to fabricate amplifiers in an all-fibre configuration instead of
using free-space end pumping techniques. This is because free-space pumping requires
highly stable mechanical parts whilst an all fibre configuration does not. Asymmetrically
shaped DCFs will cause many problems when splicing fibres together. It has been found
that some symmetrically shaped DCFs such as square or hexagonal shaped DCFs can
overcome this problem whilst still improving the pump overlap with the core. Typically,

DCFs have pump absorption lengths in the region of a few meters.
Large Mode Area (LMA) fibre

A problem which remains in conventional small core DCF is that the nonlinearities such
as Self Phase Modulation (SPM), Stimulated Raman Scattering (SRS), Stimulated
Brillouin scattering (SBS) rise quickly due to the high intensity in the relatively small

core of the gain fibre. To deal with this problem, the peak intensity of pulse needs to be
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reduced. One solution is to increase the core area without compromising beam quality.
According to Equation 2.4, for normal step index fibre, to keep the V number the same
whilst increasing the core radius, the NA has to be decreased. Even with very low NA,

large core diameter fibre is still generally multimode.

(b)Double-clad (c) Double-clad
single-mode large-mode-area
fiber fiber

(a)Conventional
single-mode fiber

Core with mode-

[o selective dopant
distribution
Gum 15um

Inner cladding
Outer cladding

Refractlve

index H A=0.015 J_rﬁiﬁz _’__f"’ELﬁJOZ

Figure 2.8: Comparison between (a) conventional single mode fibre, (b) double clad single
mode fibre and (c) Double clad LMA fibre

The term Large Mode Area (LMA) fibre is used for fibres which have relatively large
mode areas but are optimised to propagate a single or small number of modes. They have
a much larger core size and less refractive index difference between core and cladding
than a conventional single-mode fibre. A typical Yb**-doped LMA DCF fibre is shown
in (c) of Figure 2.8. The LMA fibre has a refractive index profile and doping distribution
optimized for single mode operation. The refractive index profile consists of a low NA
central core region having a diameter of tens of microns with Yb*" ions selectively doped
into the central part of the core to give maximum gain to the fundamental mode. The
‘dip’ of the refractive index profile in the core can encourage the fundamental mode to
expand its mode area significantly to occupy the whole area of the core. An outer ring of
raised index is designed to reduce the fibre bending loss. Although the core size has been
extended beyond the single mode region, LMA fibre can still output diffraction limited
beam quality light by managing the fibre launching and bending carefully. With LMA
fibre, for the first time, pulse energy exceeding 10 wJ in the ultrashort pulse regime was
demonstrated in fibre in 1996 [15]. In addition to reducing the intensity in the fibre for a
given power, a larger core also increases the core-clad area ratio, enhancing overlap of
pump modes with the core, allowing reduction in fibre length and further suppression of

nonlinearities.
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Polarization Maintaining Double clad LMA

Compared to most solid state lasers, which use birefringent gain crystals, fibre lasers in
general have an obvious drawback in that the output beam polarisation is random. Single
polarization output is required for many applications: for example wavelength
conversion. Optical fibres always exhibit some degree of birefringence, even if they have
a circularly symmetric design, because there is always some amount of mechanical stress
or inhomogeneity which breaks the fibre symmetry. In addition, this variation is not
uniform along the whole length of fibre. A single mode fibre is not truly single mode
because it can support two orthogonally polarized modes which, in the presence of any
birefringence, have different wavenumbers [8]. The two orthogonal modes are coupled
to each other due to accidental birefringence changes. As a result, the polarization of
light propagating in the fibre gradually changes in an uncontrolled manner, which
depends on any bending of the fibre and on its temperature. The birefringence of a fibre

. . A . .

is defined as B =—B , Where S, is the average of the real part of the propagation
av

constant (i.e. the phase delay per unit propagation distance) and AP is the difference in 3

between fast axis and slow axis. Normal single mode fibres always show some degree of

birefringence (B 107 ~107°) due to the small defect from cylindrical symmetry.

There are some methods which can alleviate this problem, such as manufacturing very

low birefringence fibre (B ~10~° ~107") by using a fast rotation technique during the
fabrication process [16], or designing and manufacturing absolute single mode fibre
which only guides one polarisation mode (Polarisation Extinction Ratio (PER) more than
50 dB) [17]. Due to reasons of cost and practicality, polarization-maintaining (PM)
optical fibre is typically the most convenient solution. PM fibre has high birefringence
(~10™), induced by placing two stress rods beside the core [18]. Figure 2.9 shows the
structure of one type of PM fibre, the Panda fibre. With increased birefringence, the
difference in the propagation constants of the two polarization modes is increased. As a
result, the disturbance along the fibre required to effectively couple the two polarization
modes is also increased. This makes the signal polarisation less sensitive to bending or
heat, as well as to inherent inhomogeneity of the fibre. If light launched into the fibre is
aligned with one of the birefringence axes, the input polarization state will be well

preserved along the whole fibre length.
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Figure 2.9: High birefringence Panda PM Rare-Earth doped fibre cross section

PM fibre has other advantages. It suppresses nonlinear polarization rotation, where the

change in the polarisation state of light in a fibre is dependent on the intensity of the light

[8].
Rare-Earth doped Photonic crystal fibre (PCF)

The invention of Photonic crystal fibre (PCF) [19] is the most important breakthrough in
fibre optics in recent years. This is because PCF fibres offer many degrees of freedom in
their design to achieve a variety of peculiar properties, such as control over dispersion
characteristics. PCF is a kind of optical fibre which guides light due to its microstructure,
usually consisting of a series of holes running along the length of the fibre. A typical
structure of PCF is shown in Figure 2.10. PCFs can have either a ‘solid-core’ or a
‘hollow-core’, with a periodic lattice of hollow channels surrounding round the core
which acts as cladding. PCFs can be divided into two main categories according to
principle on which the light guides within them. One, usually called Photonic Band-Gap
Fibre (PBGF), confines light within a low refractive index ‘hollow-core’ in which light
is guided by a photonic bandgap effect [19]. This kind fibre will not be focused on here,
as it was not used in the work described in this thesis. The other type of PCF guides light
in the solid-core using the same index-guiding principle as conventional optical fibre,
where the cladding can be understood as having an “effective index” less than that of the
core due to the fraction of its area which is composed of air rather than silica. The
material parameters of the cladding are very versatile. The hole diameter d, lattice pitch
E and the air hole shape in the PCF can be precisely controlled. This allows the
refractive index profile to be controlled more broadly and precisely than conventional
fibres. Very low index outer claddings can be constructed by having a very high air

fraction.
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Figure 2.10: A typical design of Yb* -doped PCF for high power applications [20, 21]

The V-number and the single-mode conditions derived for step-index fibres can still be
used in the PCFs by estimating the effective cladding index. This effective cladding
index is strongly dependent on 1/ A [22]. Figure 2.11 shows the single-mode boundary
V =2.405 of the normalized wavelength 1/A against the relative hole diameter
d/A[21]. When d/A <0.4, the PCF becomes single-mode for all the A/ A . This
region is called the endlessly single-mode region [22]. This feature allows the use of a
very large Rare-Earth doped core (>50 um) while designing amplifiers, in order to scale
the pulse energy and peak power. This extremely large core amplifier still outputs near

diffraction limited beam quality.
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Figure 2.11: Endlessly single-mode region for PCFs [21]

Using micro structuring of the outer cladding can also achieve a very high NA in the
inner cladding of the double clad PCF which enables highly efficient pump coupling.
The micro-structured air cladding of the fibre can have an effective refractive index
similar to air. Due to the very large contrast of refractive index introduced by the air
cladding structure, PCFs can have an inner cladding NA of 0.9 or even higher, while
normal double clad fibres using low refractive index polymer coating have an inner

cladding NA ~0.45. For a given inner cladding dimension a higher NA lowers the
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requirements for beam quality of the pump source. Alternatively, for the same pump
source, the higher NA allows for efficient coupling into a smaller cladding, reducing the

cladding to core area ratio and the absorption length.

The scaling of the mode area of PCFs had developed quickly in the last few years. A
rod-type PCF with a core diameter of 80 pm (effective mode area of ~4000 um?) was
reported at Friedrich-Schiller-University, Jena in 2007 [23]. The pump absorption of this
fibre was measured to be as high as 30 dB/m at 976 nm, which allowed a length of just a
few tens of centimetres to be used in a laser or amplifier setup. The increased effective
mode area and reduced fibre length allows for significant pulse peak power and energy
scaling, as these changes increase the threshold for nonlinear effects.

The dispersion design of the PCF can be very versatile. Conventional silica fibre has a
zero dispersion around 1300 nm. The very useful communication window is in the
anomalous dispersion area. This leads to some nonlinear effects like modulation
instability which limit the high power amplification in that spectral range. Details of
various nonlinearities which are significant in fibre amplifiers will be discussed in
section 2.3. Some extremely useful applications such as Supercontinuum Generation, a
nonlinear process for strong spectral broadening of light, using PCF results from this
versatile dispersion manipulation. Some results achieved using this kind of PCF with an

un-doped core are described in this thesis. Details will be given in Chapter 6.
Free space end-pumping & All fiberized pumping

Optical fibres require precise alignment of the signal when it is launched into the core.
The traditional way is to launch it in free space. This technique was widely used at the
beginning of my work for power scaling because of its simplicity. The multimode pump
is also launched into the inner cladding in free space through the fibre ends. Due to the
relatively large size of the inner cladding, the pump launch is less critical than the signal
launch. The free space end launching setup uses mechanical fibre holders, lenses and
dichroic mirrors to launch both signal laser and pump laser to the gain fibre. A typical
setup for free space launching into a cladding-pumped fibre is shown as Figure 2.12.
This method has some problems, including poor stability and possible coupling to higher

order modes in an LMA core.
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Figure 2.12: Free space end launching

For more reliable laser operation, fully-fiberized methods are needed. Several
alternatives exist, for example the GT-Wave design invented by Dr. Anatoly Grudinin
and Paul Turner at the ORC, University of Southampton. This structure is shown in
Figure 2.13. A fibre with a doped core is held in contact with one or more pure silica
dummy fibres, encased together in a low refractive index polymer outer cladding. The
insert picture at bottom right shows a real fibre end facet. The fibre pigtailed pump
diodes are spliced directly to the dummy fibres and the input signal is spliced to the
signal fibre using standard splicers (for example, Fujikura 60S). The pump power is
transferred across to the doped fibre and absorbed as the pump light propagates along the
GT-Wave fibre. There is almost no loss of the signal and the pump. This method also
reduces the possibility of signal laser light being scattered back to the pump laser, and
protects the pump from damage by the high peak power signal laser. It can take the fully
fiberized system to very high average power (several kilowatts). However, the pump
absorption of GT-Wave is relatively low because the effective cladding area is large
compared to a standard DCF. Normally a relatively long device length (~10 m) is needed
to absorb most of the pump power. The long fibre length limits the output peak power as
nonlinearities are proportional to fibre length. An all fiberized 2.5 mJ, 100 W,

nanosecond MOPA employing this technique is described in Chapter 3 of this thesis.
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Figure 2.13: (a) GT-Wave configuration at cross section and (b) schematic view and fibre
facet image [24]

Another popular pumping scheme is to use a tapered fibre bundle (TFB), combining
signal and pump fibres into a single fibre and then splicing this fibre to the gain fibre for
amplification. Figure 2.14 shows this all fibre pumping scheme. A single mode fibre is at
the centre of the bundle which is spliced to the signal laser. Multiple core-less silica
fibres, which are spliced to fibre pigtailed multi-mode laser diodes, surround the single
mode fibre. The fibre bundle is tapered to custom designable size and then spliced to a
DCF which matches the tapered bundle size [25]. The core of the DCF guides the signal
and the inner cladding guides the high power pump light. Both signal laser and pump
laser enter the gain fibre through the spliced fibre end.

Tapered region ~ Size matched
5 pigtail fiber

o
==L An !
s "n-ét’;'/f_
Signal fiber  *7/
Pump fiber

Pumpl fibers

Double cladding
Signal fiber output pigtail fiber

Splice  Double Cladding Ytterbium Fiber

Figure 2.14: TFB pumping scheme

The fibre laser output power can easily be scaled up just by adding more pump diodes to
the pump ports. But, the number of pump ports is limited by the brightness acceptance

(the inner cladding diameter multiplied by inner cladding NA) of the DCF. Using this
24



technique, fibre lasers can reliably generate hundreds of watts average output power
reliably [26]. But some issues like isolation between signal laser and pump laser diode
and mode area matching between different fibres need to be carefully considered. We

used this technique in pre-amplifiers very often in the work described in this thesis.

2.3 Nonlinearities in fibre

An ideal amplifier is linear; with no distortion to the signal both in the temporal and
spectral domain. In reality, when light passes through any dielectric material (for
example, a silica optical fibre), nonlinear interactions will occur if the electromagnetic
field is sufficiently intense. The total polarization P induced by the electric field satisfies
the following nonlinear relation to the electric field E.

P=c(y¥ -E+4? EE+y®:EEE +..) (2.5)

where &, is the vacuum permittivity and ;((j)(j :1,2,...) is jth order susceptibility.

(2)
There is no £ for silica fibre because silica is a glass, and glasses are inherently

centro-symmetric. Therefore, the lowest-order nonlinear effects in fibre originate from

the third order susceptibility ;((3) , and most of the nonlinear effects arise from nonlinear

refraction. The ;((3) processes can be divided in to two categories: elastic processes and

inelastic processes. In an elastic scattering process, the kinetic energy of the incident
particles (photons) are conserved, only their direction of propagation is changed, while
in an inelastic scattering process the incident particles loose or gain kinetic energy. The
Kerr effect, where the refractive index of the medium changes when the electron orbit is
deformed by a strong optical field (such as in high peak power pulses) [27] introduces
elastic nonlinearities such as self-phase modulation (SPM) and cross phase modulation
(XPM). Nonlinearities like Raman and Brillouin scattering are inelastic process, where
energy is exchanged with the medium. These nonlinearities normally generate new
optical frequencies. However, many elastic processes can also result in the generation of
new frequencies. For example, Four Wave Mixing (FWM) generates new frequencies; it
is an elastic process since no energy is exchanged between the electromagnetic field
(light) and the dielectric medium (silica fibre), i.e. the total energy of the generated
photons matches that of the incident photons. Here, only the nonlinearities that are
significant for the work described in this thesis will be discussed. More comprehensive

explanations can be found in Nonlinear Fibre Optics by G. P. Agrawal [8].
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2.3.1 Nonlinear Schrdalinger Equation

The propagation equation for broad bandwidth optical pulses propagating in low loss
single-mode fibres can be described by the nonlinear Schr&linger equation (NLSE):

A A

oz 2 ot?

-|A" A (2.6)

where A(z,t) is the normalized amplitude and |A|2 represents the optical power [8]. £,

is the group velocity dispersion (GVD) per unit length. » is the nonlinear coefficient,

defined as:

N,
[CAeffj
where n, is the nonlinear refractive index, which has a typical value

2.2x107%°m? /W for silica. A, is the effective core area which is related to the
transverse mode distribution E(x, y) and expressed as:

U L:|E(x, y)’ dxdy)2

- . - (2.8)
”_OO|E(X, y)" dxdy

ff

In solving Equation (2.6), two regimes of propagation can be considered. The first term

and the second term on the right hand side govern the effects of dispersion and

2
nonlinearity respectively. The %%tf

part depends on the pulse duration T, and

amount of dispersion (assuming the pulse is unchirped). The —7/|A|2Apart depends on
the pulse peak power P,. The dispersion length L, =T /|3,| and the nonlinear length
as Ly, =1/ (7/ PO) define the length scales over which dispersive or nonlinear effects

become important for pulse evolution. When L, <<L,, , we are in the dispersion

dominated regime. Silica fibre normally has a dispersion around a few picosecond per
nanometer per kilometer. In our work, the pulse duration is relatively long (between tens

of picoseconds and hundreds of nanoseconds) and the fibre is short (a few meters). The

effect of dispersion in this case is negligible compared to nonlinearity, L, >>L,, so
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we are in the nonlinearity dominated regime. Our lasers normally have a peak power of

tens of kilowatts, while the gain fibre in my laser usually has a y less than 0.1/(W -km).

2.3.2 Self Phase Modulation & Cross Phase Modulation

When an optical pulse is transmitted through a gain medium, there is a time-dependent
phase shift according to the time-dependent pulse intensity. In this way, an initial
unchirped optical pulse becomes a chirped one. The time-dependent phase change
caused by self-phase-modulation (SPM) is associated with a modification of the Fourier
spectrum. This spectrum modification increases the linewidth of the output beam.

SPM is a consequence of the Kerr effect; the change in refractive index induced by an
electric field. The refractive index follows Equation 2.9.

e |E[ )= n()+ n, |E] 29)
The phase change of an optical wave is given by,

¢=ﬁk0|_=(n+n2|E|2)<0|_ (210)

where kK, =27/A and L is the fibre length. The nonlinear phase change can be

expressed as:
I = nzkoL|E|2 =P L|E|2 (2.11)

As discussed in section 2.3.1, when pulses are in the nonlinearity dominated regime

2
(Lp >> Ly, ) the % at? term can be ignored. Equation (2.6) can be expressed as:
.OA 2
l—=- A 2.12
= = 7IA (2.12)
The solution of Equation (2.12) is:
Az t)= A0 expligy. (z,t)] (2.13)

2
Where ¢NL(Z't)= 7|A(Ovt] z
The frequency chirping resulting from the phase change as:
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so(zt)=_ @D __ AACD)

- ~ (2.14)

If we assume the initial pulse is a Gaussian shape with a pulse duration of T, and peak
power P, Equation 2.14 can be re-expressed as:

2
&o(z,t)—@exp{(ij ] (2.15)

0 TO
When t=T/2, the maximum chirp of the pulse is:

V2R, L
(L )= VR Lt gz (2.16)
TO
Where L is the effective length of the fibre (taking into account gain in the fibre and
that nonlinear evolution will occur primarily where the field is strongest), which is given

by L, =[1—exp(—gL)]/g , where g is the gain coefficient of the amplifier, assuming

gain is constant along the length of the amplifier. It should be noted that in a fibre
amplifier pumped from the output end, as in the power amplifiers used in my work, the
highest gain will be experienced near the output of the fibre where the intensity is

highest. This has the effect of reducing L , typically by a factor of two, compared to

the value given by the above formula [28].

Cross Phase Modulation (XPM) is the change in the optical phase of a light beam caused
by the interaction with another co-propagating beam in a nonlinear medium. This can
also be described as a change in the refractive index. XPM is always accompanied by
SPM. Compared with the self phase modulation, XPM can be more efficient if the

polarisation conditions are well satisfied.

For co-polarised pump and signal:

(o, [EF )= (e, )+ n, (E. + 2E, ) (2.17)

For orthogonally polarized pump and signal:

Ao EF )= n(o,)+ (e[ +2]E ) (218)
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Where s is signal angular frequency, E, E, are the electrical field intensity of signal and
pump. The second and third terms on the right hand side in Egns. (2.17) and (2.18) refer
to SPM and XPM respectively.

2.3.3 Four Wave Mixing

Four-wave mixing (FWM) involves four optical beams interacting through the electronic
response of the third-order susceptibility. When two frequency waves ®; and ®, with
different propagation constants k; and k, (phase change per unit length for light
propagating in the fibre) propagate through an optical fibre, they will interact with each
other. Additional light components are generated by transferring part of the optical
power from the pump waves into the Stokes wave s and anti-Stokes wave ®, with
propagation constants ks and k,. Their frequencies have the relationship ®;+my=wstw,,
This process conserves photon energy: two pump photons are annihilated with the
simultaneous creation of the new anti-Stokes and Stokes photons with the same total
energy. The Stokes wave has a lower frequency than the pump frequencies while the
anti-Stokes wave has a higher frequency. FWM is a phase sensitive process. The phase

mismatch between the different components is defined as:
Ak =k, +k, —k; — K, (2.19)

When high intensity pump waves propagate in a fibre, with the frequencies and
propagation constant phase-matched, the Stokes and the anti-Stokes waves are amplified
by the parametric FWM process (initially from noise). When considering the phase shift
induced by SPM and XPM, the parametric gain can be expressed as Equation 2.20. A
detailed derivation can be found on page 394 of Nonlinear Fibre Optics by G. P.
Agrawal [8].

9= \/72(\/3%)2 —(g)2 (2.20)

where P, and P, are the peak powers of the two frequency wave ®; and o,
xk=Ak+y(P,+P,) . This is the net phase mismatch between the frequency
components when nonlinear phase shifts due to SPM and XPM are incorporated. The
maximum gain is reached when x equals 0, i.e. Ak =—y(F, +P,). When o= o,
the Ak =-2)P,. The ¢, :y\/ﬁ shows this process is very efficient. FWM is
recognized as an important frequency conversion process as it can not only provide a red

shift but also a blue shift.
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FWM is observed in this work when we are doing Supercontinuum Generation. As far as
we know the FWM is playing an important role in the short wavelength (anti-Stokes)
light generation. According to Agrawal [8], the phase matching requirement can be
satisfied by several methods: Pumping around zero-dispersion wavelength; In the
anomalous dispersion regime, adjusting the pump power; In the normal dispersion
regime, mixing waves in orthogonal polarisation. In Chapter 6 of this work, a 1060nm
source was used to pump a PCF with a zero-dispersion wavelength of ~1020nm,
continuum including bright visible light was generated.

2.3.4 Modulation Instability

MI can be interpreted in terms of a four-wave-mixing process that is phase-matched by
SPM. Modulation instability (MI) is one of the main reasons responsible for the
degradation of beam quality in high-power laser systems. MI requires anomalous
dispersion and manifests itself as a breakup of CW or Quasi-CW radiation into a train of
ultrashort pulses [8, 29]. MI transfers the energy into side-bands and limits power
amplification to the watt level. In standard silica fibre, the zero dispersion point is
around 1.3 um. The useful window for fibre-optic communications is positioned in the
anomalous dispersion regime. MI is a significant limiting factor for pulse energy and
peak power scaling. However, it has been found that MI plays an important role in
supercontinuum generation in PCF [30]. M. Kumar and J. M. Dudley found that the MI
initializes the continuum generation [29, 31]. From NLSE (Equation 2.6), the theoretical
MI gain coefficient can be described as Equation 2.21. A detailed derivation can be

found at page 138 of Nonlinear Fibre Optics by G. P. Agrawal [8]:

(o) = |0l 0} -0’ (2.21)

4R,
|,Bz| Bl

Where @, is the modulation cut off frequency and cof = . Gain occurs

only when @ < @, . The maximum gain occurs when @ = £—, the maximum gain can
2

7

be expressed as:

1
Omex = Elﬂzlwf = 2)P, (2.22)

Although Equation 2.21 does not include a loss factor, it provides a simple estimation of

MI gain in most cases.
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2.3.5 Stimulated Brillouin Scattering & Stimulated Raman Scattering

Another two important nonlinear processes that limit the peak power in Silica fibre are
Stimulated Brillouin Scattering (SBS) and Stimulated Raman Scattering (SRS).

SBS originates from scattering of photons by acoustic phonons, resulting in a frequency
shift of about 10-20 GHz. The relatively low frequency acoustic noise originates from
thermal noise. The weak scattered light interferes with the co-propagating light to create
a power induced refractive index modulation in the fibre through the Kerr effect. This
refractive index modulation acts as Bragg grating. This grating moves at a speed given
by the optical frequency difference between the forward and scattered waves. If this
speed is similar to the speed of sound in the fibre at this frequency, an acoustic wave is
created. This acoustic wave can enhance the scattering process. SBS has an extremely
narrow gain spectrum of only 50-100 MHz. The Stokes beam intensity is found to grow
exponentially in the backward direction. The impact of SBS can be estimated by using
the concept of critical power. The critical power of SBS is defined as the power where
the Stokes wave at the fibre input end becomes equal to the pump power at the fibre

output end. The SBS critical power is expressed as:

A K
=21* (2.23)

gBLeff

PP

Critical

Where K is the polarization factor of the pump (for polarized light, K =1 and for un-

polarized light K = 2). A is the effective core area which is defined in Equation 2.8.
The peak value of g, is nearly independent of the pump wavelength and it has a typical

10™m

value g, =5.0x for fused silica. This value is nearly three orders of magnitude

larger than the SRS gain coefficient. However, the effect of SBS on a particular
amplifier system will be suppressed if the bandwidth of the transmitted light is large;
frequency components separated by more than the SBS bandwidth experience SBS

independently of each other [8, 32].

SRS originates from the scattering of photons by optical phonons. Frequency down-
shifted light is generated in high Raman gain material from high power pump light
through Raman scattering. It provides an efficient mechanism for wavelength
conversion. Once the peak power of the amplified pulses reaches the critical Raman
power (threshold), the generated Stokes wave starts growing rapidly inside the fibre.
Most of the pulse energy will transfer into the Stokes component after a short

propagation distance.
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The Raman gain spectrum in silica fibre is very broad. The total bandwidth is up to 30
THz, as shown in Figure 2.15. The first peak of Stokes light in silica fibre is located at

the wavelength ~13 THz from the pump wavelength. The Raman gain peak value is

-13

approximately g, =1.0x when pumping at 1 pm wavelength.
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Figure 2.15: Raman gain spectrum for fused silica [8, 33]

The pump light intensity, |, and Stokes light intensity, |, can be described by the

following equations

al, =g.l I —a.l

dz TR e (2.24)
dIp w,
o=, Sl (2.25)

S

where g, is Raman gain coefficient, and cz;and o are the loss due to fibre absorption

at the Stokes and pump frequency, respectively.

The critical Raman power is defined as the input pump power when the Stokes power
becomes equal to the pump power at the fibre output end, when there is no Stokes light
at the fibre input end and stimulated Raman scattering builds up from the spontaneous
Raman scattering. From Equation 2.24 and Equation 2.25, the value of the critical
Raman power can be estimated from [34]
A K
PCPriticaI =16— (2.26)

gRLeff
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PCPriticaI corresponds to the maximum peak power of the output pulse at the pump

wavelength. For a typical single-mode fibre amplifier at ~1 pm wavelength with Yb**-

doped fibre length of ~3 m, gain of ~20 dB, Ay of ~28 um? the predicted critical

Raman power is ~7.8 kW. The critical Raman power increases with an increase in the
fibre mode area and a decrease in the effective fibre length. One reason LMA fibre is
used in amplifiers is to increase the critical Raman power to avoid SRS. With proper
design, LMA fibre can have a critical Raman power over 1 MW [21, 35, 36].

It is possible to utilise Raman Scattering for deliberate frequency conversion. This has
been demonstrated with high efficiency in fibres [37].

2.4 Conclusion

This chapter reviewed the history of the development of high power Rare-Earth doped
fibre MOPA systems. The Yb*'-doped fibre system was focused on, as the work
presented in this thesis is primarily based on this technology. Key technologies
developed in this area have been introduced briefly. Nonlinear effects in fibre relevant to
the work described in this thesis, either because they limit laser performance or because

they allow wavelength conversion, have been described.

More specific background information concerning my experiments will be given in the

relevant chapters.
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Chapter 3 High power nanosecond Yb**-doped
Fibre MOPA

Overview

This Chapter demonstrates high power nanosecond pulse generation from an externally
modulated semiconductor laser incorporating a pulse shaping method using an Electro-
Optic Modulator and power amplification through a Yb**-doped fibre amplifier chain to
over 300 W average power. Various custom defined pulse shapes were produced at the
final output: Square, step, triangle and even smooth pulse shapes were achieved. This
Chapter is organized as follows: 3.1 Introduction to the fibre MOPA; 3.2 Analysis of the
gain saturation effect which leads to reshaping of nanosecond pulses; 3.3 The

development of shaping techniques and results; 3.4 A brief summary.

3.1 Introduction

Many applications require high peak power pulsed lasers capable of delivering pulses
with nanosecond durations. For example; material processing, imaging applications,
medical applications and many types of scientific research [1-3]. At present, solid state
Q-switched lasers which operate at 1064 nm or its harmonics are the workhorses in this
area. Fibre based Master Oscillator Power Amplifier (MOPA) systems incorporating a
semiconductor diode as a seed laser and rare-earth doped fibre amplifiers[4, 5] show a
lot of attractive features such as good management of thermal effects, good mode
quality, great flexibility in pulse duration and peak power, high efficiencies,
compactness, low cost of manufacture and ownership. All these advantages have driven
progress in pulsed fibre lasers in the last few years. Examples include a nanosecond
pulse fibre laser system [6] reported in 2002, and a Q-switched fibre laser system [7]

reported in 2004. Fibre lasers have also shown potential for high average powers [8, 9].

To achieve high pulse energies (mJ) and high peak powers (>10 kW) in a fiore MOPA
system, typically requires gain of order 40-50 dB. This huge gain will result in gain
saturation effects for pulsed systems: significant pulse reshaping over the timescale of
the pulse can take place within the amplifier chain due to depletion of the population
inversion [10]. This reshaping effect causes a square input pulse to be amplified to a
pulse with a very high peak power at the beginning and exponential decrease to a lower

power level at the end of the pulse.
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There are various reasons for wishing to produce particular pulse shapes from an
amplifier. For example, stimulated Raman scattering (SRS) acts as a cap on peak power
at the signal wavelength, by efficiently scattering the light to other wavelengths. If the
peak power exceeds the threshold for SRS this will limit the pulse energy available at the
signal wavelength. Therefore it is desirable to achieve flat-topped pulses, thus

maximising pulse power for a given peak power.

One possible way to achieve control of output pulse shape is to actively control the shape
of the input pulse so as to pre-compensate for the effects of the gain saturation induced
pulse shaping. Our group has demonstrated active shaping of the driving electrical pulses
to a laser diode[11]. However, in this case pulse quality was limited by the transient
response of the electronics driving the diode, with unwanted oscillations at the leading
edge of the pulse. In addition, the practical dynamic range over which the diode power
can be controlled is only about 10 dB, which is inadequate for some shaping
requirements. Using an Electro-Optic Modulator (EOM), which has a response speed of
tens of gigahertz and high extinction ratio, to sample the original pulse has the potential
for much better performance. In this chapter, I will discuss the development of such a
shaping technique for use within a high power MOPA system. Using active pulse
shaping at the amplifier input we show that it is possible to generate a range of user-
defined pulse shapes at the output in a very straightforward fashion. As examples, we
demonstrate the generation of high energy square optical pulses, as well as the
generation of two-step pulses and even smooth shapes pulses. Different optimisation

techniques for achieving the best possible pulses are also examined.

3.2 Gain saturation

When an infinitesimally narrow width pulse propagates in a high gain laser medium,
which has a constant gain along the laser medium, it experiences an uniform inversion
along its pulse width, and the pulse grows exponentially. However, if the width of the
pulse is relatively long, say in the nanosecond regime, we must take into account that the
pulse front and pulse tail encounter different levels of population inversion. In this case,
the amplification process is more complicated and needs to be described by a nonlinear

time dependent radiation transfer equation according to Frantz and Siegman’s theory

z=L A~ A
[10, 12]. We adopt the following definitions; N, EJ. . N(Z,t,)dZ - the total initial
7=

inversion; G, =e™ - the initial amplifier gain; Uin(t)Eflm(t)dt and

38



U,.(t) = J;t I, (t)dt - the input and output pulse energies per unit area from starting

time until time t, and U_, = —— - the saturation energy per unit area. The gain
o}

temporal profile can be expressed as [13]:
G(t) — 1+ (GO _1)e_Uout(t)/Usat (31)
or equivalently

G(t) =1+ (G, —1)e " ®/Fw (32)

where Eo® =Usu®A Enr=UsAy

We can see from the above equations that pulse reshaping in an amplifier chain occurs
because the leading edge of the pulse depletes the inversion in the amplifier, meaning
that subsequent parts of the pulse experience reduced gain. This effect is usually referred
to as gain saturation. This is a significant problem in fibre amplifiers due to their fairly
low saturation energy. For a given input pulse shape li,(t) it is possible to calculate the
output pulse shape lou(t).

[, () =1, OGO (3.3)

This expression can be inverted in order to establish the input I;,(t) required to obtain

the desired output l,(t) as a function of Gy, Equ(t), and Eg, i.e.

Iout (t)
1+ (GO _1)e_Eout(t)/Esat

Iin (t) = (34)

At this point, in order to calculate pulse evolution we need only know G, and Eg. Thus,
if we can obtain Gy and Eg; experimentally for a given amplifier, we can use the above
equation to calculate the input pulse shape required to obtain a desired output pulse
shape without any detailed knowledge of the fundamental amplifier characteristics, such

as the cross-section, effective area, length or inversion distribution.

3.3 Active shaping with external modulation
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3.3.1 MOPA setup

Our MOPA comprises a diode laser and three amplifier stages. A schematic of the set-up
is shown in Figure 3.1. The seed is a commercially packaged, fibre-pigtailed diode laser
operating at a wavelength of 1061 nm (with a free-running bandwidth ~3 nm). The diode
generates pulses with an output peak power of ~700 mW. The broad spectrum is
actually composed of several very narrow lines spaced by ~0.2 nm, the mode spacing
determined by the length of the diode cavity. A fibre Bragg grating (FBG) is spliced to
the diode output at a distance of ~2 m from the fibre facet. By attaching a grating, which
has a larger reflectivity (~5%) than the diode front facet, we create a longer cavity with a
bandwidth set by the grating reflectivity characteristics, with very many cavity modes
within the envelope, creating a smooth spectrum with 0.3 nm width. This yields of order
600 cavity modes (mode separation ~100 MHZz) compared to the diode spectrum without
the FBG which consists of only a small number of longitudinal modes (~15), and as a
result would be expected to be subject to stimulated Brillouin scattering (SBS) at the
power levels encountered in this work. Since the SBS bandwidth is ~25 MHz, the
individual cavity modes would be expected to generate SBS effectively independently,
and the effective SBS threshold will be approximately proportional to the number of
modes [14]. The estimated SBS threshold per mode in our power amplifier is ~ 200 W.
If we assume ~600 longitudinal modes this gives an effective threshold of order 120 kW.
In fact, we observed no evidence of SBS during our experiments with this line-narrowed

laser.
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Figure 3.1: Schematic of active pulse shaping system with EOM

This diode was driven at repetition rates of up to several 100 kHz using one channel of a
computer controlled Arbitrary Waveform Generator (AWG). The pulse duration set on
this pulse generator could be changed from tens of nanoseconds to tens of microseconds
as desired. In general, the AWG provided a square pulse with a duration slightly longer

than that of the pulse ultimately targeted. Operating the diode in pulsed mode allowed us
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to utilise larger diode peak powers (up to the full 700 mW) whilst keeping the average
power below the 50 mW operating limit of our EOM.

The output from the diode was fed through the EOM, which has a 20 GHz response with
30 dB extinction ratio, and which was synchronously driven from the second channel of
the AWG. The EOM was used to carve the required amplifier input pulse forms from the
square pulse output from the diode. The first 100 ns of the pulse from the seed laser was
eliminated in the carving process, since the diode had a rise time of tens of nanoseconds
and it takes several tens of nanoseconds to stabilise the amplitude. Moreover, this
represents several round trip times of the external cavity defined by the FBG, so that we
can be confident that after this time the diode is emitting with the desired, SBS-safe,
densely mode-spaced spectrum.

The AWG has 16-bit amplitude resolution and a time resolution of 4 ns. The optical
power transmission of the EOM varies sinusoidally rather than linearly with applied
voltage. This is taken into account when calculating the control voltage waveform which
is sent to EOM in order to ensure that the desired output optical pulse form is obtained in
the carving process. An isolator was spliced between the seed laser and the amplifier

chain. Due to losses in the EOM and isolator totalling ~6 dB, the peak seed power to the

amplifier system is ~175 mW.

Figure 3.2: Real experiment set-up of (from left to right) seed laser, first stage and second
stage amplifier.
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The amplifier system comprises three distinct diode-pumped Yb**-doped amplifier
stages. The first two stages are fully fiberized (shown as figure 3.2). A core-pumping
scheme incorporating a 4 m length of ytterbium doped single mode fibre is used for the
first stage and a 8 m length cladding pumped fibre amplifier with a 10 um core diameter
and 0.07 NA (mode field diameter (MFD)~11 pm) for the second stage. Coupling of the
single mode pump radiation (300 mW at 976 nm) into the first stage was performed
using a 976 nm/1060 nm WDM coupler. Delivery of the multimode pump radiation (7 W
at 915 nm) into the second stage amplifier was performed using a tapered fibre bundle
(TFB). The amplifier fibres in both stages are approximately single mode and the output
at second stage has an M°<1.2. The maximum saturated average output powers from the
two amplifiers were 50 mW and 3 W from stages 1 and 2 respectively. Typically, small
signal gains were up to 20 dB in the first stage (depending on duty cycle) and about 20
dB in the second stage, with losses of the order 2 dB between stages, due to the isolator.

The final (third) amplifier stage was end-pumped using a 500 W 975 nm diode stack.
The final stage amplifier fibre has a 30 um core diameter and 0.06 NA (MFD~24 um)
and 400 pm diameter cladding, was 10 m long and was typically operated with a gain
around or below 20 dB. The fibre was manufactured in the ORC. The core was
theoretically multimode (supporting ~5 modes) but with appropriate (free-space) signal
launch was close to single mode in amplified output (M?~1.5). The peak gain through the
whole amplifier chain (including losses due to isolation) was up to ~55 dB. The highest
output peak power that we measured was about 35 kW. Based on Equation 2.23 and
Equation 2.26 described in Chapter 2, the Stimulated Raman Scattering (SRS) threshold
for this amplifier was estimated [15] at 80 kW, well above any instantaneous power
obtained in the experiments described, and as mentioned above the estimated SBS
threshold was well over 100 kW.

42



W
a
o

a)

output power (W)
- [ [} w
A o (4] o
o o o o

o
o

fo]
(=]

Slope =67% wrt pump power

0 100 200 300 400 500 600

pump power (W)
b
.1 P
o 10 A
Z
f
5 21
K
o
3 304
K]
£
2 -0
-50 4
-60 : - - T :
1040 1060 1080 1100 1120

wavelength (nm)

Figure 3.3: (a) MOPA output power curve and (b) output spectrum at 200W and 1% duty

cycle

Figure 3.3 (a) shows the average output power of the MOPA plotted against the output
of the pump laser. The amplifier efficiency was 67% calculated with respect to the
launched pump power. The spectrum, shown in figure 3.3 (b), did not broaden

significantly compared to the initial bandwidth of 0.3 nm during amplification.

3.3.2 Pulse shaping method

It is possible to achieve the target output pulse shape by actively controlling the shape of
the input pulse so as to pre-compensate for the effects of the gain saturation. This has
been demonstrated experimentally using feed-back loops to optimise the pulses [16-18],
or by simulating the amplifier performance and calculating the required pulse
analytically [19]. The method in this work is to parameterize the pulse shapes. To
determine the parameters for the pulse shaping, it is necessary to make a measurement of
the output of the MOPA for a test input pulse. Any pulse shape can be chosen for the
input pulse; however a square pulse was typically used for convenience. The pulses are
sampled and detected by a 1 GHz photodiode which is connected to a 500 MHz
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oscilloscope under computer control. By comparing the input and output pulses a
measurement of the instantaneous gain G(t) at each point in the pulse is obtained. By
iteratively fitting this data to Equation 3.2, numerically integrating to obtain E,u(t), an
estimate of Eg, and Gg are obtained. The fitting process takes just a few seconds. We
make no assumptions about the details of the gain distribution within the system, so no

simulation or detailed knowledge of the amplifier chain is required.

In this work, three methods for selecting the best input pulse for obtaining desired output
pulses were investigated. The first method is simulated annealing [20] based on the
results of Esy and Gy fitting. The input pulse is modeled as one or more segments, and
the parameters of the segments are varied whilst the expected output pulse is calculated
using our measured values of Eg and Go. This algorithm (running on a PC) seeks to
minimise the fitness factor (difference calculated output pulse and target pulse) until it
achieves a specified tolerance (or number of iterations). Simulated annealing is inspired
by the annealing method in metallurgy, in which a material is heated up and slowly
cooled down to maximize the size of crystals and minimise defects. This process is
equivalent to minimizing the energy state of the system. Because of thermal motion of
the atoms in the materials, the system which is initially stuck in one state might jump out
of that state to a new one. If the new state has lower energy than the initial one, the
system stays there, but if the new state has higher energy, there will still be a probability
that it will stay at the new state. The system slowly moves to the local minimum of total
energy by some random upward jumps to higher energy levels and slow lowering of the
temperature. Simulated annealing is found to be an efficient and time-saving method to

achieve a best fit input pulse shape for the MOPA in our case.

The second method is simulated annealing based on measured MOPA output. This is an
experimental process rather than a simulation. It is identical to the previous method
except that the pulse shape is sent to the amplifier chain and we measure the output pulse
from the amplifier and compare it with target pulse shape. This was generally used after
method one (the optimized pulse shape obtained by method one being used as the initial

guess for the pulse shape) in the hope of further improving the output pulse shape.

The third method is to directly calculate the required input pulse from our chosen output
pulse shape utilising Equation 3.4 and our measured values of Eg; and Gy (again using
numerical integration to give Equ(t)). After calculating the pre-compensated waveform,

the desired pulse shape will be achieved by launching it into the amplifier chain.
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3.3.3 Pulse Shaping Results
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Figure 3.5: Square pulses generated via modulating diode current or modulating EOM

Figure 3.4 (a) shows the optimised input pulse shapes for a targeted 100 ns square pulse
produced by the iterative approach using simulated amplifier response and by the direct
calculation method. The iterative method uses a pulse modelled as a single curved
segment specified by the height of the starting point of the pulse L, an exponential factor
(o) and a fixed width T, as described in [11]:

1_”" (e —1) (3.5)
e

y=L+

In order to get square output pulses in this instance then it was necessary to optimise just
two parameters (L and o). Data points are spaced by 4 ns to match the resolution of the
AWG. Direct calculation of the required input pulses based on Equation 3.4 produced
pulses which were virtually indistinguishable from those obtained using the iterative

method in simulation (less than 1% deviation in amplitude across the entire pulse shape
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between the two methods for all pulse durations considered). Typically of order 20

iterations were required to achieve convergence.

Figure 3.4 (b) shows various pulses produced at a pump power level of 350 W,
corresponding to an average MOPA output power of 200 W. Pulse repetition rate was
100 kHz and the pulse energy was 2 mJ. The long-dashed curve is the shape of the
output pulse from the amplifier when the seed pulse was a 200 ns duration square pulse.
Based on fitting this pulse we obtained a saturation energy for our amplifier of 0.6 mJ, so
we are operating ~3-4 times above saturation energy. It can be seen that reshaping is
significant, with the leading edge of the pulse having an instantaneous power of 35 kW,
which has dropped to ~ 4 kW after 200 ns. The FWHM width of this pulse is only about
20 ns.

When the calculated input pulses were fed into the system, they produced the square
pulses shown in figure 3.4 (b). The black lines show the target (square) pulse shape and
the red curves show output pulses of varying duration produced by active shaping of the
seed pulse. The obtained pulses match the target pulse, with deviations in amplitude
from the target not exceeding 10% over the duration of the pulse. Simulated annealing
using the actual output of the amplifier yielded no detectable further improvement in

pulse shape.

Since both methods produced virtually identical inputs we can state that for square target
pulses the direct calculation method produces results indistinguishable from the iterative

process, giving great confidence in this simplified approach.

Figure 3.5 compares shaping results (for a 1 us duration pulse) obtained using the
iterative optimisation method but in one case (red), shaping the input pulse using direct
modulation of the seed diode current, as in [19, 21] and in the other case (blue), using
gating with the EOM to create shaped pulses. It can be seen that there is a large transient
on the pulse in the directly modulated case. This was observed on all pulses produced by
direct modulation of the diode. We attribute this to changes in the seed spectrum that
arise during pulse build up, as described above. Because the gain is wavelength
dependent, changing the centre wavelength and bandwidth during the pulse as it
develops will change the gain experienced. The pulse shaping methods used, which do
not account for such changes, will not correct for this feature. As expected, this only
affects the first few 10 s of nanoseconds of the pulse. Using the EOM to shorten and
shape the pulses completely removes the issue of diode startup dynamics. It should be

noted that this problem could potentially also be addressed in other ways. For example, a

46



diode with an external grating packaged very close to the diode (as are becoming

commercially available) might eliminate this problem.
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Figure 3.6: Two-step pulse shape with (a) low duty cycle, (b) high duty cycle

We also produced various duration two-step pulses at high average power. In order to
produce two-step pulses, as shown in Figure 3.6, using the iterative method, we simply
simultaneously optimised two segments with fixed durations and independent starting
heights and exponential factors, so that a total of four parameters required optimisation.
In simulation, the iterative process converged after ~100 iterations. As observed with the
square pulses, iterations based on the real amplifier output did not improve on the results

obtained in simulation.

Figures 3.6 (a) show results for relatively low duty cycle 2-step pulses, Figure 3.6 (b) for
a high duty cycle pulse. As with the square pulses, in these experiments the average
power was 200 W and the repetition rate 100 kHz, giving a pulse energy of 2 mJ. The
duty cycles were 20% and 10% for the two pulses shown in Figure 3.6 (a). In both cases
deviations in amplitude from the target pulse do not exceed 10%. Figure 3.6 (b) shows a
pulse generated for an average power of 200 W and a repetition rate of 20 kHz, giving a
pulse energy of 10 mJ. The pulse displayed consists of an initial 5 ms section and a final
32.5 ms (75% duty cycle). The final part of the pulse has a power level close to 200 W
(i.e. near the average power) whilst the power level in the initial section is approximately

twice this.

In theory, our approach is not expected to be precisely accurate for high duty cycle
pulses, since our analysis ignores pumping during the pulse: there is no replenishment of
the inversion during the pulse. This is a reasonable approximation for low duty cycle
pulses only. However, as we see, this approach is still sufficient to produce fairly good

quality pulses even at 75% duty cycle, with deviation from target pulse being less than
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30% for ~90% of the duration of the first section of the pulse, and considerably better

during the second section.

We also generated smooth output pulse shapes. In generating smooth pulses, the
advantages of the direct calculation method over the iterative method become clear. In
order to produce smooth pulses shapes, such as Gaussian or parabolic pulses by the
simulated annealing method, we used input pulses composed of a humber of segments.
In order to keep the number of independent parameters being optimised at a manageable
number, we used straight line segments of fixed duration, with only the initial height of
each segment being varied (i.e. only one parameter per segment).

To get convergence on the target pulse using SA with calculated results and using a
pulse composed of 12 segments typically required of order 1000 iterations. With each
experimental iteration requiring of order 2 seconds, it was impractical to employ
experimental optimisation to further improve the results obtained in simulation, negating
the most obvious possible advantage of the SA method; i.e. that it does not necessarily
depend on our assumptions about ideal amplifier performance but more on the actual

performance of the amplifier chain.

It was also observed that with these pulse shapes, on occasion the solution would get
stuck at a local minimum which did not correspond very closely to the desired pulse.
Although these could be improved upon by varying the annealing parameters, this
further indicated the inconvenience of this method for smooth pulse shapes. In contrast,
the direct calculation approach requires no choices to be made about fitting parameters,

and requires no more processing time for these pulse shapes than for square pulses.

Figure 3.7 shows results for a targeted parabolic pulse of 1 mJ pulse energy. Figure 3.7
() shows various input pulse shapes used and Figure 3.7 (b) shows the corresponding
output pulses. It can be seen that a parabolic input pulse (long blue dashes) yields an
output pulse which is heavily skewed, as expected. It can be seen that the direct
calculation method (solid red line) in this case produces a significantly better
approximation of the targeted pulse shape (black dots) than the iterative method (short
green dashes), which appeared to get stuck at a local minimum. The output pulse
produced by the calculation method differed from the target pulse by less than 10% of

the peak power over the full duration of the pulse.
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Figure 3.8: Output pulses obtained by various methods with a targeted Gaussian pulse shape

Figure 3.8 shows similar outputs for a targeted Gaussian output pulse of 100 ns duration.
Again, the pulse energy is 1 mJ. The targeted pulse shape is shown (black dots). The
output pulse obtained for an input Gaussian pulse of the desired output duration is shown
by long blue dashes. It can be seen that while the effects of gain reshaping are more
subtle than in the case of a square pulse; the pulse increases in duration and becomes
slightly asymmetric during amplification. The solid red curve shows the output pulse
obtained using direct calculation. The best result obtained by SA using calculated results
is shown by the short green dashes. It can be seen, that while both methods produce a
result close to the desired pulse shape, direct calculation produced slightly superior
results. The deviation from target pulse amplitude is less than 2% of the peak power

everywhere within the 10 dB full width of the pulse.

3.4 Fiberized polarisation maintaining nanosecond
source

For many industrial applications such as micromachining, a key issue is the strength of

absorption of the material at the laser wavelength, and hence it is advantageous if the
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laser can be frequency converted to provide a range of machining wavelengths. To
ensure high efficiency frequency conversion processes (e.g. SHG) it is useful to maintain
a narrow line-width and therefore nonlinear spectral broadening in the fibre amplifiers
should be avoided. Moreover, it is critical that good polarization purity is maintained,
because most wavelength conversion processes are polarization sensitive. Hence, a
fiberized, polarisation maintaining source is built to achieve such wavelength conversion
ability. A schematic diagram of the all-fibore PM MOPA is shown in Figure 3.9. The
seed was still a PM fibre pigtailed Fabry-Perot laser diode chip (Bookham CPE425)
working around 1060 nm. The centre wavelength of the seed signal was set to 1060 nm
with an external fibre Bragg grating. The corresponding 3 dB bandwidth was 0.3 nm.
The optical output of the seed laser was passed through a high extinction ratio (>30dB)
lithium niobate EOM, which was used to carve pulses as described in the previous
section. The insertion loss of the EOM was 5 dB and the typical duty cycle used in our
experiments was 1:100 (e.g. 100 ns pulses at a repetition rate of 100 KHz).

PM YDF PM YDF

[ pc J————fawd][oc] 5/130um 5/130ym  [10W

Trigger " 975

WG
i PM Isolator \
PM Combiner
160mw 160mw
975nm 975nm PM lIsolator
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975nm N
Tapered
100 W Output Splice
PM YDF
25/340um

Figure 3.9: Schematic diagram of the Yb**-doped fibre MOPA

Approximately 0.3 mW of average seed signal power from the EOM was amplified by a
three-stage amplifier chain. The first pre-amplifier stage is based on a core pumped,
Yb* -doped active polarisation maintaining fibre with a core diameter and NA of 5 pm
and 0.13 respectively. The amplifier was pumped in a co-propagating configuration by a
wavelength stabilized 976 nm single-mode laser diode. The measured core absorption of
the fibre was ~600 dB/m at 976 nm. The length of the active medium (3 m) was chosen
such that the amplifier provides maximum gain around 1060 nm. A maximum saturated
output power of over 100 mW was obtained from this stage, corresponding to a signal

gain of 25 dB. The output of the first stage amplifier was coupled into the second pre-
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amplifier stage via a fiberized PM optical isolator. The isolator limits both signal and

ASE cross-coupling between the two amplifier stages.

The active medium of the second-stage amplifier used double-clad technology. The fibre
was commercial available from Nufern. It was a 7 m long single mode (5 pm core,
NA=0.13; 130 pm inner cladding NA=0.46) PM Yb**-doped fibre with 10 W, 975 nm
pumps coupled into the inner cladding using a fibre-pigtailed broad-stripe diode laser
through a (6 + 1) fused tapered fibre bundle (TFB) in a backward pumping
configuration. The length of the active medium was chosen such that the amplifier
provides maximum gain at the signal wavelength with balanced ASE. The maximum
saturated output power from this stage was limited to <1 W to extract maximum possible
gain from the final-stage amplifier without compromising performance by spectral line
width broadening and ASE build-up. This helps in two ways: (i) it reduces the output
power required from the 2nd pre-amplifier stage and power handling demands on the in-
line optical components and (ii) reduces the effective length of the final-stage amplifier,
which depends exponentially on the gain parameter, resulting in clean, high peak power

pulse generation from the fibre MOPA.

The linearly polarized optical signal from the two PM pre-amplifier stages was aligned
to the slow-axis of an in-line fast axis blocking PM isolator to further purify the
polarisation extinction ratio (PER) up to 35 dB. The resulting linearly polarized signal
was then coupled into a large mode area (LMA), PM, double-clad, Yb**-doped active
fibre (PLMA-YDF-25/345 from Nufern). The fibre has a core diameter of 25 pm and a
core NA of 0.06. The cladding diameter of the polymer coated fibre was 345 pm with an
NA of 0.45. The measured cladding absorption of the fibre at the pump wavelength (975
nm) was 2.7 dB/m. The length of the active medium (5.7 m) was chosen such that the
amplifier not only provides maximum signal gain but also absorbs most of the launched
pump power. Free-space pump coupling through the signal output end was used to pump
the active medium. To minimize the splice loss between the passive single-mode PM
fibre (SM98-PS-U25A from Fujikura) and LMA active fibre the outer diameter of the
LMA fibre was tapered down to 125 m and a core diameter of 9 um. The associated V-
number was therefore reduced to 1.5 so that only the fundamental mode would be
supported. The length of the tapered region was optimised by repeated testing of the
output mode quality with different taper lengths. We finally selected a taper length of 80
mm, which was found to be the minimum length that led to robust single-mode output
from the amplifier fibre. This helps to reduce the mode field diameter mismatch between

the two dissimilar fibres ensuring lower splice loss. The maximum splice loss measured
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was <1 dB, substantially lower than that obtained without tapering (~2 dB). Moreover,
tapering allowed us to obtain robust single mode operation even though the active fibre
core can support several transverse modes. To prevent damage to the output, a 2 mm
long pure silica mode-expanding end-cap was spliced to the fibre and it was angle
polished to avoid power retro-reflected back into the fibre core. The amplifier was end-
pumped using a 975 nm diode stack with maximum pump power of 167 W. The diodes
were water-cooled to ensure wavelength stability. A simple lens combination was used
to achieve ~80% coupling efficiency into the fibre. Signal and pump paths were split by

dichroic mirrors.
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Figure 3.10: (a) Fibre MOPA output power vs. launched pump power. (b) Spectrum at full
power at 2.0 nm OSA resolution; inset shows the output spectra with 0.05 nm OSA resolution.

Figure 3.10 shows the performance of the final amplifier. The slope efficiency was 83%
with respect to launched pump power, and the amplifier shows no power roll-off up to
100 W. The beam quality of the amplified signal output was measured to be M? = 1.02 at
a power of 100 W. The maximum extracted pulse energy was 1 mJ, corresponding to a
peak power of 10 kW at an average output power of 100 W. The spectral bandwidth of
the amplified pulses increased from 0.3 nm to 0.4 nm due to SPM assisted spectral
broadening inside the final stage amplifier (Figure 3.10(b)). The amount of ASE is less
than 7% according to power intergradations. The measured polarization extinction ratio

(PER) was 19 dB under full power operation.

A significant pulse narrowing was observed due to gain depletion on the time scale of
the 100 ns when a square input pulse was launched into the amplifier chain as shown in
Figure 3.11(a). This was corrected by the method described in the previous section [22].
The corresponding output spectra for both shaped and unshaped input optical pulses to
the MOPA chain are shown in Figure 3.11(b).
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Figure 3.11 (a) Peak power of shaped (green dash dotted line) and unshaped (solid blue)
fundamental pulse at 36 W power level. (b) Spectra of the corresponding shaped (green dash

dotted line) and unshaped (solid blue) fundamental pulse at 36 W power level.

These linearly polarized, high spectral integrity, shaped pulses are useful for high
efficiency and high quality frequency conversion. Such as second harmonic generation
(SHG), optical parametric oscillation (OPO), Raman frequency shift conversion and so

on. These frequency conversion experiments will be discussed in Chapter 5.
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Figure 3.12: A ceramic plate is being cut by the 100 W, 100 ns duration, 100 kHz repetition
rate nanosecond pulses; Top right is sample before cutting; Bottom right is sample after
cutting.

The output beam directly from the fibre laser was also used to carry out material

processing. Metals, ceramics and organic glue bonded material were tested under
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different pulse shapes and powers. The laser behaved very reliably and no failure or
performance degradation was observed during three weeks of use (~100 hours total
operating time). A maximum of 3% of average power variation was observed at full
operational power. Figure 3.12 shows the cutting process and examples of the
preliminary cutting results. Comprehensive analysis of the cutting results is still being

carried out by our project partners.

3.5 Conclusion

We have successfully demonstrated a fiberized, diode-seeded, YDFA MOPA system
generating linearly polarized, diffraction-limited, nanosecond and longer pulses.
Arbitrary pulse shapes including square pulses, 2-step pulses and pulses with smooth
profiles can be produced. An average power of up to 300 W was achieved.

By using an EOM to shape our seed pulses, high quality pulses were produced, avoiding
any transients introduced by the operation of the diode or its drive electronics and
limitations imposed by its available dynamic range. This will also allow shaping of a
much wider variety of seed lasers, including those which do not have a short pulse

operation mode.

The method of calculating the required input pulse from the measured gain parameters of
the amplifiers is rapid and allows optimisation of smooth pulse shapes, where the
iterative method based on pulses composed of simple segments becomes unmanageable
due to the number of parameters which need to be optimised. The direct calculation
method is shown to produce output pulses which match the target pulse shape at least as

well, if not better, than the iterative method for all the pulse shapes examined.

Our method is indifferent to the detailed architecture of the amplifier chain; the only
parameters required can be obtained via a single experimental measurement. This will
allow the approach to be adapted rapidly to a wide variety of amplifier chains. This
should be of significant value in enhancing the use of fibre based MOPA systems for a

range of industrial and scientific applications.

The same seed laser and shaping method were used to seed a PM fibre amplifier to
generate a linearly polarized beam for frequency conversion applications. In addition,
material processing experiments using this source were also carried out and long term
stable performance verified. The fiberized configuration enhances the robustness of the

fibre laser.
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Chapter4 High power picosecond Yb* -doped
fibore MOPA

Overview

This Chapter demonstrates picosecond pulse generation from a self-seeded gain switched
laser diode and power amplification using polarisation maintaining Yb**-doped fibre
amplifier chain to 100 W average power. This Chapter is organized as follows: section
4.1 introduces the state of the art picosecond fibre system; 4.2 describes the self-seeded
gain switched seed laser; 4.3 details the performance of the diffraction limited,
polarization maintaining high power Yb**-doped fibre amplifier chain; 4.4 describes the
nonlinear pulse compression of the MOPA output using diffractive gratings; 4.5
describes the subsequent SHG experiment with compressed pulses; finally a brief

summary of the chapter is given in section 4.6.

4.1 Introduction

High average power laser sources operating in the picosecond regime are useful for a
wide range of applications including materials processing, frequency-doubling and
broadband wavelength tuning by means of OPOs. Over recent years, fibre amplifiers
have become a key enabling technology in many of these areas. In particular, Yb*-
doped fibre amplifiers (YDFA) have high single-pass gain, low quantum defect and
optical-to-optical efficiencies above 80%. The resulting low thermal load and inherently
favorable geometry minimize thermal effects to enable continuous-wave powers of 6 kW

in a diffraction-limited beam [1].

However, picosecond pulsed fibre MOPA operated at repetition rates below ~100 MHz,
nonlinear effects such as self-phase-modulation (SPM) and stimulated Raman scattering
(SRS) arising in the core of the fibre have restricted the power scaling. Since the high
peak power is the key factor, nonlinearity management techniques such as chirping the
input pulses and using microstructured fibre to achieve extremely large mode areas are
commonly applied in femtosecond systems [2, 3]. The disadvantages of such techniques
are that the dispersion management components increase the complexity of the system,

and that the novel fibre architectures have not yet been thoroughly field tested [4, 5].

An attractive route to achieve high average powers with short pulse sources without
problematic nonlinear effects is to reduce the energy per pulse by dramatically

increasing the repetition rate. There has been progress with fibre oscillators, VECSEL
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sources [6-8] and gain-switched laser diodes for generating high repetition rate
picosecond pulses. Output powers in excess of 300 W have previously been
demonstrated from a YDFA system using a 1060 nm gain-switched Fabry—Pé&ot (FP)
laser diode delivering 20 ps pulses at GHz repetition rates as a seed laser [9-11].
However, the sub-microJoule pulse energies from those systems were far from ideal for
material processing whilst free space pump and signal coupling greatly compromised the
practicality of the systems. Moreover, the output was not robustly single-transverse-
moded and the amplifiers were not all polarization-maintaining (PM), thus limiting the
environmental stability and the utility of the system for many frequency conversion
applications.

4.2 Gain switched seed laser

Picosecond pulses are typically generated by mode-lock techniques such as mode-locked
fibre lasers [12, 13] and external cavity mode-locked semiconductor lasers [14, 15]. The
disadvantages of cavity mode-locked lasers are the requirements of complex setup whilst
the cavity length defines the pulse repetition rate. Gain switching of semiconductor diode
laser to generate picosecond pulses has many attentions because of its simplicity and

convenience in terms of continuously variable repetition rate, output power etc.

The experimental setup of the gain-switched seed source is shown in Figure 4.1. A 1060
nm FP laser diode in a fibre-pigtailed package was gain-switched using a pulsed drive
current with an associated DC bias. Stable pulse-to-pulse operation was obtained by
reflecting a fraction of each optical pulse back into the diode using a fibre-Bragg-grating
(FBG). The fibre length between the diode and the FBG was chosen to be approximately
3.5 m. The reflected pulses were carefully synchronized with the following optical pulse
by adjusting the repetition rate to fine-tune the pulse-to-pulse delay. The 3 dB bandwidth
of the self-seeding grating was 0.15 nm with a reflectivity of 99%. A 10 dB tap was used
in between the diode and the FBG so that only ~1% of the output power was coupled
back into the diode. This method of self-seeding ensures single longitudinal mode
operation with a side-mode-suppression-ratio of over 40 dB. This technique provides
considerable advantages in terms of simplicity and reduced cost compared to using an
external narrow-linewidth laser to stabilize the wavelength [16]. Measured amplitude
jitter was ~2% and the timing jitter was ~3 ps (dominated by jitter from the drive

electronics) [17].
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Figure 4.1: Schematic diagram of the gain switched diode with mode selection grating and
compression grating (bottom right insert shows the setup photo)

Since pulses from GS diodes are inherently chirped [18], a chirped fibre Bragg grating
(CFBG), fabricated in house, was used to compensate the chirp as reported in ref. [19].
The central wavelength of the self-seeding FBG was tuned to match that of the CFBG by
compression of the grating [20, 21]. It is to be noted here that the CFBG can also be
compression-tuned. This allows me to find a point where the mechanical compression of
both the CFBG and FBG were minimized. | observed that once set at the lowest
compression point, the tension of either of the gratings did not require adjustment for

several weeks when in the laboratory environment.

Compressed pulses after the CFBG were characterised using a linear FROG technique
[19]. The gate width of the EOM-based FROG was set to ~200 ps, an order of magnitude
longer than the expected pulse length, so that complete pulse information can be
retrieved. The pulses measured after the CFBG compressor had a duration of ~21 ps with
an average output power of 1.3 mW at a repetition rate of 910 MHz. The temporal
profile of the pulse and the associated residual chirp are shown in Figure 4.2(a). The
pulse spectrum is shown in Figure 4.2(b), with 3 dB bandwidth of 0.15 nm
corresponding to a time-bandwidth product (AvAt) of ~0.8.
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Figure 4.2: (a) Seed pulse temporal profile and chirp; and (b) Spectrum of the seed pulse.
The temporal and spectral data have been normalized with respect to the peak power or peak
spectral density respectively.

4.3 Fibre amplifier

The experimental setup is shown in Figure 4.3. The gain-switched seed laser described in
4.2 was spliced to a fibre pigtailed EOM which was used as a pulse picker to reduce the
repetition rate. This allows me to optimize the seed in terms of side-mode-suppression-
ratio and chirp, while maintaining repetition rate flexibility. | also found this easier to
operate in terms of maintaining optimum pulse quality compared with changing the

diode modulation frequency directly as we had reported earlier [22].

The MOPA chain consisted of three-stage YDFA. Fiberized optical isolators were used
to prevent ASE leakage between the amplifier stages. The first stage was a 3 m long core
pumped YDFA based on single mode (5 pm core, NA=0.13;130 pm cladding), PM,
Yb*doped fibre and was bi-directionally pumped using 160 mwW, 975 nm
telecommunication-grade diodes. The second stage YDFA was a 7 m long cladding
pumped single mode (5 pm core, NA=0.13; 130 pm inner cladding, NA=0.46) PM Yb*-
doped fibre pumped by a 10 W, 975 nm multimode diode in backward pumping
configuration through a (6+1)x1 fiberized PM pump-signal combiner. The 1060 nm
wavelength was chosen in order to optimise the performance of the cladding-pumped
power amplifier. However this required careful choice of the preamplifier fibre lengths
in order to balance the conflicting requirements of nonlinearity management and short-
wavelength ASE suppression. The pigtail fibre of the final isolator was kept as short as

possible to minimize SPM induced linewidth broadening.
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Figure 4.3:Top: Schematic diagram of the Yb**-doped fibre MOPA, MSG — mode selective
grating; CFBG — chirped fibre-Bragg-grating. Bottom insert shows the photo of actual setup

The power amplifier was a 5.7 m long, PM fibre with an inner cladding diameter of 340
M with an NA of 0.46 and a core diameter of 25 pm with an NA of 0.055 (Nufern). The
V number of the core was 4.07 and had the ability to support approximately 7 transverse
modes. The fibre was tapered down to 125 pm outer diameter such that the core diameter
was reduced to 9.2 um. Consequently the V number of the core became 1.5 which meant
that the core can support only the fundamental mode. The tapered fibre was spliced to a
15 cm long passive PM 980 fibre (Corning). The uncoated tapered region and the splice
point were protected with a high index UV cured coating and the entire section was
mounted on an aluminium plate in order to dissipate heat due to unabsorbed pump light.
The splice loss from the taper to the PM 980 fibre was measured to be less than 1 dB. A
taper length of 80 mm was selected, which was found to be the minimum that led to
single mode output from the LMA fibre. The M? was measured to be ~1.02 when the
LMA fibre operated at the maximum 100 W output power. Compared to a free space
launch where coupling variations lead to mode variations, this fiberized approach greatly
improves the mode stability. To prevent damage to the output, a 2 mm long pure silica

mode-expanding end-cap was spliced to the fibre and was angle polished to avoid
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backward-reflected power from coupling back into the fibre core. The amplifier was end-
pumped using a commercially available 975 nm diode stack with a maximum pump
power of 167 W. The diodes were water-cooled to ensure wavelength stability. A simple
lens combination was used to achieve ~83% coupling efficiency into the fibre. The
signal and pump paths were split by dichroic mirrors. Since the fibre had a absorption of
~2.7 dB/m at 975 nm, there was only a low level (~5 W maximum) of unabsorbed pump
at the tapered splice section. This residual pump light was stripped by the high index UV
cured coating and the heat generated in the process was removed using a heatsink.

The system was characterized at an average output power of 200 mW after the pre-
amplifiers, and 100 W after the MOPA chain. Due to the pulse energy and peak-power
requirements of our intended applications, we operated the system at repetition rates of
227 MHz and 56 MHz. As shown in Figure 4.4, a reasonable output OSNR was
maintained as the repetition rate was reduced — the signal was 30 dB (227 MHz) or
25dB (56 MHz) above the ASE level. Numerical integration indicated that the
corresponding signal was 98 % or 96 % of the total measured power at 227 MHz and
56 MHz respectively. Therefore the maximum extracted pulse energy was 1.71 |0 at a
repetition rate of 56 MHz with a corresponding peak power of 85 kW at an average
output power of 100 W. Figure 4.4 shows the onset of SRS approximately 30 dB below
the signal at a wavelength of ~1115 nm for the 56 MHz case. The SRS peak power
threshold of the final amplifier, calculated assuming 27 dB gain and constant gain per
unit length, was ~89 kW, which is similar to the experimentally measured power [23,
24].
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Figure 4.4: Spectra of seed-diode (blue solid line) and final 100 W output (black dash line).
(a) Pulse repetition rate 227 MHz; and (b) Pulse repetition rate 56 MHz. The spectra were

measured with an ANDO (AQ6317B) spectrum analyser using 2.0 nm resolution.
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Figure 4.5: Output power from the final stage amplifier vs. launched pump power. Inset:
Mode quality measurements data. (Beam diameter vs. distance from a f=100 mm focal length
lens.)

Figure 4.5 shows the performance of the final amplifier. The slope efficiency was 85%
with respect to launched pump power, and the amplifier shows no power roll-off at the
100 W level. The beam quality of the amplified signal output was measured to be
M?=1.02 at a power of 100 W as shown by the inset. The measured polarization
extinction ratio (PER) was 19 dB under full power operation.

The spectra in Figure 4.6(a) are shown at the sub-harmonics of the diode repetition rate.
There was minimal nonlinear evolution at a repetition rate of 908 MHz but as the
repetition rate was reduced the pulse peak power increased and the spectra were
broadened due to SPM. The degree of spectral broadening observed is relatively modest
in absolute terms — just a few nm at the lowest repetition rates (highest peak powers)
investigated, although this corresponds to relative broadening by factors of up to 20. The
spectral broadening at a given repetition rate can obviously be eliminated by reducing
the average output power (and corresponding peak power), however for many
applications the spectral properties are not of great importance and it is the peak power
and pulse duration that matter. In this regard the spectral broadening can in fact be
beneficial as we shall see in section4.4 where it has been exploited to allow pulse
compression and peak power enhancement, thus greatly extending the operational
parameter space of the source. In the time domain the pulse shape was measured using a
32 GHz photodiode and sampling oscilloscope providing ~30 ps overall time resolution.
The traces in Figure 4.6(b) show that the seed and final output pulses were both within

the resolution limit and thus that there is minimal temporal broadening. (Note that the
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extended tail was an artifact of the diode/scope system since it was also seen in an

impulse response measurement using clean 200 fs pulses.)
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Figure 4.6:(a) Spectra of seed (black solid line) and final output at a power of 100 W at
repetition rates of 908 MHz (red solid line), 454 MHz (blue dashed line), 227 MHz (green
dash dotted line), 113 MHz (black dotted line) and 56 MHz (pink dash dotted line); and (b)

photo diode trace of seed pulse (red solid line) and final output (blue dash dotted line)

measured at an average power of 100 W and repetition rate of 56 MHz.

The maximum average power at the system output was limited by the available pump

power. The saturation energy, E_., was calculated to be 50 | and hence it is not a

sat !
constraint to pulse energy in our system [25] and since neither SRS nor SPM were
constraints at the 100 W power level, significant further average power scaling should be
possible by using a pump source having higher output power than currently available in
our laboratory. Suitable pump sources capable of delivering output powers of ~800 W
that can be focused into the 330 jum spot size required for the final amplifier fibre are
commercially available [26]. Neither SRS nor SPM are critically limiting the
performance of the system even at the lowest 56 MHz repetition rate so the main
considerations would be maintaining a good OSNR and managing the thermal load. We
consider that it is quite reasonable to expect output powers in the region of 500 W would
be achievable at repetition rates of 227 MHz and above. To avoid OSNR degradation of
the amplified signal the output power of the 2" pre-amplifier could be increased from
0.2 W to 1.0 W (increasing the gain from ~9 dB to 16 dB) so as to maintain the same

maximum gain required from the final stage amplifier.

The MOPA output was also used for material processing. Same material samples
processed using nanosecond pulses were also tested under picosecond pulses for
comparison. Again, the laser behaved very reliably and no failure or performance

degradation was observed during the process trials. Figure 4.7 shows the live process and
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the processed sample photos. Comprehensive analysis of the cutting results is still being

carried out by our project partners.
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Figure 4.7: A sample was being cut by the 100 W,118 MHz repetition rate, picosecond

pulses; Top right is sample before cutting; Bottom right is sample after cutting.

4.4 Pulse compression

In this part | will demonstrate pulse compression that enables the MOPA system to
address applications that require increased peak power and improved time resolution.
The use of SPM in a nonlinear element to obtain pulse compression is a well established
technique [27, 28] and either an external length of fibre can be used for spectral
generation, or the spectral broadening can occur in the amplifier chain (as in parabolic
pulse generation [29]). In the system pulses emerge from the GS diode were with a
negative chirp but after the CFBG they became close to transform limited. SPM in the
amplifier chain then broadens the bandwidth without changing the pulse duration.
Hence, at the output of the system the pulses are chirped due to the SPM. Adding a
diffraction grating compressor at the output of the system eliminates that chirp [28]. To
complement the experimental work, a member of my group performed numerical
modelling using a standard split-step code to numerically solve the nonlinear
Schradinger equation (NLSE) with gain[28]. The amplifier fibre lengths, core diameters
and gain in the simulations were set to match the experimentally measured values for
each amplifier stage. A numerically optimized compressor was implemented to
maximize the peak power by applying second and third order dispersion. The numerical
model was used to calculate the B-integral and the quality of the recompressed
simulation pulses was assessed by numerically integrating the power in the main peak

(without pre- or post-pulses). The B-integral refers to the accumulated nonlinear phase at
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the pulse centre. The B-integral in a fibre amplifier can be written as

_ n,w,

B P, L. [30]. The compressor transmission efficiency of 65% was assumed in

ff
order to match the experimentally observed efficiency for the dielectric grating
compressor described below.

The highest levels of SPM and hence the maximum degree of pulse compression were
obtained at the lowest repetition rate of 56 MHz. Modelling showed that with the
compressor in place, an acceptable fraction of the energy remained in the main peak
(excluding pre or post-pulses) at average powers of up to 70 W and this was confirmed
experimentally by observing the increase in the pedestal level on the autocorrelation

measurements.

For the experimental results a 1500 gr/mm gold coated grating was initially used, and
passed only a fraction of the output power through the compressor to avoid thermal
distortions arising from the heat load on the grating surface. Figure 4.8(a) shows the
uncompressed-pulse autocorrelations and demonstrates that the pulses were very similar
in duration at both 35W and 70 W output powers. The red dotted line is the
autocorrelation of the seed pulse before the amplifiers, which confirms that there is no
significant temporal broadening due to the pulse evolution through the system. The
clipping seen at the left edge of the trace is due to the limited span of the instrument. The
compressed pulse autocorrelation data is shown in Figure 4.8(b). The grating separation
at each power level was adjusted to minimize the autocorrelation width observed on an
oscilloscope. The autocorrelation FWHM was 2.7 ps at the 35 W output power level and
1.8 ps at the 70 W output power level. The quality of the compressed pulses is high. The
spectra shown in Figure 4.8(c) have the characteristic modulation associated with SPM
and the 3 dB bandwidth (measured at the widest edges of the spectrum) was 1.1 nm at
35 W, and 2.3 nm at 70 W output power. When compared with the seed pulse bandwidth

of 0.15 nm, the data clearly shows substantial nonlinear broadening.
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Figure 4.8: (a) Autocorrelations of uncompressed pulses; (b) Autocorrelations compressed
pulses; and (c) Spectra of the final output pulses at 56 MHz. Data shown at a power of 35 W
(blue dashed lines) and at 70 W (black solid line). The autocorrelation of the seed pulse
before the amplifier chain is shown in red on (a). The spectra in (c) were measured with

0.01 nm resolution, and have been normalized with respect to the peak.

The modelled autocorrelation predictions (data not shown in the interests of brevity)
were in good agreement with the experimental results with gold coated gratings. For the
70 W simulations at 56 MHz the estimated B-integral was ~27 radians, the estimated
pulse duration was ~1.1 ps and the compressed peak power was ~431 kW. Numerical
integration indicated that the main peak (without pre- or post-pulses) contained 57 % of
the total energy. Recently, compressor efficiencies in excess of 90% have been
demonstrated using suitably designed dielectric gratings which would enable an increase
in output power of 38 % compared to the results here [5] giving a maximum possible
peak power of ~595 kW.

4.5 SHG using compressed pulses

A consideration for industrial applications such as micromachining is that many
materials have larger absorbance in the green compared to the near IR. Using green laser
sources also enables a smaller spot size to be used than is achievable using near-IR
wavelengths. Hence it is advantageous if the Yb-laser output at ~1.06 pm can be
frequency doubled which requires that the output has good polarization purity and

narrow linewidth (without excessive nonlinear spectral broadening).

In order for the output bandwidth to be suitable for SHG with a LBO crystal having an
acceptance bandwidth of 0.7 nm a repetition-rate of 227 MHz was then selected and the
maximum power was kept about 83 W while keeping the spectral broadening within the
crystal acceptance bandwidth. Using a dielectric grating with 1740 lines per mm in the
compressor we passed the full power from the system through the compressor and the
measured throughput efficiency was 65% (~ 54 W output from the compressor). Figure

4.9 shows the results with the grating separation fixed at the optimum position for pulse
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compression at the 83 W power level. The compressed pulse autocorrelation widths
decreased from 8.2 ps to 6.0 ps as the MOPA system power increased from 30 W to
83 W. The pulse peak power output from the compressor was ~40 kW. Figure 4.9(b)
shows the spectra at full power at the input and output of the compressor which confirms
the full bandwidth was transmitted by the compressor. The 3 dB bandwidth measured at
the widest edges of the spectrum was 0.6 nm at 83 W output power. For the 83 W
simulations at 227 MHz the estimated B-integral was ~6 radians, the pulse duration was
~4.2 ps and the peak power was ~46 kW. Numerical integration indicated that the main
peak (without pre- or post-pulses) contained 77 % of the total energy. An increase in the
maximum peak power to ~63 kW would be possible using state-of-the-art gratings in the

compressor.
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Figure 4.9:(a) Compressed pulse autocorrelations at 227 MHz with final amplifier powers of
30 W (blue dash line) and 83 W (black solid line); (b) Spectra of 83W average power level at
the compressor input (black solid line) and compressor output (blue dash line).

The experimental setup for SHG using the compressed pulses is shown in Figure 4.9(a).
The 15 mm long LBO crystal was cut for noncritical phase matching at an operating
wavelength of 1060 nm. The LBO crystal was chosen because of its high damage
threshold relative to other potential crystal choices such as periodically poled lithium
niobate (PPLN) or Potassium Titanyl Phosphate (KTP). The beam size at the waist
position was 43 pm (1/e’intensity diameter) with corresponding Rayleigh range of
1.4 mm. (The beam waist was measured in air prior to inserting the crystal and the
Rayleigh range also corresponds the value in air.) A half-wave plate placed immediately
before the focusing lens was used to rotate the polarization of the fundamental light to
maximize the second harmonic signal. Figure 4.9(b) shows the average output power of
the compressed pulses and of the second harmonic signal as a function of the power from
the MOPA. The LBO crystal was kept at a constant temperature of 152 °C for maximum

conversion efficiency. A maximum of 52 W of power was produced from the
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compressor which produced 26 W of power at 530 nm corresponding to an optical
conversion efficiency of 50%. The insets to Figure 4.9(b) show that the spectrum of the
530 nm pulses had a FWHM of 0.2 nm and that the M-squared measurement of the SHG

beam gave a value of 1.08, which was very close to that of the MOPA pump beam.
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Figure 4.10: (a) Schematic setup of SHG using compressed pulses at 227 MHz; (b)
Compressor output power and SHG Output Power vs. Fundamental power from fibre MOPA,;
Top left insert shows beam quality of SHG; Bottom right insert shows the spectrum of SHG at

26 W.

4.6 Conclusion

In this chapter, a fiberized, diode-seeded, YDFA MOPA system generating linearly
polarized, diffraction-limited, 21 ps pulses at repetition rates ranging from 56 MHz to
908 MHz and at an average output power of 100 W was demonstrated. The polarization
stability is ensured by using PM amplifier fibres and the stability of the mode quality is
ensured by using a tapered splice to the final amplifier. Compared to our previous work
[31], the incorporation of a robustly single mode, PM amplifiers directly spliced together
has considerably improved the modal and polarization stability. At the lowest repetition
rate of 56 MHz the 21 ps pulses from our system have a maximum energy of 1.7 U, and
peak power of 85 kW. This system represents a considerable improvement in practicality
and performance relative to previous high power, fibre-based picosecond pulse sources
[32]. This high power picosecond source was used in the industrial material processing
experiments, during which it showed high reliability and good performance. In short, the
system demonstrated an attractive combination of controllable repetition-rate gain-
switched diode seed and high-power single-mode PM-fibre amplifiers for a wide variety

of applications.
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The system has proven to be very reliable in the laboratory and it was recently used to
pump an OPO [33] and for frequency doubling of the output with a Lithium Triborate
(LBO) crystal which provided >56% SHG efficiency to create a 56 W visible source of
20 ps pulses [34]. Generation of 39 W supercontinuum was also demonstrated using the
picosecond source as pump [35]. These wavelength conversion experiments will be

discussed in Chapter 6.

In addition, compression of the pulses to as short as 1.1 ps was demonstrated by
exploiting the SPM induced spectral broadening (observed at the highest pulse energies)
and adding a grating-based compressor at the output. A maximum compression factor of
17 was achieved using gold coated grating and a corresponding enhancement in peak
power to ~590 kW would be possible with the use of optimized compressor gratings.
The compressed 4.2 ps pulses at a repetition rate of 227 MHz and average (compressed
with dielectric grating) output power of 52 W was used to frequency double to 26 W of
visible laser power corresponding to 50% SHG efficiency.
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Chapter 5 Frequency conversions based on
nanosecond source

Overview

This Chapter demonstrates the potential for frequency conversion of the nanosecond
source described in Chapter 3. This Chapter is organized as follows: an introduction to
frequency conversions based on nanosecond pulse lasers is given in section 5.1; section
5.2 details the experimental results for an Optical Parametric Oscillator; 5.3 detailed
experimental results of Second Harmonic Generation; 5.4 presented the experimental
results of order selectable Raman Conversion; Finally a brief conclusion is given in

section 5.5.

5.1 Introduction

The high brightness of single-mode pulsed fibre sources lends itself to a number of
industrial and research applications in the remote sensing field, micromachining,
especially when combined with extended wavelength coverage via nonlinear wavelength
conversion. LIDAR for vegetation monitoring requires pulsed output in the visible and
near-IR regions of the spectrum; the obstacle avoidance and clear air turbulence
detection applications can be supported by a pulsed source operating in the mid-IR.
Countermeasures applications also require outputs in these wavebands. A laser with a
wavelength of ~1 um can potentially act as a common pump source using frequency
upconversion to access visible, UV and frequency downconversion to shift the output to
the mid-IR. The gap in between can be covered using Raman frequency shift of the 1 um
or the visible light.

Periodically poled-magnesium oxide doped lithium niobate (PPMgLN) based OPOs
represent a particularly attractive approach due to high optical nonlinearity, excellent
power handling characteristics and wide transparency range of PPMgLN crystals. Such
sources have been widely investigated over the last decade and have been shown to be
capable of both high-power and highly-efficient operation when pumped with a variety
of bulk solid state pump sources [1-3]. Given the rapid recent developments in high
power fibre laser technology [4, 5] considerable interest in fibre laser pumped,
PPMgLN-based OPOs has developed over recent years. The excellent heat dissipation

characteristics of the fibre environment is particularly advantageous for OPO pumping
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since excellent beam quality, an indispensable requirement to achieve high parametric
conversion efficiency, can readily be maintained without recourse to complex thermal
management schemes in single-mode (SM) fibres, or effectively single mode (ESM)
fibres operating at high average output powers. Fibre laser pumped PPMgLN based
OPOs thus promise a route to a new generation of compact, tunable, high power

parametric devices [6, 7].

There have been numerous reports on high power fibre laser pumped PPMgLN based
OPOs over the years [6-8]. High average power parametric output in excess of 10 W at
2.94 1m was reported from a PPMgLN-based OPO pumped by a 50 W continuous wave
(CW) Yb**-doped fibre laser [7]. However, in the case of pulsed operation, where the
peak power is typically much higher than in the CW mode, the maximum average output
power for parametric conversion in the 3-4 micron range so far reported has been limited
to around the one watt level [8]. A primary reason for this limitation is the difficulty to
manage the deleterious nonlinear effects in fibre at the peak power/pulse energy levels
(~10 kW/1 mJ regime) that typically entails within the pump laser. Nonlinear Raman and
Brillouin scattering can be particularly problematic and can either compromise the
overall OPO efficiency, or under certain circumstances, lead to instabilities that have the
potential to cause catastrophic damage to the fibre. These problems can be further
exacerbated by pulse shaping effects due to dynamic gain depletion on the timescale of
the pulse which results in pulse narrowing within the fibre laser, and thus higher peak
powers for a given output pulse energy than optimal. For most parametric processes a
pulse with a uniform intensity (i.e. a rectangular pulse shape) is desirable since, ignoring
transient effects, high uniform conversion efficiency can then be achieved across the full
pulse form and better overall efficiency achieved. Using adaptive pulse shaping of the
seed laser (using an external modulator) we demonstrate a reduction in the impact of
dynamic gain saturation and optical Kerr/Raman nonlinearities within the fibre MOPA,
obtaining shaped signal and idler pulses at the OPO output and reduced spectral
bandwidths. The maximum average output power from the MOPA at 1062 nm was
limited t0o~26.5 W due to the pump diode. An output power as high as 11W from the
OPO at an overall slope efficiency of 67% was achieved, with 2.7 W of output power
obtained at a wavelength of 3.5 m. Experimental results presented in section 5.2 were
pump-power limited and considerable scope remains for further power-scaling of such
OPOs using this approach. Some applications need visible and mid-IR output at the same
time. Pumping by the nanosecond fibre MOPA, a set-up incorporating a mid-IR optical
parametric oscillator (OPO) leg based on periodically poled lithium niobate (PPLN) and

a frequency doubling leg incorporating a lithium triborate (LBO) crystal was built to
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generate visible and mid-IR output simultaneously via nonlinear wavelength conversion.
Details of the OPO and the frequency doubler performances will be described in section
5.3.

Raman scattering in optical fibre [9] provides a convenient and practical mechanism for
wavelength conversion, allowing the creation of high power fibre sources at wavelengths
which cannot be generated directly by rare-earth doped fibre lasers. Whilst this has been
applied with considerable success for CW sources [10, 11], allowing the development of
fibre Raman lasers, progress in the pulsed regime has received far less attention [12].
This is largely due to the fact that Raman scattering is dependent on the instantaneous
power of the pump beam. In general, a pulse propagating in an optical fibre will generate
several Stokes wavelengths since parts of the pulse with different instantaneous power
undergo different amounts of Raman scattering compromising the quality and efficiency
of the frequency conversion process. In principle, this problem can be overcome by
working with shaped flat-topped rectangular pulses, since in this case all points across
the pulse experience identical Raman gain. As a result it is possible for a pulse to cycle
all of its energy through sequential frequency shifts to successive order Stokes
components. For specific powers, all of the pulse energy can in theory be shifted to a
given Raman order, allowing for very efficient wavelength conversion. | have
demonstrated selective excitation of individual Stokes wavelengths with high conversion
efficiency by using actively shaped flat-topped pulses directly generated using a fibre
MOPA system [13].

| have also managed to excite individual Raman Stokes lines of up-to 9" order with
relatively high extinction ratio pumped by frequency doubled rectangular shaped optical
pulses at 530 nm of 100 ns duration. Detailed experimental results will be provided in

section 5.4.

Use of active pulse shaping is important as it allows application of the techniques for
fibre laser systems operating at pulse energies well in excess of the saturation energy,
thereby permitting mJ level operation [14]. In addition, active pulse shaping technique
enable more efficient nonlinear conversion which has a limited acceptance bandwidth
such as SHG because the output peak powers are not as high as for unshaped optical

pulses resulting in less SPM induced spectral broadening.
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5.2PPMgLN based high power nanosecond optical
parametric oscillator

5.2.1 MOPA performances

In this section, | will present the experimental results on fibore MOPA pumped PPMgLN
based OPO. The experimental configuration is similar to the MOPA described in section
3.4 of chapter 3 except the final stage amplifier. Due to the unavailability of a 975 nm
pump source at the time of the experiment, the length of the final stage gain medium,
which is similar to that used in the final stage amplifier in section 3.4, was chosen to be
~8 m suitable for 915 nm pumping wavelength.

Slope efficiency = 70%

15 A

10 A

1062nm Signal Output (W)

[63]
1

o

T T T T 1
0 10 20 30 40 50
Absorbed 915nm Pump (W)

Figure 5.1: Amplified output powers of the 1062 nm signal as a function of 915 nm absorbed

pump powers.

A maximum output power of 26.5 W was obtained at an absorbed pump power of 41 W
corresponding to a slope efficiency of 70% as shown in Figure 5.1. The output pulse
shapes for different output powers are plotted in Figure 5.2. The inset shows the square
input pulse launched into the fibre amplifier chain. In all instances significant pulse
narrowing was observed due to gain depletion on the timescale of the pulse, as shown in

Figure 5.2 for pulse parameters relevant to our actual OPO experiments.
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Figure 5.2: Output pulse profiles of unshaped (square) input pulses for different amplified

output powers.

A rectangular pulse form is desirable at the system output in order to reduce the peak
powers for a given pulse energy and to ensure more uniform frequency conversion. The
adaptive shaping technique as described in Chapter 3 was used to realize rectangular
shaped pulses. The input pulses with an appropriately (exponentially) increasing rising
edge as shown in Figure 5.3(a) were used to obtain rectangular shaped output pulses
(Figure 5.3(b)) for different output powers.
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Figure 5.3: (a) Temporal profiles of the input pulses to obtain square pulses at the output of

the MOPA and (b) corresponding output pulse profiles.

The measured polarization extinction ratio (PER) was 19 dB. The spatial beam
characteristic of the amplified signal output was also measured using a beam-profiler.
The beam quality (M?) of the MOPA output was estimated to be ~1.1.

The spectra of the MOPA output were measured using an optical spectrum analyzer
(Agilent HP 86142) and are displayed in Figure 5.4(a).The resolution of the spectrum

78



analyzer was set at 0.1 nm. It was found that at the highest pulse energies used in the
OPO experiments the spectrum of the laser output broadened slightly from 0.2 nm to 0.5
nm for shaped input pulses due to the nonlinear Kerr effect within the amplifier chain.
However, the spectral broadening was significantly larger (~1.0 nm) for unshaped
(square) input pulses (Figure 5.4(b)) due to the gain saturation effect leading to higher
peak power pulses. This highlights the advantages of using shaped input pulses to
preserve the spectral integrity at high pulse energies. No evidence of stimulated Raman
(or Brillouin) scattering was observed in either case. However the rapid rise in pulse
peak power and the associated spectral broadening due to self phase modulation (SPM)
experienced by the unshaped pulses inside the fibre amplifiers chain limits the
performance of such sources in terms of obtaining clean and efficient parametric

conversion of the fundamental signal, as illustrated in the next section.
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Figure 5.4: Spectra of the amplified 1062 nm signal light for various output powers, (a)

shaped and (b) unshaped input optical pulses to the fibore MOPA chain.

5.2.2 Pulsed fibre MOPA pumped OPO

The fibre MOPA described in the previous section was used to pump a PPMgLN based
OPO. A double pump pass singly resonant OPO configuration was used to ensure high
conversion efficiency. A schematic of the experimental set-up is illustrated in Figure 5.5.
The polarization of the amplified signal from the final-stage amplifier was first cleaned
up with the help of a polarization beam splitter (PBS). A half wave plate (HWP) prior to
the PBS allowed us to rotate the nearly signal polarization output beam of the MOPA to
obtain maximum transmission through the PBS. A bulk isolator was used to safeguard
the fibre amplifier chain from any unwanted feedback. Introduction of the PBS and the
isolator resulted in a 20% loss in output power from the final-stage amplifier. The output
from the isolator was directed through a converging lens with a focal length of 300 mm

to pump the OPO. The corresponding waist diameter was measured to be 210 pm. The
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OPO was configured as a simple linear plane:plane mirror cavity. The input mirror was
anti-reflection coated across the 1060 nm band and had a high reflectivity spanning from
1400 nm to 1600 nm as well as from 3.5 pm to 4.0 pum. By contrast the output coupler
had a high reflectivity coating across the 1060nm band and exhibited high transmission
between 3.5um to 4.0pm. The reflectivity of the output coupler at 1520 nm was 70%.
The PPMgLN crystal used in the experiment was fabricated by a collaborative group in
China and comprised of a wafer (50 x 10 x 1 mm) patterned with multiple channels with
uniform homogeneous domain reverse periods ranging between 27.8 pm to 31 pm for
different channels [15]. Both ends of the PPMgLN crystal were finely polished and anti-
reflection coated for wavelengths of 1060 nm, 1400 nm to 1600 nm and 3500 nm to
4000 nm. The overall OPO cavity length was about 65 mm.

Collimated
Beam
\ HWP PBS Isolat HWP  DM1 DM2
solator
Idler @3.5pm
Short Pulse, PM

Signal @1.5pm

1 /‘

Power in
X-Polarization  Focusing
Lens

Figure 5.5: A schematic diagram of the fibre laser pumped, PPMgLN based OPO system.
HWP: Half Wave Plate, PBS: Polarization Beam Splitter, DM: Dichroic Mirror.

OPO operation was investigated on one specific PPMgLN channel with a domain
reversed grating period of 30.0 pm which gave OPO operation at signal wavelength of
1518 nm and corresponding idler wavelength of 3535 nm. The detailed output power
dependence of the parametric oscillator on pump power from the fibre laser is illustrated
in Figure 5.6(a) and 5.6(b) which show the OPO output as a function of pump power for
shaped and unshaped input optical pulses respectively. A total parametric output power
as high as 11 W was obtained (with 2.7 W of power at 3.5 pum) for 21 W of incident
pump power at 1062 nm. This corresponds to an overall conversion efficiency of 52%.
The slope efficiency of the OPO was estimated to be 67%. Note that no evidence of
output power saturation with increasing pump power was observed within these

experiments — the output power achieved being limited by the available pump power.
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Figure 5.6: Output power dependence of the OPO on 1062 nm pump power coupled into the
30.0 pm period grating of the MgO:PPLN crystal for (a) shaped and (b) unshaped optical
pulses.

Further investigations were carried out to understand the OPO build-up time, energy
transfer efficiency etc. as a function of pump pulse peak power and shape. Figure 5.8
shows the pulse characteristics both at 1062 nm and 1518 nm measured both before and
after the OPO cavity at different pump pulse peak powers. By comparing the pulse
profiles of the combined 1062 nm pump & 1518 nm signal and that of the 1518 nm
signal after the OPO cavity it is possible to study the dynamic aspects of the OPO
performance e.g. the OPO build-up time and extent of the depletion across the pump

pulse.

In Figure 5.7 the shape of various pump and signal pulses of the OPO for both shaped
and unshaped pulses for two different power levels are plotted. The onset of parametric
oscillation is readily observable with a very strong correlation in timing in terms of
increase in output power and the onset of pump depletion. The OPO build-up time (i.e.
time between the leading edge of the pulse and the onset of lasing) was found to
decrease with increasing pump pulse peak power, resulting in improved energy transfer
from the pump pulse to the signal and idler pulses (i.e. since the cavity is above

threshold for a greater proportion of the pump pulse duration).
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Figure 5.7: Temporal evolution of 1062 nm pump and parametrically converted signal pulses
for (a) shaped, (b) unshaped and (c) shaped, (d) unshaped pulses at 23 W and 30 W of 915

nm pump power respectively.

The OPO build-up time as a function of pump pulse peak power is shown in Figure 5.8.
The measured experimental points agree well with an exponential fit. The trend is
similar to that observed by Alam et.al. [16] With regards to frequency shifted feedback
picosecond fibre laser.
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Figure 5.8: OPO build-up time as a function of pump pulse peak power.

Figure 5.9 plots both shaped and unshaped output optical pulses at 1062 nm exhibiting
similar leading edge peak powers (the leading edge of the pump pulse plays the
dominant role in initiating the parametric conversion process). The corresponding

average powers coupled into the crystal for the shaped and unshaped optical pulses were
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20.8 W and 10.6 W respectively. Thus the shaped optical pulses can extract around twice
as much energy for a given peak power as compared to the unshaped optical pulses even
for moderate output peak powers. The extracted energy ratio will be even higher for
higher energy (peak power) pulses which experience an even greater amount of gain
saturation within the MOPA.
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Figure 5.9: Temporal plots of the shaped and unshaped optical pulses at 1062 nm for similar

leading edge peak power.

Spectral plots of the 1518 nm signal for both shaped and unshaped input pulses to the
amplifier chain are illustrated in Figure 5.10. Once again the resolution of the spectrum
analyzer was set at 0.1 nm to enhance the fine structure of the output spectra. For
unshaped pulses, the time average central spectral peak of the 1518 nm signal breaks into
two reasonably defined peaks for the maximum available pump pulse peak power as
shown in Figure 5.10(b). We attribute this to instabilities associated with multi-mode
operation at the high peak pump powers due to high parametric gains and the excessively
broadened pump spectra. Similar spectral broadening has previously been reported by
Myers et al in 1995 who also observed that use of a long stable pulse pump generally
resulted in a narrower parametric signal spectrum [17]. Note that the peak central
wavelength moves to longer wavelengths with increasing pump power. This can be
attributed to internal heating within the PPMgLN crystal due to the relatively high
absorption of PPMgLN within the idler wavelength band. The shift in wavelength is
observed to be greatest for unshaped optical pulses relative to shaped pulses at the same
average pump power — implying that the internal heating of the crystal is peak power
dependent and may be associated with the higher idler intensity and the corresponding
idler loss. It is possible to estimate the rise in internal temperature of the PPMgLN

crystal from the observed wavelength shift. Our calculations indicate that the internal
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temperatures rose by about 16 °C for the unshaped optical pulses but only by about 6 °C
in the case of shaped pulses as the average pump power at 1062 nm increased from 6.5
W to 21 W.
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Figure 5.10: Spectra of parametrically converted signal pulses at 1518 nm for various output
powers, (a) shaped and (b) unshaped

5.3 Frequency doubling and wavelength doubling

The fiberized MOPA described in Chapter 3 was used to pump a LBO crystal and a
PPLN crystal simultaneously for frequency doubling and wavelength doubling the
output beam. The average output power was limited to approximately 50 W to avoid
damage to the PPLN crystal. The repetition rate was kept fixed at 100 kHz while the
pulse duration was maintained at 100 ns throughout the experiment. Once again pulse
shaping technique was used to investigate the performances of the frequency doubler and

the wavelength doubler. The output of the fibre MOPA has a beam quality of ~1.1.

5.3.1 Wavelength conversion setup

A schematic of the optical set-up is shown in Figure 5.11. Separate legs for pumping an
OPO and a frequency doubling crystal with the fibore MOPA output were constructed on
a single optical breadboard. An optical isolator was used to protect the pump source
from back reflections. This isolator introduced some thermally-induced depolarisation
into the pump beam (polarisation contrast ratio reduced to 4:1). Therefore, to produce
linearly polarised light for frequency conversion a polarising cube beam splitter was
introduced after the isolator. A half-wave plate in combination with a second polarising
cube beam splitter allowed control of the pump power into each leg. The losses in this

optics train resulted in a maximum available pump power of 38.4 W, with a measured
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long-term power stability of 0.4 W (1% of the average value). No degradation in beam

quality was observed due to the introduction of these optics.

MOPA pump
beam
Optical
isolator
Folding mirror OPO mirrors
RoC =100 mm
ol =100 f=-50 / \
Polarising mm Iens mm lens HR @ OPO,

Half-wave plate beam splitter 7 ” HT @ pump
T ] J-S
U
25 mm PPLN % %

=%

20 mm LBO

Folding mirror f=75 %
mm lens HR @ SHG,

HT @ pump

Figure 5.11: Schematic of optical breadboard incorporating the OPO and frequency

doubling stages.

5.3.2 Performance of the degenerate PPLN OPO

The degenerate PPLN OPO leg of the optical breadboard is detailed in Figure 5.12. A
lens pair was used to focus the pump beam down to a 0.25 mm diameter at the centre of
the PPLN crystal. The maximum pump power was 35 W corresponding to energy
density of <1.5 J.cm™, which is below the lithium niobate damage threshold of 2 J.cm™.
A 25 mm length of congruently grown PPLN with a poling period of 31.9 um was used
as the gain medium. The nonlinear crystal was AR coated on both ends for the pump
and OPO wavelengths, with a worst case reflectivity per surface of 1% at these
wavelengths. The PPLN crystal was housed in an oven to allow operation at
temperatures in excess of 100<C in order to minimise the deleterious effects of photo

refraction.

The OPO resonator consisted of a pair of 100 mm radius of curvature concave mirrors
arranged symmetrically around the PPLN crystal, with the shortest resonator length of 70
mm used to minimise the build-up time contribution to the OPO threshold (the minimum
length was constrained by the physical size of the PPLN oven). A single-pass pump
geometry was used, with both the input and output mirrors measured to have 95%
transmission at the pump wavelength. Output mirrors with reflectivities in the range
20% to 90% were available for testing. A series of dichroic mirrors was used to separate

the OPO output beam from the depleted pump beam.
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Figure 5.12:  Set-up of degenerate PPLN OPO.

The highest output power performance was achieved with a 77% reflectivity output
mirror; the generated output power and conversion efficiency data is plotted in Figure
5.13. Note that the incident pump power is used, taking into account the losses of the
optics prior to the PPLN crystal. Optimum performance was achieved with a PPLN

oven temperature in the range 120C-125<C.
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Figure 5.13: Power curve and conversion efficiency trend of the OPO using a 77%R output

mirror.

As can be seen in Figure 5.13, the maximum effective output power achieved was 12.7
W at a conversion efficiency of 36%. During these experiments the input mirror,
nominally a high reflector at the OPO degenerate wavelength of 2126 nm, was measured
to be only 88% reflective, hence the data recorded in Figure 5.13 is for the sum of the

OPO power exiting the input and output mirrors.

The threshold pump power was 15 W, with an OPO slope efficiency of 65%. The
standard deviation of output power variation with time was 4% of the average power,

recorded at the maximum pump power.
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A beam profiling system to allow full characterisation of the OPO output beam
behaviour was not available during these experiments. Figure 5.14 is a digital camera
image of the OPO far-field output beam captured by an infrared camera

(SpiriconPyrocam 1) and displayed directly on a monitor.

Figure 5.14: Far-field beam profile of OPO output (77% reflectivity output mirror).

There was some evidence of a change in beam shape with output mirror indicating that
thermal lensing is present in the PPLN crystal. This was attributed principally to
absorption at the OPO wavelengths as the beam distortion increased with increasing
output mirror reflectivity i.e. increasing intracavity OPO power. The observed change in
beam profile with increasing pump power (independent of mirror reflectivity) was taken

as further evidence of the presence of thermal lensing.

Broadband output was expected from the type | degenerate PPLN OPO. A typical
output spectrum of the OPO operating at maximum output power is shown in Figure
5.15(a). A centre wavelength of 2125.5 nm was measured at a PPLN oven temperature
of 120<C using a Jarrell Ash Monospec 27 monochromator (calibrated to have a
wavelength accuracy of #1 nm), with a full width half maximum linewidth in excess of
170 nm. Small variations in temperature altered the detailed spectral lineshape but not
the overall spectral width
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Figure 5.15: (a) OPO output wavelength spectrum and (b) the spectral performance of the

input mirror.
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Figure 5.15(b) displays the measured spectral performance of the OPO input mirror.
While it is a high reflector (>99.5% reflectivity) at 2126 nm the reflectivity drops for the
shorter wavelength component of the OPO output. Based on the data plotted the average
reflectivity of this mirror over the FWHM of the OPO output is 88%, in exact agreement

with the experimental measurement of the mirror reflectivity.

The recorded temporal pulse behaviour of the pump beam and the OPO output is shown
in Figure 5.16. Measurement of the depleted pump pulse shape with respect to the input
pump pulse indicates a pump depletion of 34%, in reasonable agreement with the
measured OPO efficiency of 36%. The OPO pulse in Figure 5.16(b) was measured
using an extended wavelength InGaAs photodiode. The slower decay of the OPO pulse
relative to the pump pulse is thought to result from the lower reverse bias voltage of the
long wavelength diode, making a comparison of the pulse shapes difficult. The delay
between the peak of the pump pulse and the peak of the OPO pulse is 4 ns, based on the
data captured, with the OPO pulse displaying a leading edge rise time of 6 ns.
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Figure 5.16: (a) Normalised pump pulse and (b) OPO output pulse temporal profiles.

5.3.3 Performance of the frequency doubled output

The experimental set-up for the second harmonic generation (SHG) leg of the optical
breadboard is detailed in Figure 5.17: The nonlinear crystal used for frequency doubling
was a 20 mm length of LBO used in the type | non-critically phase-matched geometry.
The LBO crystal was housed in an oven, with a set point temperature of 162<C in order
to maximise the SHG conversion. The coated ends of the LBO crystal were measured to

be 2.5% reflective at the pump wavelength and 4% reflective at the SHG wavelength.
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Figure 5.17:  Set-up of the LBO frequency doubling stage.

A single lens was used to focus the pump beam to a diameter of 86 | in the centre of
the LBO crystal, resulting in a maximum pump energy density of 12.4 J.cm™.

The measured SHG power performance is plotted in Figure 5.18. A maximum power in
the green of 9.8 W was recorded, which equates to a conversion efficiency of 27% when
the pump power incident at the LBO crystal is considered.
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Figure 5.18:  SHG output power curve.

The SHG far-field beam profile was recorded at the focal plane of a lens and is shown in
Figure 5.19. The centroid jitter was measured to be <2% of the beam divergence. Beam
quality factor M? values of 1.16 and 1.24 in the horizontal and vertical directions
respectively were derived from beam diameter measurements around the beam waist

location. Therefore the beam quality has only slightly deteriorated from the pump pulse.

Figure 5.19:  SHG output beam profile in the far field.
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Temporal pulse-shaping of the MOPA output was briefly investigated. An electro-optic
modulator pulse carver is used to control the seed pulse shape entering the amplifier
chain. By creating a seed pulse with an exponentially rising leading edge a near flat-top
output pulse from the MOPA was generated, as shown in Figure 5.20. The more
uniform pump beam intensity in principal allows higher nonlinear conversion
efficiencies for a given peak pump power. Figure 5.20(b) highlights the correspondence
in pulse shape between the pump pulse and the SHG output pulse when the shaped seed
pulse is used. Here the repetition rate and average power were both fixed, hence the
unshaped seed pulse configuration generated higher peak power pulses.

The shaped seed pulse however produced lower extraction efficiency from the amplifier
chain, resulting in enhanced ASE between seed pulses. Therefore the average output
power of the MOPA was restricted to 30 W in order to carry out the assessment. At this
power level 33% SHG conversion efficiency was recorded using shaped seed pulses,
with a corresponding conversion efficiency of 30% using unshaped seed pulses, a small
but measurable enhancement to the SHG conversion efficiency. Note that the
conversion efficiency with the unshaped seed pulse at lower pump power is higher than
the 27% conversion efficiency recorded at maximum pump power. This is a possible

indication of thermal dephasing in the LBO crystal at higher pump powers.
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Figure 5.20:  (a) Normalised shaped seed pulse shape and (b) resulting output pulse shape
with corresponding SHG output pulse shape.
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5.4 Raman frequency shift conversion
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Figure 5.21: Schematic of the frequency-doubler and the Raman-converter pumped by the

1060 nm nanosecond source. Bottom insert shows the setup in working status.

The experimental set-up is shown in Figure 5.21 comprising a 1060 nm fibre MOPA
capable of generating rectangular shaped optical pulses, an SHG crystal and a length of

fibre for Raman conversion.

The output pulses of the MOPA were first frequency doubled using a 15 mm long LBO
crystal as shown in Figure 5.21. The diameter of the focused beam at the waist position
was 70 pm through the use of a 100 mm focal length lens, corresponding to a Rayleigh
range of 12 mm. The crystal was cut for noncritical phase matching at an operating
wavelength of 1060 nm. A free-space isolator was used to protect the MOPA chain from
any unwanted feedback. Note that this particular isolator was found to slightly degrade
the beam polarization (and indeed also the beam quality) at incident powers above 20 W
due to thermal effects, and so | introduced a polarization beam splitter (PBS) to clean-up
the output polarization before the SHG crystal. A half-wave plate placed immediately
before the focusing lens was used to rotate the polarization of the fundamental light to
maximize the second harmonic signal. The crystal was kept at a constant temperature of

155 °C for maximum frequency conversion.

The second harmonic power was found to increase quadratically at pump powers up to

20 W. Beyond which a roll-over was observed, which is believe to be due to the mode-
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quality degradation of the fundamental signal in the isolator that we previously noted. A
maximum second harmonic power of 10 W was obtained at a fundamental power of 36
W, (corresponding to an overall optical conversion efficiency of 27%), which was more
than adequate for our needs. The far-field beam profile (M?) of the frequency doubled
signal was measured to be 1.16 and 1.24 in the horizontal and vertical directions
respectively at the 10 W level, which is slightly worse than that of the pump beam. The -
3 dB spectral bandwidth of the frequency doubled signal at full power was of the order
of 0.1 nm, and the temporal pulse shapes, shown in Figure 5.22, were very similar to that
of the pump pulses.
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Figure 5.22: Peak power of shaped (green dash dotted line) and unshaped (solid blue) SHG
pulses at 5 W power level.

As a Raman gain medium we used a 1 km long Pirelli Freelight fibre (~5 mol%
germanium-doped silica core) with a second mode cut-off wavelength of 1450 nm and
an estimated propagation loss of ~25 dB/km at 530 nm. The Raman gain peak for
germanosilicate fibre lies around 440 cm™[18], corresponding to a 13.2 THz frequency
shift.

In order to confirm what to expect when using this fibre and to establish the pulse power

levels required to excite specific Raman orders we developed a model of the Raman

excitation process in the fibre. The model is based on a rate equation describing the

transfer of pulse energy between different frequency components of a given input pulse

during propagation along the fibre [19],

RO ot @)+ a1 0. ) 10+ A @) + N @] 210+ N(o- )] ()]
0 @=A (5.1)

The first term describes propagation losses with a loss coefficient o, which for the sake

of the results presented here is set to 25 dB/km at 530 nm. The terms under the integral
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describe Raman gain: the first term corresponds to gain at frequency o due to stimulated
Raman scattering (SRS) from higher frequency components, while the second term
describes the corresponding losses at lower frequency components. Spontaneous Raman
scattering is included via N(w) which is set to an intensity of one photon per mode. Note
that the simple model of Equation 5.1 ignores all dispersion effects and Kerr

nonlinearities, and assumes idealized pulse shapes.

Numerical modelling was carried out to verify the theory discussed above. The
simulation results are presented in Figure 5.23. Figure 5.23(a) shows output spectra for
two different peak powers with unshaped input pulses. The spectra exhibit a nearly flat
distribution across all Raman orders, while the maximum Stokes order generated
depends on the peak power of the pulse. By contrast, Figure 5.23(b) shows the selective
generation of Raman Stokes orders with square input pulses. When the unshaped output
pulses at 530 nm were launched into the 1 km long Raman gain medium, simultaneous
excitation of Raman lines (up to 16 orders) was observed, as plotted in Figure 5.24. The
results are just as expected theoretically other than that the Raman linewidths broaden
with increasing stokes order. This is entirely to be expected since our calculations do not
include any nonlinear effects other than Raman scattering (e.g. SPM and four-wave
mixing are ignored).
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Figure 5.23: (a) Simulated Raman shifted output spectra for unshaped input pulses with 198
W and 400 W peak powers, (b) Simulated Raman shifted output spectra for square input
pulses. Dashed line: input spectrum; solid lines: output spectra for incident pulse peak
powers (from left to right) of 46 W, 80 W, 115 W, 155 W, 198 W, 240 W, 290 W, 340 W, 400
W.

93



o
]

&
‘

=
(=)
T

Spectral Power
Density (dBm/nm)
O T

o al
{/
=

| !
w , Mlu 4 Mim ,

-3
820 620 720 820 920
Wavelength (nm)

Figure 5.24: Spectra at peak powers of 2000 W (green line) and 1100 W (blue line) pumped

with unshaped pulses. Right picture shows the prism separated stokes image up to the 11"

order.

To demonstrate the selective excitation of single Raman orders we then launched
rectangular shaped optical pulses at 530 nm into the Raman gain fibre. Figure 5.25
shows the spectra obtained with square shaped optical pulses at different peak power
levels. The theoretical prediction of sequential wavelength shifting is well borne out. For
an input peak power of 15 W, a significant fraction (95%) of the pump power is
transferred to the 1st order Stokes line with no generation of higher order Stokes peaks
as expected. The pump depletion was ~15 dB. Similarly we have managed to
individually excite the 2", 3, 4" 5% 6" 7™ 8" and 9™order Raman stokes lines albeit
with decreasing suppression ratios and with broader linewidths than predicted by the
simple theory which assumes perfectly rectangular pulses (we clearly have deviations
from perfect flatness and finite rise and fall times on our pulses). Nevertheless the
principle and effectiveness of using shaped pulses is clearly demonstrated. The
frequency separation between the subsequent Raman lines was measured to be ~13.2
THz. The width of the Raman shifted pulses was measured to be slightly larger than the
pump pulses due to the walk-off effect between pump and signal pulses, estimated to be

~6 ns in our 1 km long Raman gain medium.
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Figure 5.25: Spectra of the output pulses after propagating through 1 km long Pirelli
Freelight fibre at an incident pulse peak power of 15 W, 52 W, 81 W, 133 W, 199 W, 280 W,
353 W, 397 W, 441 W and 500 W; ) the corresponding prism-separated Stokes images up to 7
orders shown on the bottom of related spectrum .

Note that we find that higher Raman orders are observed at slightly higher peak powers
than predicted by our simple model which may be due to the deterioration of the pump
beam at higher pump powers due to the isolator, which leads to excitation of higher
order fibre modes and a corresponding reduction in the Raman gain, or the assumption of

a uniform 25 dB/km loss across the spectral bandwidth involved. A maximum peak
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power of 8 W was measured for the 9" order Raman line whereas it was only about 0.45
W for the 1* order Raman line due to higher transmission loss of the short wavelength
light inside the Raman gain medium. The peak powers for the 2™, 3" 4™ 5" g™ 7" g*"
and 9™order Raman lines were measured to be 0.65 W, 0.95 W, 1.6 W, 2.4 W, 3.4 W, 4
W, 6 W and 8 W respectively.

Finally, just to highlight the importance of operating in the normal dispersion regime, we
removed the SHG element and launched the 1060 nm shaped pulses into the Raman
fibre. A side mode suppression of better than 10 dB was achieved at low Raman orders
as shown in Figure 5.26. However, the number of Stokes orders was limited to 4, beyond
which a continuum starts to develop due to the overlap of the Stokes line with the

anomalous dispersion regime of the Raman gain medium.
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Figure 5.26: Spectra of the Raman converted output pulses after propagating through 1 km

long Pirelli Freelight fibre pumped with shaped pulses at 1060 nm.

5.5 Conclusion

In summary, using the high power linearly polarized nanosecond fibre MOPA, a high
power PPMgLN -based OPO was demonstrated. More than 9 W of average output power
was obtained with over 2.4 W at 3.5 micron. Benefiting from the pulse shaping

technique applied in the fibre MOPA, better OPO performance scan be anticipated.

In addition, 12.7 W mid-IR output from a degenerate PPLN OPO and 9.8 W visible
output powers from a LBO crystal were achieved. Conversion efficiencies at maximum
pump power of 36% for the 2 um mid-IR output and 27% for the visible output were
achieved. The broadband output of the OPO had a FWHM spectral bandwidth in excess
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of 170 nm. The visible output was measured to have an M? of 1.2. An enhancement of

SHG conversion efficiency from 30% to 33% was observed for flat top output pulses.

SRS induced wavelength shift to individual orders with good adjacent order suppression
ratios through pulse shape control implemented in the fibre MOPA was also
demonstrated. Controlling the pump power allowed us to observe individual Stokes lines
up to the 9™ order. Using this concept with optimized fibre designs and lengths as well as
other Raman gain media (e.g. glasses, liquids, gases) [20] it is possible to envisage a host
of tunable lasers operating at discrete wavelengths in the visible/near IR. Note that the
rapid Raman response time should allow for very rapid wavelength tuning through pulse
shape control and may find a number of interesting bio-medical applications.
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Chapter 6 Frequency conversion based on
picosecond source

Overview

This Chapter demonstrates high power and high efficiency Second Harmonic Generation
(SHG), Optical Parametric Oscillators and Supercontinuum Generation sources pumped
by the picosecond source | have described in Chapter 4. This Chapter is organized as
follows: 6.1 provides an introduction to picosecond pulse pumped SHG, OPO and SCG;
experimental results on SHG are given in section 6.2; 6.3 details the experimental
realisation of a synchronously pumped Optical Parametric Oscillator (OPO); detailed
experimental results on SCG in a microstructured optical fibre are presented in section

6.4; and a brief conclusion is given in 6.5.

6.1 Introduction

6.1.1 Picosecond pulse pumped Second Harmonic Generation

High average power laser sources at 530 nm with good beam quality are of great interest
for a number of important applications including material processing [1], medical
treatments [2], the pumping of visible OPOs [3] and laser displays [4] to name but a few.
In material processing green laser sources have been shown to perform better than their
counterpart IR sources in a variety of applications such as marking, precision
microfabrication and laser trimming to name but a few. The advantages include a smaller
spot size limit and a far larger absorbance for many materials of interest. Although
femotsecond lasers have conventionally been used extensively for high precision
material processing applications these lasers are generally complex in nature, expensive
and high maintenance making them unattractive for industrial use. Recently it has been
realized that picosecond lasers offer most of the advantages of fs systems e.g. precision,
low thermal damage etc. in addition to high material removal rates thanks to the
relatively high repetition rates which essentially come as standard with these laser

sources.

In this work, using the high power, PM, SM, picosecond source described in Chapter 4, |
generated up to 56 W of green light at a repetition rate of 227 MHz and at an overall
conversion efficiency of 56%. The diode-to-green optical power conversion efficiency

was an impressive 37%.
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6.1.2 Synchronously pumped Optical Parametric Oscillator

Synchronously pumped optical parametric oscillators (SPOPOs) are of great interest as
source of broadly wavelength tunable picosecond and femtosecond pulses. Such systems
are normally pumped by mode-locked bulk solid-state laser systems with typical fixed
pulse repetition rates of ~100 MHz. However, the emergence of new sources of
ultrashort pulses has led to various demonstrations of SPOPOs with repetition rates up to
39 GHz [5], and combined signal and idler average powers up to ~27 W [6]. The pump
sources have also become more compact, allowing SPOPQOs based on amplified mode-
locked diode sources [7], fibre lasers [8], and passively mode-locked miniature bulk
lasers [5, 9]. High-repetition rate ultra-short pulse sources are of interest for a range of
applications including telecommunications [5] and non-invasive nonlinear microscopy
[10, 11], and SPOPOs in particular are well-suited to CARS microscopy as they deliver

synchronized pulses at two different wavelengths [12].

This work was carried out in conjunction with another group in ORC who have studied
OPOs for many years and previously successfully demonstrated SPOPO experimentally
[13, 14]. The picosecond pulse system described in Chapter 4 was used to build the
SPOPO. The pump itself benefits from a highly compact and simple design with a
minimum of free-space components and a user-controlled repetition rate up to the GHz
regime. At an average pump power of 24 W, upto 7.3 W at 1.54 pm and 3.1 W at 3.4
M were obtained. | was responsible for customising the pump source for these
experiments and participated in all of the OPO construction and testing experiments
alongside Mr Florian Kienle who designed and implemented the OPO as part of his PhD

work.

6.1.3 Picosecond pulse pumped Supercontinuum Generation in PCF

Supercontinuum generation (SCG) has been an exciting research field over the past few
years with new advances being reported on all aspects of the technology [11, 15, 16].
The invention of Photonic crystal fibre (PCF) with high non-linearities and tailored
dispersion profiles first enabled SCG pumped by a femtosecond laser oscillator without
complex amplification systems, and led to supercontinuum sources becoming a widely
used laboratory tool [17-19]. The initial work on visible SCG used Ti:Sapphire lasers,
but the high maintenance costs and limited average power led to the development of
alternative pump lasers. In particular, fibre lasers have become the standard source in

commercial SCG products (e.g. Fianium, Koheras).
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Where applications require high average power SC sources with useful power levels
available after spectral slicing further source developments are still required. High
average power SCG has been reported by Travers et al. [20]. They demonstrated a
visible SC source pumped by a 400 W CW laser at 1.07 pm with either 50 W average
output power in the region of 1.05—-2.2 pm or 28 W covering 0.6 — 1.9 pm spectral
region with power densities varying between 2 mW/nm in the visible and ~30 mW/nm in
the infrared. While CW pump sources are simpler than pulsed sources, they do have
some disadvantages such as the long lengths of PCF required for the continuum to form
and because a splice with just a few percent loss implies several Watts of heat load due
to the high average power of the pumps. As has been demonstrated by Stone and Knight
[21], a pulsed source enables higher peak power, visible SCG can be produced at a
relatively low average pump power and the pulsed driving format also enables
synchronization to a lock-in detection circuit. However, pulse-pumped visible SCG
sources that have been reported have lower average power compared to CW sources [21-
24].

In this chapter, | will also present our picosecond fibre MOPA pumped SC source with a
high optical-to-optical conversion efficiency of up to 74%, covering a spectral range of
0.4-2.25 pm. The maximum average output power was 39 W at an incident pump power
of 57 W and repetition rate of 114.8 MHz. The spectral power density of more than 30
mW/nm was relatively uniform across the visible region. At a reduced repetition rate of
28 MHz, we obtained higher peak spectral densities of 26.9 W/nm at visible wavelengths
but with a slightly lower average power of 20 W. Following Stone and Knight’s
demonstration that a high air-fill-fraction PCF design with core diameter of 4.2 pm—
4.7 pm range produced more continuum in the 400-450 nm wavelength range than low
air-fill designs such as endlessly single mode fibres, we chose a 4.4 pm core diameter,
high-delta PCF for the continuum generation [21]. The large core diameter led to a
coupling efficiency of up to 80% and an increased optical-to-optical conversion
efficiency when compared to CW pumped sources [20]. The large core also provided a
higher damage threshold than smaller core fibres and the dispersion profile led to rapid
generation of visible continuum and enabled the use of only 2 m fibre length. Detail
results will be presented in section 6.4. Note that this work was performed in
collaboration with colleagues at the CGCRI in Kolkata India who designed and
fabricated the fibres.
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6.2 High efficiency Second Harmonic Generation

In this section | will present a frequency doubled green source at 530nm pumped by the
picosecond MOPA system.

Figure 6.1 shows the experimental setup. For simplicity, the seed and the pre-amps are
shown as boxes. A more detailed schematic can be found in Figure 4.3 of Chapter 4. The
single polarization output of the final stage was launched into a 15 mm long LBO crystal
(Figure 6.1). The diameter of the focused beam at the waist position was 70 Lm
corresponding to a Rayleigh range of 12 mm. The crystal was cut for noncritical phase
matching at an operating wavelength of 1060 nm. A half-wave plate placed immediately
before the focusing lens was used to rotate the polarization of the fundamental light to
maximize the second harmonic signal. The crystal was kept at a constant temperature of
155 °C for maximum frequency conversion. A 530 nm/1060 nm dichroic mirror was

used to separate the SHG and fundamental beams.

15mm

GS diode pre-amps
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Figure 6.1: Schematic diagram of the Yb**-doped fibre MOPA pumped SHG; Bottom insert

shows the system is working at full power and doing material processing in my lab

The spectra as measured with an ANDO (AQ6315B) spectrum analyzer at a repetition
rate of 908 MHz has a signal level about 37 dB above the ASE (OSNR) after the second
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stage amplifier, and which was maintained at the system output at the 100 W power level
as shown in Figure 6.2. The pulse energy and peak-power requirements of our intended
applications dictated that we operated the system at a repetition rate of 227 MHz to get
the best performance. As shown in Figure 6.2, a good OSNR was maintained as the
repetition rate was reduced with an OSNR of 23 dB at the output at 227 MHz with 97 %
of the total power in the signal band. Therefore the maximum extracted pulse energy was
0.43 W corresponding to a peak power of 21 kW at an average output power of 100 W.
The spectral bandwidth of the amplified pulses increased from 0.3 nm to 0.9 nm due to
self-phase modulation (SPM) assisted spectral broadening inside the final stage amplifier
at this repetition rate. The measured PER was 19 dB under full power operation.
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Figure 6.2: Spectral plot of the 2" stage amplifier output (solid red line), and final output
(dashdot blue line) for pulses at repetition rate of 908 MHz and a spectral plots of the 2™
stage amplifier output (solid green line), and final output (dash-dot black line) for pulses at
repetition rate of 227 MHz. The spectra were measured with an ANDO (AQ6317B) spectrum

analyser using 2.0 nm resolution.

The pulse width of the seed source was measured using the frequency resolved optical
gating (FROG) technique and was found to be ~21 ps as shown in Figure 6.3(a). An
intensity autocorrelator was used to measure the pulse widths at different average output
power levels and are illustrated in Figure 6.3(b). The plots show that no significant

temporal distortion occurs during amplification.
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Figure 6.3: (a) FROG trace of seed pulse (b) Autocorrelation traces at 12 W (red), 36 W
(blue), 70 W (black) and 100 W (green).
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Figure 6.4: Dependence of the second harmonic power at 530 nm on the fundamental signal
(circle) and the corresponding spectral bandwidth of the fundamental light (square). The

inset shows the temperature tuning curve of the LBO crystal.

Figure 6.4 shows the average output power of the second harmonic signal as a function
of the fundamental power. The temperature tuning curve of the crystal is shown in the
inset of Figure 6.4 and has a full-width at half-maximum (FWHM) of 3°C. It also shows
that the spectral bandwidth of the fundamental signal increases linearly with output
power due to SPM inside the power amplifier. A maximum second harmonic power of
56 W was obtained at a fundamental power of 100 W corresponding to an overall optical
conversion efficiency of 56%. The observed roll-over in second harmonic generation
(SHG) power was believed to be due to the SPM in the final amplifier which broadened
the spectrum of the fundamental light beyond the acceptance bandwidth of the SHG
crystal for MOPA powers above 80 W. A repetition rate of 227 MHz was found to
provide the best combination of induced SPM and conversion efficiency although the

MOPA itself can provide far higher pulse peak powers at lower repetition rates. It should

105



be possible to improve the SHG conversion efficiency by carefully designing the final
stage amplifier to better maintain the spectral integrity of the seed laser. Nevertheless,
we have still managed to achieve an overall diode-to-green optical conversion efficiency
of 37%. The 3 dB spectral bandwidth of the frequency doubled signal at full power was
measured to be 0.4 nm as shown in Figure 6.5. The M? of the frequency doubled light

was also measured to be <1.05.
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Figure 6.5 SHG M? measurement at power of 30 W and in insert: spectrum of the SHG light

at a power of 56 W.

6.3 Synchronously Pumped Optical Parametric
Oscillator

The setup of synchronously pumped optical parametric oscillator is shown in Figure 6.6.
The detailed schematic of the pump source can be found in Figure 5.3 in Chapter 5.
Although the polarization extinction ratio (PER) of the output of the MOPA was 19 dB
this was degraded somewhat further at the OPO input due to the introduction of an
optical isolator to protect the system from spurious feedback. Since a linearly polarized
pump beam is required for an efficient parametric interaction in the SPOPO, a A/2
waveplate and a polarizing beamsplitter (PER>23 dB) were used to restore the linear
polarization. A two-lens telescope and a final focusing lens were used after the

polarizing beamsplitter to obtain the required pump waist size.

106



Tapered Tele-
Splice scope PBS
. DM
21ps || Ybfibre v I I OPO setu
GS diode pre-amps 0 0 IEI EI P
PMoOl Clad Pumped ol N2 N2
PM YDF
25/340pum 167 W
975nm

Figure 6.6: Schematic diagram of the pump setup. PBS = Polarizing beamsplitter. Bottom

insert shows the SPOPO in working status.

The SPOPO used a periodically poled 5% MgO-doped congruent LiNbO3 (MgO:PPLN)
crystal for the nonlinear gain medium. The MgO-doping helps to reduce photorefractive
beam distortion and green-induced infrared absorption [25], as well as extending the
mid-infrared transparency to ~5 m [26]. The crystal, provided by Covesion Ltd., was 40
mm long, 10 mm wide and 0.5 mm thick with eleven 0.5 mm wide poled gratings with
periods from 26.5 pm to 31.5 pm. It was held in an oven at 150°C to eliminate any
residual photorefraction and to provide effective heat sinking. A length of 4 cm was
chosen taking into account the size of the beams that can pass through the 0.5 mm by 0.5
mm aperture without clipping and the desire for high nonlinear conversion. The
differences in the group velocities of the interacting waves for a 1.06 pm pump, a 1.4 -
1.7 pm signal, and 3 — 4 pm idler are small enough to give a pump acceptance
bandwidth that copes with the nonlinearly broadened pump spectrum, as well as minimal

temporal walk-off.

6.3.1 Standing-Wave Cavity Optical Parametric Oscillator

Initial trials of the SPOPO performance were carried out with a bow-tie configuration
standing-wave resonator, as shown in Figure 6.7. The MgO:PPLN was orientated with
its optic axis aligned in the plane of the resonator and thus the pump polarization was

also set to this axis.
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Figure 6.7: Schematic diagram of the standing-wave cavity

If we assume diffraction-limited beams and set the resonated signal and the pump waist
spot sizes (radii), s and wy, at the centre of the MgO:PPLN crystal to be roughly equal
then, given the relationship between these spot sizes and the idler polarization spot size
[27], i.e. wi=(ws*+m, %)™, we are limited to a range of signal spot sizes between ~90 pm
and ~160 pm to avoid clipping of any of the beams by the 0.5 mm by 0.5 mm poling
aperture (here we define clipping as occurring when a beam spot size becomes greater
than 1/3 of the aperture at any point in the crystal). In practice we used 250 mm radius of
curvature mirrors for M1 and M2 (Figure 6.8) and with the cavity length set to match the
lowest repetition rate of the pump source (114.8 MHz) the calculated signal waist was
~98 pm with insignificant astigmatism due to the 6=12° folding angle (Figure 6.8). With
the focusing lenses available we set the pump beam waist to be 125 pm and hence
obtained a calculated idler polarization spot size of 77 pm. Thus the pump focusing is
considerably weaker than confocal, (a 56 |m spot size would correspond to confocal
focusing over the 4 cm long MgO:PPLN crystal).

All mirrors M1-M4 were highly reflective for the signal wavelength, apart from the
output coupler M3, and highly transmissive for the idler in the mid-infrared (CaF,
substrates are used). The pump input coupler M1 transmitted 92% of the pump light and
the idler output coupler M2 transmitted 88% of the generated idler light. A modified
Findlay-Clay analysis of the internal losses of the cavity [13], indicated a round-trip
signal loss of 9.5%. The MgO:PPLN, with MgF, single-layer anti-reflection (AR)
coatings on its end-faces, had a measured single-pass transmission of 95% at 1.5 pm. As
the round trip involved two passes through the crystal it appears that the internal losses at

the signal wavelength were dominated by the AR coatings.

Figure 6.8 shows the initial low-power characterization of the standing-wave SPOPO
using an R=95% reflectivity signal output coupler (M3) and a pulse repetition rate of
918.4 MHz (8 pulses circulating in the cavity). Pump depletion of up to 50% was
observed with maximum output signal and idler powers of 1.2 W and 1.3 W for a pump

power incident on M1 of 11.4 W. The threshold of just over 2 W indicates that even with
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these relatively large internal losses, the pump source, which is at present scalable to 100
W average power, could provide sufficient peak power to allow SPOPO operation three
times above threshold at repetition rates of more than 10 GHz. However, when using a
larger output coupling (R=65%) and increased pump power the roll-over of the SPOPO
output, which can already be seen in Figure 6.9, became much stronger, with oscillation
ceasing at ~21 W of pump power. That thermal effects were, at least in part, responsible
for this effect was confirmed by observing that when a 50% duty cycle chopper was
placed in the pumping beam to reduce the average power, oscillation was recovered at
the high pump power level.
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Figure 6.8: Low power characterization of the standing-wave cavity. The linear fits are to the

first five data points. The signal output coupler used had a reflectivity of R=95%.

This result is at variance with the simplistic notion that the OPO should not exhibit any
significant thermal input. Also, previous reports of high-power operation of periodically-
poled LiTaO; [6], and LiNbO; [28], did not show such effects. No improvement was
seen in this behavior by tuning further away from the mid-infrared transparency
boundary to idler wavelengths of less than 3 pm and there was no increase in the pump
bandwidth at higher powers in this high repetition rate regime, which might have led to
poorer conversion efficiency. As the MgO:PPLN was in contact with a temperature
controlled oven (fixed to 0.1<C), we would also expect that any physical clipping of the
idler beam due to non-diffraction-limited performance would not cause significant
variations in temperature. However, further indication of a thermal input to the nonlinear
crystal was given by an observed linear tuning of the output signal wavelength by 0.155
nm/W, as the pump power is increased. For a pump power increase from 2.6 W to 23.8
W, the signal wavelength increases by ~3.3 nm, which, if due only to a change in
temperature [29], would correspond to a ~6<C rise in temperature within the crystal at

the location of the interacting beams.
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The MgO:LiNbO; crystal was in thermal contact with a gold-plated temperature-
controlled copper block on one of its 40 mm by 10 mm faces with the other being in
contact with an indium-tin-oxide-coated piece of glass (for management of electrostatic
effects) such that heat was effectively dissipated from just one side of the crystal. While
a full thermal model of this experimental arrangement has not yet been undertaken we
note that MgO-doped, or undoped, LiNbO; has a large value for (dne/dT)/K., where
dn./dT is the rate of change of the extraordinary refractive index with temperature [30],
and K. is the thermal conductivity. In comparison, the value of (dn/dT)/K; in a well-
known high-power laser material such as YAG is ~20 times smaller. Using these
material parameters in a simple cylindrical rod model [31], leads to predictions that if
less than 1% of the pump were converted to heat within the volume occupied by the
beam then a thermal lens of focal length ~1 cm, sufficient to cause the cavity to become
unstable, would be present.

6.3.2 Ring Cavity Optical Parametric Oscillator

In an attempt to reduce the cavity losses and the effect of any thermal aberrations by
only having one pass per round trip through the MgO:PPLN, the cavity shown in Figure
6.8 was modified to a ring resonator. In order to continue to match the fundamental
repetition rate of 114.8 MHz the overall cavity length was increased by a factor of 2
compared to the standing-wave oscillator and this led to a smaller and more asymmetric
calculated signal waist size in the MgO:PPLN of 47 pm (in the plane of the cavity) by 59
M. To maintain good spatial overlap, the pump waist size was adjusted to 50 pm,
leading to an expected idler polarization waist size of ~35 pm and, consequently, an
expectation of significant idler clipping due to the increased beam divergence, even if
the beam was diffraction-limited. A similar Findlay-Clay analysis to that used for the
standing-wave cavity gave a higher value for the round trip losses of 15.7%, despite the
single pass through the MgO:PPLN crystal. However, additional losses for the idler in
this configuration due to increased diffraction losses and clipping would reduce the
parametric gain [32, 33], and hence increase the effective loss as determined by the

Findlay-Clay measurement.

Figure 6.9 shows the output power characteristics and pump depletion for 1, 4, and 8
pulses circulating in the cavity for pump average powers up to 24 W, currently limited
by the thermal effects in the isolator used between the pump source and the SPOPO. The
first observation was that the roll-over effect was not present for the lower repetition
rates and while it was still present for the 918.4 MHz results, oscillation was maintained

up to the full 24 W of pump power. For 114.8 MHz operation we obtained 7.3 W of
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signal at 1.54 m and 3.1 W of idler at 3.4 pm, with a pump depletion that saturated at
~70%. An R=65% output coupler was used for all the results in Figure 6.9 and it is likely
that a larger output coupler could have provided greater signal output power for the low

repetition rate case, as it operated at 33 times above threshold at maximum power.

The greatly improved performance with the ring resonator suggests that it benefited from
only having one pass of the signal through the nonlinear crystal per round trip. Modeling
of the ring and standing-wave cavities suggest that they would require thermal lenses of
similar strength to drive them into instability and so we speculate that the reduced
aberrations imposed on the signal beam by only passing once through the crystal was the
more important effect. It may also be the case that the single pass of the signal through
the crystal led to less heat being deposited, although the mechanism by which any such
absorption occurs is not clear. It is interesting to note that the performance has improved
despite the expectation that the idler would not be able to pass through the nonlinear
crystal in this configuration, without a significant degree of interception by the surfaces
of the MgO:PPLN slab.

The presence of the power roll-over in the high repetition rate results is intriguing as
there should be no difference in the thermal load for the different repetition rates. The
only change is that the gain is lower due to the reduced peak intensity of the pump pulse,

which is reflected in the higher average power threshold.
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Figure 6.9: Output power characterization of the ring cavity at (a) 114.8 MHz, (b) 459.2
MHz, and (c) 918.4 MHz. The linear fits are to the first ten data points in (c). The signal
output coupler used has a reflectivity of R=65%. Wavelength tuning against poled grating
period is shown in (d) with the temperature of the crystal held at 150 <C. The idler

wavelengths are inferred from the measured signal wavelengths.

In order to confirm the potential for tunable operation we translated the nonlinear crystal
to access gratings with different poling periods. The experimental results, taken at a
repetition rate of 918.4 MHz, are shown in Figure 6.9(d) together with the theoretical
curve derived from the temperature-dependent Sellmeier equation for MgO-doped
congruent LiNbO; [29]. The temperature of the crystal was set to 150<C and the pump
power was adjusted to be approximately 15% higher than the threshold level at each
signal wavelength. Tuning was demonstrated between 1.40 pm and 1.68 pm for the
signal and 2.87 pm and 4.36 pm for the idler.

Autocorrelation measurements, taken at 918.4 MHz, gave full-width half-maximum
pulse durations of ~17 ps (assuming a Gaussian pulse shape) for both signal and idler.
Figure 6.10 shows an interferometric autocorrelation of the 3.4 pm idler pulse taken
using two-photon absorption in an InGaAs photodiode with an extended sensitivity up to

2.1 pm. The fully modulated fringes suggest a nearly bandwidth-limited pulse, but
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unfortunately we did not have a suitable spectrometer available to measure the idler

spectrum to confirm this.
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Figure 6.10: Interferometric autocorrelation of the 3.4 m idler pulse suggesting bandwidth-
limited performance. The FWHM pulse duration, assuming a Gaussian temporal pulse shape,

is ~17 ps. The individual fringes are too close together to be resolved in this figure.

The beam quality, M?, for both the signal and idler, again taken at 918.4 MHz, was
measured at both medium and high powers. For the signal M? measurements, a 100 mm
focal length lens was used to produce a beam waist through which a beam profiler was
translated, recording the 1/e°-beam radius at points along the beam. The M? value was
then fitted to this data. The beam profiler was not sensitive in the idler spectral region
and so a knife-edge method was used to determine the 15% and 85% power transmission
points, allowing an estimation to be made of the 1/e*-beam radius. This was repeated for
several positions along the idler beam spanning the waist region and again an M? value
was fitted to the data. The results presented in Table 6.1 show that the resonated signal
was near diffraction-limited with just a small degradation at higher pump powers. The
M? of the idler shows a significant departure from diffraction-limited performance,
which we expect as the non-resonated beam was composed of an addition of the idler
radiation generated from all points along the 4 cm length of nonlinear crystal, which is
much greater than the confocal parameter corresponding to the idler polarization waist
size. We also note that the M? measured in the plane of the resonator (denoted as the x-
axis) was consistently worse than in the y-axis. There were various factors that
distinguish the two axes and which may be responsible for this difference. These include
the asymmetry in the resonated signal spot size due to the angle 0 at the curved mirrors,

stronger thermal lensing in the x-plane as this corresponds to the heat removal axis due
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to the slab geometry of the crystal, and the presence of a hard aperture in the x-axis due

to the oven.

Table 6.1. M? beam quality measurements

Signal (1.54pm) Idler (3.4pm)
Pump
Power M M, M, M,
11w 1.06 1.01 2.50 1.56
24W 1.20 1.09 3.18 1.58

We also made spectral measurements of the depleted and undepleted pump at high
average powers in the two repetition rate extremes, where nonlinear broadening is either
absent or at its strongest. The results are shown in Figure 6.11, where we have set the
areas under the curves to represent the measured average powers of the input pump and
the residual pump after depletion and thus give directly comparable spectra. It appears
that depletion occurred across the entire spectrum confirming no limitation due to the
phase-matching bandwidth.
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Figure 6.11: Comparison of the spectra of the input pump and the residual pump (after
depletion) at 24 W incident average pump power at (a) 918.4 MHz and (b) 114.8 MHz, with
the latter spectra showing broadening due to self-phase modulation in the fibre amplifiers.

The curves are normalized to the ratio of their measured average powers.
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6.4 High power Supercontinuum Generation in PCF

6.4.1 Experimental setup

Figure 6.12 shows the schematic of the setup. The setup is similar to that of the SPOPO
except the OPO setup was replaced with 2 m long PCF. The total insertion loss of the
isolator, HWP and PBS was approximately 35%. Another HWP before the coupling lens
enabled alignment of the polarization axis of the beam to a principal birefringence axis
of the PCF.

Tapered Tele-
DM scope PBS Lens@ Egasv/l\ermeter
21ps || Ybfibre =N OMonochromator
GS diode || pre-amps OAOTF &
Clad Pumped o N2 N2 2mPCF
PM YDF 032GHz Dectector|

25/340pm

Figure 6.12: Schematic diagram of the Yb**-doped fibre MOPA and launch to the PCF.

Bottom insert shows the SCG setup at 30 W power level

The MOPA system generated linearly polarized, diffraction-limited, 21 ps pulses at user
selected repetition rates ranging from 14 MHz to 910 MHz and with an average output
power up to 100 W as described previously in Chapter 4. The output beam from the
MOPA had an M? of <1.1 and the stability of the beam quality was ensured by the
tapered splice. Spectra were recorded using a fibre-coupled OSA (ANDO AQ6315) in
the 350-1750 nm range and a free-space coupled monochrometer in combination with a
PbS detector for the 1.75-3.5 pm range.

6.4.2 Fibre characteristics and high average power supercontinuum results

The PCF used for the SCG was an all silica structure fabricated using the stack and draw
technique and had a core diameter of ~4.37 pm and a high air-fill-fraction in the
cladding as shown by the photograph in Figure 6.13(a). The zero dispersion wavelength

is at ~1012 nm such that the wavelength of our picosecond pump source lies in the
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anomalous dispersion region. The dominant mechanisms leading to spectral broadening
are likely to be modulation instability, leading to a soliton continuum and subsequent
blue expansion due to soliton trapping [15, 21, 34]. The dispersion data shows the
experimentally measured points overlaid on the curve calculated by modeling using a
commercial finite element module (COMSOL Multiphysics) based on the optical
micrograph of the fibre (shown inset). The pitch (A) of the air holes was measured to be
5.29 um with d/A ~ 0.956. Figure 6.13(b) shows the loss of the PCF measured using the
cut-back method. The loss was ~0.175 dB/m at the 1.06 pm pump wavelength and ~0.5
dB/m at the OH loss-peak in the 1.35-1.40 pm region.
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Figure 6.13: (a) Dispersion profile of the PCF. (b) Measured attenuation data.

The launch optics comprised a telescope that matched the beam size to a high-NA
aspheric coupling lens at the input of the fibre. Several focal lengths were tested before
finally selecting an f= 3.1 mm aspheric lens. Figure 6.14 shows the average output power
of the SC source as a function of the incident pump power when operating at the
114.8 MHz repetition rate at which we obtained the highest power continuum of 39 W.
The launch efficiency was > 80% at incident powers below 30 W. We believe that the
observed roll-off in output power vs. incident pump power was primarily due to beam
quality degradation inside the bulk isolator at increasing power. The far field pattern of
the output beam is shown inset to Figure 6.14(top). Note that the central region of the
image is saturated in order to show the low intensity side-lobes [35]. The lower inset to
Figure 6.14 shows the separate components of the visible spectrum that were observed
after passing the continuum through a prism.
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Figure 6.14: Supercontinuum output power vs incident power. Inset shows the far field

pattern of the output beam and prism separated white light.

It is found that the highest continuum output power was limited by damage to the fibre
output facet. (We are uncertain about the mechanism involved although we note that
damage caused by UV absorption is a possible contributing factor [36].) In future an
angle-polished end-cap could be used to avoid back-reflections and expand the mode,
but we did not have the mechanics available in the short term to achieve the angle
necessary for this high NA fibre. We tested the system at high power for ~20 minute
periods at SCG powers of up to ~35 W and we did not observe any significant change in
the output power, output spectrum or mode shape. At the maximum 39 W power level
the heat load on the fibre input prevented us from operating for extended periods because
of drifting of the launch optics. However we also ran the system daily for ~20-30 minute
periods for over a week of operation with reduced repetition rates at the 20 W level such
that the peak power was similar to that of the 39 W SCG results and again we did not
observe any photodarkening of the SCG fibre.
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Figure 6.15: Supercontinuum evolution in a 2 m long PCF at 0.15 W, 11 W and 57 W of
incident pump power at repetition rate of 114.8 MHz. Solid lines — OSA measurements,
dashed line — measurements with monochrometer and PbS detector. (The top lines in

green/yellow show spectra with input polarization aligned to orthogonal birefringence axes.)
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Figure 6.15 shows the spectral evolution at an incident power level of 0.15 W, 11 W and
57 W at a repetition rate of 114.8 MHz. The labels show the peak powers of the launched
pump pulses. We observed that the colour of the continuum spectrum evolved along the
fibre and when operating with a maximum average power the continuum was visibly
white after 1.5 m. However, optimization using cut-back measurements showed that the
spectral flatness improved using a 2.0 m length of PCF and therefore a 2.0 m length was
used for the results shown above. Longer fibre lengths produced lower output powers
due to the fibre loss. Numerical integration of the continuum spectrum indicated that just
12% of the power remained at the pump wavelength. The spectrum covered the range
from 400 nm to 2300 nm with spectral flatness across the visible region of better than 10
dB and a blue peak at a wavelength of 430 nm (shown in Figures. 6.14 and 6.15).

The continuum spectra with various orientations of the half-wave-plate at the fibre input
were recorded. We first measured the angles of the fibre birefringence axes by using low
energy pulses and an analyzer PBS at the PCF output. The measured birefringent beat
length was 35 mm and the weak birefringence was due to the relatively large core. At the
maximum 39 W Supercontinuum power level, the broadest continuum was produced
with the polarization aligned to one of the principal axes and the narrowest spectrum was
produced at the orthogonal axis. The variation in the spectra with the input polarization

aligned to the orthogonal birefringence axes can be seen in Figure 6.15.

Photodiode output (normalised)

A
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Figure 6.16: Pulse shape of transmitted low power pump (blue dotted line), filtered at 1186.6
nm (green dash dotted line), filtered at 1317.6 nm (black dashes) and broadband (solid red

line).

Figure 6.16 shows the temporal profiles of the optical pulses at the output of the 2 m
PCF measured using a 32 GHz bandwidth InGaAs photodiode and sampling scope. The
broadest pulse corresponds to the full bandwidth of the SC spectrum incident on the
diode. When the pulses were coupled onto the orthogonal fibre axis, the main peak was

delayed and appeared at the position of the shoulder to the rear of the pulse, so we
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attribute that shoulder to stray power coupled onto the orthogonal fibre axis. The shorter
pulse shown by the blue dotted line in Figure 6.16 was obtained with lower pump power
(PCF output of 50 mW). We also filtered the continuum spectra with an acousto-optic
tunable filter (AOTF) to produce 1.2 nm bandwidth spectra at 1186.6 nm and 1317.6 nm
and the pulse durations were within the measurement resolution (Figure 6.16),
confirming that the wavelength shifting had not increased the input duration
substantially. (Note that the extended tail was an artifact of the diode/scope system since

it was also seen in an impulse response measurement using clean 200 fs pulses.)

For comparison we tested two commercially available silica PCFs produced by NKT
Photonics (formerly Crystal Fibre) using our high power MOPA as the seed. The larger
core fibre (SC-5.0-1040 data available from www.nktphotonics.com) had a mode field
diameter (MFD) of 4 um and ZDW at 1040 nm and with a 10 m length the maximum
transmitted power at the 128 MHz repetition rate was 10 W with a yellow, rather than
white colour at the output and a minimum wavelength of 489 nm. We did not perform
cut-back measurements on the fibre but we observed the colour evolution on the spool
and a minimum length of between 5 m and 7 m was required for the yellow colour to
develop. In comparison, the fibre fabricated at Central Glass & Ceramic Research
Institute (CGCRI) had a more rapid onset of visible continuum, improved power
transmission and blue spectral components extending to 409 nm. The second commercial
fibre tested (NL-1050-ZERO-2) had a smaller core with MFD of 2.2 um and ZDWs at
975 nm and 1125 nm and in this case no visible light was generated at the maximum

transmitted power of 1 W (limited by facet damage).

6.4.3 High peak power Supercontinuum results

Since the maximum average power was limited by thermal damage, we tested the fibre
with lower repetition rates which produce higher pulse energies for a given average
power. This led to an increase in the input peak power density before thermal damage or
output facet damage became a problem. In this case the limit on continuum power was

dictated by the input facet damage due to the high peak intensity.

119


http://www.nktphotonics.com/

20

10
QA0 kW

.‘---‘

11.4 KW Semww
-10

Spectral Density (dBm/nm)

‘ 260 W
2 2 :

0 1 1 1 1 1 1 1 1 1
400 600 800 1000 1200 1400 1600 1800 2000 2200 2400
Wavelength (nm)

Figure 6.17: Supercontinuum evolution in a 2 m long PCF at 0.15 W, 7 W and 25 W of
incident pump power at repetition rate of 28 MHz. (The top lines in green/yellow show
spectra with input polarization aligned to orthogonal birefringence axes. Linestyles as in

Figure 6.15.)

Figure 6.17 shows the SCG obtained at a repetition rate of 28 MHz. The maximum
average power was 20 W and the peak power spectral density across the visible of
26.9 W/nm compared to 12.5 W/nm for the highest average power results in Figure 6.15.
The overall profiles of the continuum spectra are similar at both repetition rates but in
Figure 6.17, the visible power density is ~10 dBm/nm below the input wavelength peak
whereas in Figure 6.15, the visible power density is ~15 dBm/nm below the peak so
there is more effective conversion of pump to visible wavelengths at the higher peak
power. As with the high average power results (Figure 6.15) the variation in the spectral
bandwidth with the input polarization was investigated and we found that with the
maximum input peak power of 40 kW, the SCG was broadest and narrowest with the
polarization aligned to the fibre’s orthogonal birefringence axes with the variation in
spectra shown in Figure 6.17. The peak power for facet damage when using the
f=3.1 mm launch lens was ~40 kW +/- 3 kW at repetition rates between 14 MHz and
56 MHz. In future, power scaling may therefore be possible by using a mode-expanding
end-cap at the input to the fibre in order to reduce the intensity at the air/glass interface.

6.5 Conclusion

In this chapter, various wavelength conversion results based on the high performance
picosecond fibre MOPA are presented. Our results span the spectral range spanning the

UV to the mid-IR and show the versatility of fibre based laser sources.

A frequency doubled green source at 530 nm pumped with the picosecond source at user
selectable repetition rates of up to 910 MHz and an average output power in excess of

100 W at 1.06 pm was demonstrated. Stable, diffraction limited, picosecond pulsed 56
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W of green light at 530 nm at an overall conversion efficiency of 56% by using a 15 mm
long LBO crystal was generated. The diode-to-green optical power conversion efficiency
was 37%. Further power scaling is primarily limited by the spectral integrity of the
fundamental light. Newly optimised PM amplifiers offering better spectral integrity

should increase the conversion efficiency to 80% according to theory.

I also presented a synchronously pumped picosecond optical parametric oscillator
(OPO). At 24 W of pump power, up to 7.3 W at 1.54 pm and 3.1 W at 3.4 pm were
obtained. The periodically poled MgO-doped LiNbO3; OPO operates with ~17 ps pulses
at a fundamental repetition rate of 114.8 MHz but can be switched to higher repetition
rates of up to ~1 GHz. Tunabilty between 1.4 pm and 1.7 pm (signal) and 2.9pm and 4.4
Hm (idler) is demonstrated by translating the nonlinear crystal to access different poling-
period gratings and typical M? values of 1.1 by 1.2 (signal) and 1.6 by 3.2 (idler) are
measured at high power for the singly resonant oscillator.

The picosecond fibre MOPA pumped Supercontinuum source with 39 W output,
spanning at least 0.4-2.25 pm at a repetition rate of 114.8 MHz was also presented. The
2 m long PCF had a large, 4.4 jum diameter core and a high-delta design which led to an
80% coupling efficiency, high damage threshold and rapid generation of visible
continuum generation from the picosecond input pulses. The high and relatively uniform
power density across the visible spectral region was ~31.7 mW/nm corresponding to
peak power density of ~12.5 W/nm for the 21 ps input pulses. The peak power density
was increased to 26.9 W/nm by reducing the repetition rate to 28 MHz. This represents
an increase in both average and peak power compared to previously reported visible
Supercontinuum sources from either CW pumped or pulsed-systems at this time. Further
power scaling and an extended blue-shift represents a possible direction for future work.
Besides considering the structural parameters of the PCF, increasing the blue-shift of the
SCG is also possible by modifying the glass composition of the fibre [37]. Extending the

mid-IR to longer wavelengths using this approach is also a topic worthy of further study.
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Chapter 7 Summary and Future Work

Overview

This final chapter summarises the work and results presented throughout this thesis on
the advancement of high power pulsed Yb**-doped fibre MOPAs and describes areas of
possible future work. My work towards pulsed fibre MOPA can be conveniently divided
into two parts according to the pulse durations targetted; nanosecond and picosecond
sources. Section 7.1 will discuss nanosecond systems and their applications and Section
7.2 picosecond systems and their applications. In Section 7.3 | will draw some general

conclusions.

7.1 Nanosecond fibre MOPA and applications

In this work, nanosecond pulses generated from a semiconductor laser were amplified in
a Yb*'-doped fibre amplifier chain to over 300 W of average power. Shaping of the
pulses from the semiconductor seed using an electro-optic modulator allowed various
custom defined pulse shapes to be produced at the amplifier output: Square, step,
triangular as well as smooth pulse shapes (parabolic and Gaussian) were achieved. A
linearly polarized version of the amplifier system was built for a variety of wavelength
conversion experiments utilizing the pulse shaping technique to improve the frequency

conversion performance.

A high power pulsed fibre laser pumped nanosecond pulsed PPMgLN-based OPO was
demonstrated. A total parametric output power of over 9 W was obtained, with over 2.4
W emitted at 3.5 um. The pulse shaping technique played an important role in avoiding
deleterious nonlinear effects and thus allowed the pulsed PM fibre laser to operate at a
higher pulse energies/power levels. The main limiting factor for further power scaling in
these experiments was risk of damage resulting from the small beam waist inside the
crystal. A larger dimension crystal should help in this regard and is planned within the
group. A very high power PPMgO:CLN based OPO using an elliptical shape beam has
been demonstrated recently [1]; this result suggests that further power scaling should
also be possible by applying spatial mode shaping techniques to our current fibre
MOPA.

In addition, using the nanosecond fibre MOPA as a pump source, (simultaneous) high

power wavelength doubling and frequency doubling experiments were carried out. Up to
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12.7 W of mid-IR output at wavelengths around 2 um from a degenerate PPLN OPO and
up to 9.8 W of visible output power at 530 nm from a LBO crystal were achieved. At
maximum pump power, conversion efficiencies of 36% for the 2 um mid-IR output and
27% for the visible output were achieved. The broadband IR output of the OPO had a
FWHM spectral bandwidth in excess of 170 nm. The visible output was measured to
have an M? of 1.2. Temporal pulse-shaping of the MOPA seed pulses allowed for
generation of near flat-top output pulses, resulting in enhancement of the SHG
conversion efficiency from 30% to 33%. Higher conversion efficiency should be
possible by increasing the peak power from the nanosecond fibre MOPA [2].
Unfortunately, the limited time available for these experiments during the LAMPS
project meant that we were not able to do these experiments at the time.

We also demonstrated SRS based wavelength shifting to selected individual Raman
orders with good adjacent order suppression ratios in an external fibre using pulse shape
control implemented in our fibore MOPA. By controlling the pump power whilst
maintaining flat-topped pulses the generation of individual Stokes lines up to the 9th
order was obtained. Using this concept with optimized fibre designs and lengths as well
as other Raman gain media it is possible to envisage a host of tunable lasers operating at
discrete tunable wavelengths in the visible/near IR. Visible sources are very useful in the
biological and medical research area. The source developed in this work would be

suitable for various biomedical experiments [3-5].

7.2 Picosecond fibre MOPA and applications

A fiberized, diode-seeded, YDFA MOPA system generating linearly polarized,
diffraction-limited, 21 ps pulses at repetition rates ranging from 56 MHz to 908 MHz
and at average output powers of 100 W was developed. The polarization stability is
ensured by using PM amplifier fibres and the stability of the mode quality is ensured by
using a tapered splice to the final amplifier. At the lowest repetition rate of 56 MHz the
21 ps pulses from our system have a maximum energy of 1.7 |, and a peak power of
85 kW. The system demonstrates that an attractive combination of controllable
repetition-rate gain-switched diode seed and high-power single-mode PM-fibre
amplifiers can create a source suitable for a wide variety of applications. In addition,
pulse compression of the pulses to durations as short as 1.1 ps was realized by exploiting
the SPM induced spectral broadening that was observed at the highest pulse energies and
adding a grating-based compressor at the output. A maximum compression factor of 17

was achieved and a corresponding enhancement in peak power to ~590 kW should be
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possible with the use of optimized compressor gratings. We used 4.2 ps pulses at a
repetition rate of 227 MHz and an average (compressed) output power of 52 W to

demonstrate 26 W of visible laser power (50% SHG efficiency).

Based on the PM YDFA seeded by a GS-laser diode, | have also managed to generate 56
W of green light at 530 nm at an overall conversion efficiency of 56% by using a 15 mm
long LBO crystal (for 17 ps pulses). Further power scaling is primarily limited by the
spectral integrity of the fundamental beam. This high power green source is being
investigated for material processing applications; preliminary results show that it allows
better quality of various ceramics than utilising the unconverted beam at 1 um. Further
power scaling of the SHG and better conversion efficiency should be possible using
higher pump powers and new fibre designs in the final stage of the fibore MOPA [6].

A high power picosecond optical parametric oscillator pumped by this fibre system was
also demonstrated. The SPOPO can deliver pulses at 114.8 MHz, 229.6 MHz, 459.2
MHz, or 918.4 MHz simply by controlling the source repetition rate via a pulse picker
and having 1, 2, 4, or 8 pulses circulating in the SPOPO cavity, without any need to
adjust the cavity length. Output powers as high as 7.3 W at 1.54 pm and 3.1 W at 3.4 jum
were observed with 24 W of pump power, and tunability between 1.4 pm and 1.7 pm
(signal) and 2.9 pm and 4.4 pm (idler) was demonstrated. The pulse duration for both
the signal and idler was ~17 ps. Higher overall efficiency was realized recently [7]. By
developing a higher peak power and pulse energy pump laser higher pulse energies and

higher efficiencies should be attainable and are being pursued [8].

A picosecond fibre MOPA pumped high power Supercontinuum source covering at least
the 0.4-2.25 pm spectral region was also successfully demonstrated. Average output
powers as high as 39 W with > 80% launch efficiency and 87% pump depletion were
achieved at a pulse repetition rate of 114.8 MHz. A power density of up to 31.7 mW/nm
with good uniformity was measured across the full visible spectral range. At a reduced
repetition rate of 28 MHz the peak power spectral density in the visible was 26.9 W/nm
with 93% pump depletion, an average power of 20 W and an overall conversion

efficiency of 74%.

Further Supercontinuum average power scaling is of great interest for applications such
as communications, environment measurement and remote sensing. In our case, the
limiting factor for power scaling is damage of the output facet of the fibre. The fibre end
failure may be due to material absorption at the UV and Mid-IR. Fibre end micro-

structure sealing or new fibre designs may help to overcome this problem.
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7.3 Conclusions

My project concentrated on scaling the power from pulsed fibre laser whilst maintaining
good control of the output pulses (spatial mode quality, pulse shape, polarisation,
spectrum etc). Benefiting from the MOPA approach precise control of the seed laser
allows high quality output pulses that can be tailored according to the end application
requirements. Many applications can benefit in terms of higher efficiency and better
output quality because of the enhanced performance of the laser. The pump source can

be highly compact and incorporate a minimum number of free-space components.

In conjunction with the various technigques of nonlinear conversion described, the fibre
MOPA becomes even more versatile. A wavelength converted source based on nonlinear
conversion pumped by a fibre MOPA is suitable for many research and industrial

applications.

However, there is still space for improving the performance of fibre lasers, such as
increasing the output peak power and output pulse energy. Higher peak power not only
helps in industrial applications [9] but also results in better wavelength conversion
efficiency [2]. In my experiments, the output peak power of my laser was limited by the
design of final stage LMA Yb**-doped fibre, which has a relatively low pump absorption
and conservative mode field diameter. The fibres | used were the best commercially
available at the time since my access to experimental fibres from the ORC was limited
due to the fire of 2005 that destroyed our in-house fabrication facilities. The relatively
long fibre device length (few metres) resulted in modest nonlinear thresholds (10 s of
kWs) compared to what is now possible using the latest research fibres and limited the
scaling of peak power (and hence pulse energy) in my work. Towards the end of my
project improved fibre designs [6, 10] became available within the community and
should allow at a factor of 10 improvement in peak power performance if incorporated in
my systems. A factor of 100 may ultimately be achievable - although fiberized means to
pump these new fibres still need to be developed and fibre performance and reliability
confirmed. Future extensions of work should exploit these new fibres along with the
latest developments in nonlinear frequency conversion media. The possibility of using
my lasers in conjunction with poled optical fibres holds out the promise of a range of
truly all fibre sources operating at diverse wavelengths. Further extension of wavelength
conversion to the soft X-ray [11, 12] and THz regions [13, 14] is also a promising area
for future research, as is coherent/spectral beam combination [15] of multiple pulsed

fibre lasers to reach powers far beyond the single fibre limit.
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