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Abstract

This thesis covers work developing novel optical fibres for use as a delay fibre to
decrease the pulse repetition rate of a short pulse mode-locked fibre laser operating
at 1064nm. The limits on the length of these laser cavities, and in turn the pulse
repetition rate, was found to be the nonlinear phase shift accumulated by a pulse in
one round trip of the laser cavity. The addition of extra fibre increases the cumulative
nonlinear phase shift to the detriment of fundamental mode-locked pulses. Here,
different optical fibres were developed with negligible nonlinear response to minimise
additional nonlinearity when extending the laser cavity length. The fibres included
large mode area (LMA) solid core fibres, hollow core photonic crystal fibres (PCF)
and the more recently developed negative curvature anti-resonant hollow core fibre
(NCF).

The LMA fibres had an increased modal area which decreases the intensity of the
guided light and thus decreases the nonlinear response. These fibres were used to
reduce the repetition rate of a 20 MHz mode-locked fibre laser to 7.6 MHz operating
at 1064 nm with a pulse duration of approximately 4 ps.

The use of a hollow core fibre reduces the nonlinearity experienced by a pulse by
changing the medium the light is propagating through. The low nonlinear response
of air allowed for the reduction of a 4 pspulse operating at 1064 nm and 37 MHz to
be reduced to 27 MHzin PCF hollow core fibre and to a record 5.4 MHzin NCF.
The PCF was found to be limited by polarisation effects and high fibre attenuation.
However, the results using NCF showed no detriment to the near transform limited
pulse. The use of hollow core fibre as a method of reducing the pulse repetition rate
of mode-locked fibre lasers was demonstrated.

The NCF developed for this work was also used as a means to induce spectral
broadening of a high power, amplified pulse pulse by the means of self phase mod-
ulation in a single pass through the fibre. A pulse was broadened by self phase
modulation alone producing a symmetrical and broad spectrum that was controlled
by the pressurisation of argon within the hollow NCF core. Using a grating pair on
the fibre output a pulse of 10 ps at 1064 nm was compressed to 420 fs with an output
pulse energy of 8nJ.
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Abbreviations

SESAM Semiconductor saturable absorber mirror
MLFL Mode-locked fibre laser

EDFL Erbium doped fibre laser
YbDFL Ytterbium doped fibre laser
SPM  Self phase modulation

XPM  Cross phase modulation

MI Modulation instability

SRS Stimulates Raman scattering
GVD  Group velocity dispersion
FWHM Full width half maximum
CFBG Chirped fibre Bragg Grating
WDM  Wavelength division multiplexer
CW Continuous Wave

NLSE Nonlinear Schrodinger equation
LP Linearly polarised

NCF  Negative curvature fibre

HWP  Half wave plate

PBS Polarising beam splitter

OSA  Optical spectrum analyser

ASE Amplified spontaneous emission
LMA  Large mode area

HCF  Hollow core fibre

PCF  Photonic crystal fibre

NCF  Negative curvature anti-resonant fibre



Common variables

Pulse propagation

v&w [s71] Frequency and angular frequency of light respectively

A [m] Wavelength of light

E(z,t) Electric field profile as a function of distance along fibre and time
U(z,t) Electric field profile normalised to unity

A(z,t) Pulse envelope as a function of distance along fibre and time
P(z,t) [W] Pulse power as function of position and time, equivalent to Py|U/(z,t)|?
Py [W] Peak input pulse power

1) Phase

x (™ Material susceptibility

a [dBm~!] Fibre attenuation

Up [ms~!] Phase velocity

vy [ms~!] Group velocity

B(w) [m~!] Propagation constant

Bn(w) [ps® /m] Coefficients of the Taylor expanded propagation constant
D [psnm~! km~!] Fibre dispersion

v [W=1 m~!] Nonlinear coefficient

ng Linear refractive index

ngy [m? /W] Nonlinear refractive index

g [m~!] Fibre gain

FEu [J] Gain saturation

SESAM parameters

AR Modulation depth

q(t) Absorption as a function of time

A, Non-saturable loss

Qo Unsaturated absorption, saturable absorption, absorbance, Small signal absorption
TA Recovery time

Psat, Fsar, Fsat Saturation power, energy and fluence.
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Chapter 1

Introduction

Optical fibres are an increasingly useful tool in many areas of both physics research
and in industry. New fibres are continuously being developed for a multitude of
purposes. The areas of interest here are in generating short optical pulses in mode-
locked fibre lasers and in manipulation of short pulses.

A mode-locked laser is known for producing short pulses of picosecond or fem-
tosecond duration at a high repetition rate of megahertz to gigahertz. Many in-
dustrial applications require energetic short pulses for applications such as micro-
machining and research interests can lie in the study of optical nonlinear effects
arising from high intensity light in pulses propagating through optical fibre.! Ex-
tending the performance of mode-locked lasers can give access to further extremes of
intensity, pulse repetition rates, pulse durations or pulse energies. The main focus of
this thesis is to push the boundaries of low pulse repetition rates in mode-locked fibre
lasers whilst maintaining the characteristic short pulse produced by such lasers. A
low pulse repetition rate is of interest as it can provide pulses that have high energy
or peak power while maintaining a low average power. This makes a useful tool for
studying nonlinear effects that depend on only peak power. Low pulse repetition
rates are accomplished by extending the length of the laser cavity thereby increasing
the round trip time of the pulse within the laser cavity. However, the increased path

length also increases the effects of dispersion, nonlinearity and fibre loss on the pulse



which can result in distortion or even the break up of the optical pulse. This work
developed optical fibres that could be introduced into a laser cavity to increase the
length while minimising additional nonlinear and dispersive effects. This included
the study of large area, all solid silica optical fibres as well as the development of
silica fibres designed to guide light within a hollow core.

The hollow core fibres developed were also tested for other purposes, namely in
using them to spectrally broaden an optical pulse to allow for further compression
to a shorter pulse. This spectral broadening can be fine controlled within hollow

core fibre by filling the fibre with a suitable gas and pressure.

The synopsis of this thesis is as follows:

Chapter 2 introduces optical fibres in their different forms and covers necessary
theory of fibre propagation.

Chapter 3 discusses the methods used to fabricate the optical fibres used in this
thesis and goes into further detail on the negative curvature hollow core fibre used
in this work.

Chapter 4 covers the background and theory of lasers and introduces the methods
of producing pulses of light from mode-locking a laser cavity.

Chapter 5 briefly covers the numerical models developed in this work that were
used to investigate the properties of the mode-locked fibre lasers studied in this
work and aid in their design. The models also covered pulse propagation in gas
filled hollow core fibre which was studied in the chapter 8.

Chapter 6 presents the experimental results of low repetition mode-locked laser
cavities constructed with a large mode area fibre as a delay fibre to extend the
cavity length while minimising additional nonlinear phase shift of the pulse within
the fibre.

Chapter 7 also presents results from low repetition mode-locked lasers but instead

exploits the low nonlinearity of hollow core fibres to extend the cavity length with



negligible additional nonlinear phase shift.

Chapter 8 moves away from the construction of mode-locked fibre lasers and
investigates the use of the hollow core fibres developed as a means to spectrally
broaden an optical pulse through a single pass with the goal of pulse compression.
The spectral broadening was a nonlinear effect, which was controlled by filling the
hollow core fibre with varying pressures of gas.

Chapter 9 gives the final summary of the work as well as prospects for future

work in this area.



Chapter 2

Optical Fibres

2.1 Introduction

This chapter will cover the necessary background of optical fibre theory for this
thesis. The theory is introduced in the context of step index fibres for simplicity
but is applicable to fibres of other guiding mechanisms discussed toward the end
of the chapter. Maxwell’s equations can be solved with the boundary conditions
imposed by an optical fibre, resulting in multiple transverse modes of light where
the light propagates in the same pattern with no change except for phase,? these are
discussed in section 2.3.1. When considering how light propagates through a fibre
it is useful to examine the propagation constant, which is introduced in section 2.3.
This describes the phase velocity of a mode through a fibre and how that can vary
with frequency giving rise to dispersive effects talked about in section 2.4. Section 2.5
introduces some of the key points of light polarisation that are relevant to this work.
A key phenomena in this thesis is nonlinear optics. The velocity of light within a
medium is defined by the refractive index n = ¢/v with ¢ being the speed of light in
a vacuum and v is the speed of light in the medium. Nonlinearity arises from the
refractive index of the guiding material changing with the intensity of the guided
light. The change in refractive index gives rise to many different nonlinear effects

such as self-phase modulation from the interaction of light with the electrons in the
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material, or Raman which arises from light exciting vibrational modes of molecules.
The relevant nonlinear effects are reviewed in section 2.6.

The mathematical description of how dispersion and nonlinearity interact and
effect a propagating pulse is given by the nonlinear Shrodinger equation (NLSE)
introduced in section 2.7. This is a partial differential equation that describes how
the light propagates in both distance and time. The NLSE has non trivial, stationary
solutions referred to as solitons. These only occur in specific dispersion regimes and
are discussed in section 2.7.

Fibre loss and its relevance are discussed in section 2.8. This chapter concludes
with an introduction to different kinds of structured fibre and other guiding mecha-
nisms. Many different types of fibre exist, constructed from different glasses, doped
glasses and micro-structures, to achieve specific goals such as controlled nonlinearity,
dispersion or transmission windows. This thesis focuses on hollow core fibres which
are introduced in section 2.9 and the design and fabrication are elaborated on in

chapter 3.

2.2 Step index fibre

Step index fibres are typically considered to be the standard type of optical fibre.
These fibres are all solid and consist of a core material surrounded by a cladding
material. The cladding material is designed to have a lower refractive index which
reflects the light back into the high index core fulfilling the conditions or total in-
ternal reflection.? The light is only reflected if it is below the critical angle, 0.,
which leads to a maximum angle of acceptance of input light, Oxa, which is related
to the numerical aperture of the fibre as NA = nsinfxa. These fibres are usually
made from silica which has been doped with ions, for example germanium or fluo-
rine, to achieve a different refractive index in the core and cladding. This is shown
diagrammatically in figure 2.2.1. The core of an optical fibre is of the order of a
few microns radius. At this size the wave properties of light are apparent and the

confinement of the light can be thought of more as a balance between the diffraction
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Figure 2.2.1 Step index fibre showing fibre cross section along the
optical axis (left), the cross section perpendicular to the optical axis
(middle) and the refractive index profile (right). The light is confined
to the core of radius a.

of the light in the core and reflection at core-cladding interface. The cladding pro-
vides a boundary condition to which Maxwell’s equations can be solved. The stable
solutions are known as the transverse modes of the fibre where the light propagates
without change except for phase.?2 Each mode of a fibre will propagate with its own
effective refractive index neg with neladding < Net < Ncore- If a fibre only supports
one mode it is a single mode fibre else it is a multi-mode fibre. The mode in a
single mode fibre or the mode with the highest nes in a multi-mode fibre is known
as the fundamental mode and the rest are referred to as higher order modes. The
fundamental mode will have a Bessel profile with the highest intensity propagating
through the centre of the core.

A type of fibre that is similar to the step index fibre which is also used in this
work is graded index fibre. Graded index fibre is all solid but has a gradual variation
in refractive index between the high index of the core and the lower index of the

cladding. These have an advantage of preserving mode size under bending.?
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2.3 Wave equation and propagation constant

To effectively describe how light propagates through a fibre the wave equation is

often used which arises from solving Maxwell’s equations:

0B
E=—— 2.3.1
V x 5 (2.3.1)
oD
H= —— 2.3.2
V x J+ TR (2.3.2)
V-D = p, (2.3.3)
V-B=0, (2.3.4)

where E is the electric field vector; H is the magnetic field vector; D is the electric
flux density; B is the magnetic flux density; J is the current density vector; py is
the charge density.

Within a medium the permittivity, €., and permeability, u,, are taken into ac-
count along with the electric polarisation, P and magnetic polarisation, M, the

electric and magnetic flux density can be expressed as

D =¢)E+ P =¢p5,E (2.3.5)

and B = yoH + M = popuH. (2.3.6)

In optical fibres there are no free electrical charges and it is a non-magnetic
medium. Thus the terms, J, py and M are zero.

By taking the curl of equation 2.3.1, substituting in equations 2.3.5, 2.3.2, 2.3.6,

using identity V x V x E = —V2E one can arrive at the wave equation:
1 O’E o*P
V?E — — — 2.3.7
2 92 Mg ( )

where v is the velocity of light in a medium and is related to the speed of light, c,

and the refractive index, n, by v = ¢/n = 1/(\/20&rfofir)-

A solution to the wave equation including fibre loss and assuming a plane wave



2.3 Wave equation and propagation constant 8

approximation of the light within a fibre, the electric wave can be expressed as a

distance, z, and time, ¢, dependent amplitude E(z,t):
E(x,y,2,t) = Eo(x,y)ePrwitoiaz), (2.3.8)

where FEj is the spatial amplitude of the wave, w is the frequency of the wave, ¢
is the phase offset, « is the fibre attenuation coefficient and ( is the propagation
constant defined by:

2

B = negk = nefij

where k is the wave vector which is dependent on the wavelength A\. The propagation
constant (3 is the component of the wave vector in the direction of propagation in a
fibre. In free space § = k. The propagation constant 8 can be used to describe the
phase velocity of the light but also its frequency dependence describes the dispersive

properties of the fibre.

2.3.1 Multi-mode fibre

A multi-mode fibre is a fibre that supports more than one transverse fibre mode.
Each of these modes are defined by the fibre geometry and are spatially invariant
along the length of the fibre. The modes only experience a phase change during
propagation. In a fibre core, the core-cladding interface can be considered as a
boundary condition to the wave equation which can then be solved to produce the
mode field patterns. The modes for a circular core are well known and are solved
as Bessel functions shown in figure 2.3.1 The existence of a given mode can be

determined using the normalised frequency, V,? defined as:

a
_ /02 2
V = 27TX Neore — Mjads

where a is the core radius and ncore and ngaq are the effective refractive indices of

the core and cladding respectively. For a given V', a fibre guides a number of modes.
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LPy, LPy, LP; LPy LP; LPi;

Figure 2.3.1 Fibre modes of a circular core referred to as the the
linearly polarised (LP) modes where the polarisation is in an iden-
tical state at any point in the spatial field pattern and LPg; is the
fundamental mode. The red and blue show different phases within
the mode pattern. Image courtesy of Tim Birks.

Therefore each mode will have a corresponding cut-off V' value. A single mode fibre
will have a V' less than 2.405.2

More complicated fibre geometries require numerical analysis to determine the
mode shape. This is applicable to asymmetric fibre cores and to modes that can
exist in the cladding of a fibre. Coupling between modes is a concern in mode-locked
fibre lasers as it can disrupt mode-locking.* Coupling between core and cladding
modes is also a mechanism for loss as cladding modes experience high attenuation.

Controlling coupling to the cladding modes can improve fibre transmission.”

2.4 Dispersion

The refractive index and thus the propagation constant are dependent on frequency.
Light travelling through a fibre will have a finite spectral bandwidth so this means
different components of the light will travel at different speed through the fibre. For

pulses this can lead to a spread or compression of the pulse depending on the initial
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conditions and dispersion parameters. The dispersion can arise from the material
properties of the medium (material dispersion) and the geometric properties of the
waveguide (waveguide dispersion).

The main forms of dispersion that are generally important in fibres are chromatic
and modal dispersion. Chromatic dispersion describes both material and waveguide
dispersion and will affect any light travelling through the fibre. Second is modal
dispersion which is applicable to multi-mode fibres and describes the propagation
differences of each mode. Modal dispersion can be in the form of spatial mode dis-
persion or polarisation mode dispersion which describes the propagation differences

between different spatial modes and polarisation states within a fibre respectively.

2.4.1 Material dispersion

The material dispersion can be calculated from the wavelength dependent refractive

index given by the Sellmeier equation:?

N A2
n?(\) —1= Z 52 (2.4.1)

where A; and Bj are measured Sellmeier coefficients of the material. The above
equation is the standard for optical fibres and is applicable to solid materials with
the Sellmeier coefficients of silica given by Malitson.b

However, for a gas the refractive index is dependent on the temperature and

pressure of the fluid. The Sellmeier equation for a gas at a given temperature, T,

and pressure, p, at wavelength, ), is given by:”

T
’I’L2(>\,p,T) —-1= Li

= 2.4.2
o0 T (2.4.2)

T A2
25w

j=1 i

p0,T0o

where pg and Tj are 1 bar and 0°C respectively.
The chromatic dispersion arises directly from the frequency dependence of the

propagation constant. To classify the different dispersive effects it is useful to expand
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the propagation constant as a Taylor series.

Bw) = n(w)% = fo + Bi(w —wo) + %ﬁz(w —wo)® + éﬁg(w —wo)®+... (24.3)

d™p
Bm = (W>w:w0 (m=0,1,2,...). (2.4.4)

Each subscript of 8 corresponds to a different dispersive order. gy is the initial
phase and is often omitted from descriptions of fibre. [y is the group delay and
describes the group velocity, vg, of a pulse envelope that has a group refractive
index, ng; 1 = i = %g B2 is the group velocity dispersion (GVD) and is the most
relevant to this work. This determines the spread of a pulse as it propagates and
can have a large impact on the structure of a pulse and the optical phenomena it is
subject to. It is also useful to introduce the dispersion parameter D which is related
to By as D = i—ﬁ)\l = —% Bo. B3 is known as the third order dispersion which can
distort a pule but is usually only relevant in the case of ultra-short pulses or when S
is small. Higher orders do exist but the effect is increasingly small and not covered
in this thesis.?

The group velocity dispersion is wavelength dependent and has an important
property of switching signs at a particular wavelength known as the zero-dispersion
wavelength. A positive group velocity dispersion £ is known as normal dispersion
and negative (o is known as anomalous dispersion. Physically this means that in nor-
mal group velocity dispersion longer wavelengths of light travel faster than shorter
wavelengths; this is known as normal dispersion as this is the regime of visible wave-
lengths of light in many glasses. In the anomalous dispersion regime the opposite is
true with longer wavelengths travelling slower then shorter wavelengths. A fibre that
exhibits negligible waveguide dispersion can be modelled using the Sellmeier equa-
tion 2.4.1. The GVD can then be plotted as a function of wavelength, figure 2.4.1.

The zero dispersion wavelength is located at approximately 1300 nm . Wavelengths

shorter than this are in the normal dispersion regime and longer wavelengths are in
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<150 150
e .
S 100 100f _ 11.455 o
£ o)
S sof & 50t T- 2
wv E - —
& v (0]
= of o} 11.450 >
5o ;
£ 500 & -50f g
[0} (0]
5 —100 —100} 11.445
o
0O -150 —150f

—200" —-200 ‘ ‘ : ‘ ‘ 1.440
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Figure 2.4.1 The refractive index (green dotted) calculated from
the Sellmeier equation 2.4.1 using the coefficients of fused silica. The
corresponding [, and dispersion parameter D are shown in blue
dashed and red solid lines respectively.

the anomalous dispersion regime.

Figure 2.4.1 also shows the D parameter mentioned previously and shows its
sign change at the zero dispersion wavelength. The GVD experienced by a pulse
induces a frequency variation across a pulse known as a chirp. GVD is also relevant
in the interplay between certain nonlinear effects, which only manifest in certain

GVD regimes. These nonlinear effects will be discussed later in section 2.6.

2.4.2 Waveguide dispersion

Waveguide dispersion arises from the geometry of the waveguide. The inhomogene-
ity introduced by boundary conditions at a core-cladding interface create a different
propagation constant for the wave vectors that compose the guided light. In a
free space plane wave the wave vector is in the propagation direction and has no
waveguide dispersion. When confined to a waveguide, the propagation constant is
a distribution of wave vectors confined in the core. The different wave vectors are

wavelength dependent and so give rise to dispersive effects. The waveguide disper-
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sion is typically small compared to the material dispersion at 1pm, but becomes
important in the cases of small core fibres and of low material dispersion fibres such
as hollow core fibres.?

In the case of hollow core fibres the waveguide dispersion can be estimated using
the capillary modal. This is where the core is approximated by a cylindrical tube
and the waveguide dispersion can be given by:®
i

oA =1 - g

(2.4.5)

where ng1 () is the wavelength dependent refractive index of the fundamental mode
of the fibre, jo; is the first zero of the Jy Bessel function used to describe the
fundamental mode, and a is the core radius. Using this equation the waveguide
dispersion can be estimated, though it is not applicable to complicated waveguide
shapes it is sufficient to estimate the waveguide contribution to the overall dispersion

of the fibres used in this thesis.

2.4.3 Modal dispersion

As discussed previously the chromatic dispersion is composed of contributions from
the material dispersion and the waveguide dispersion. The total chromatic disper-
sion is applicable to one given mode and each mode will have a slightly different
propagation constant. This means that as light travels in a multimode fibre the
modes will eventually spread apart reaching the fibre end at different times. This is
known as modal dispersion. Modal dispersion occurs between the transverse spatial
modes of a fibre and can also occur between two polarisation modes of a fibre. The
polarisation modes of a fibre tend to have a close propagation constant and thus

small modal dispersion compared to spatial mode dispersion.
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2.5 Polarisation

An electromagnetic wave is composed of electric and magnetic waves propagating in
the same direction. The amplitudes of the electric and magnetic fields oscillate in
orthogonal directions. Polarisation in optics refers to the orientation of the ampli-
tude oscillation of the electric wave. If all the waves within a beam of light are in the
same orientation then it is linearly polarised. If the oscillation orientation rotates
it is circularly or elliptically polarised. If the orientation is randomly distributed in
space or time then the light is said to be depolarised. It is possible to have different
proportions of the light in the same orientation and can be partially polarised which
can be described as the degree of polarisation.

Polarisation of the light can have an impact for different applications and is of
importance to the stability of a fibre laser. In an isotropic material such as bulk
silica the polarisation of the light will remain unchanged when propagating through.
However, some materials and fibre geometries exhibit birefringence where differ-
ent polarisation states experience a different refractive index. This can change the
polarisation state by either rotating it, converting between elliptical and linear or
depolarising light. Birefringence can occur in naturally non-isotropic materials but
can also appear in silica fibres when the structure is under stress; breaking the sym-
metry of the molecular structure. In fibres this can occur through tight bending,
compression or having an asymmetric core shape. Some fibres have birefringence de-
liberately engineered into them through the addition of stress rods either side of the
core. This has the effect of creating two axis of the fibre to guide different polarisa-
tion states without distortion from bending or other effects. These are polarisation
maintaining (PM) fibres. Both PM and non-PM fibres were used in this thesis and
the differences between the two were found to have an impact of the performance of
mode-locked lasers as discussed later in chapters 6 and 7. Comparative micro-graphs

of PM and non-PM fibre is shown in figure 2.5.1.
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125 pm

Figure 2.5.1 Micrographs from Thorlabs dataheets of non-PM step
index fibre and PM panda fibre (YB1200-6/125DC-PM fibre).

2.6 Nonlinearity

The field of nonlinear fibre optics is extensive and covers many optical phenomena.
This section will describe the phenomena relevant to this thesis as well as a brief

introduction to the origins of them.

2.6.1 Dielectric material polarisation

Silica is a dielectric material meaning that when light passes through it the dipole
moments within the material are displaced. This dipole displacement also has a
polarisation associated with it and is a mechanism through which light interacts
with the material. The constitutive relation for light travelling through a medium is
2

given by equation 2.3.5. In an optical fibre the permeability is approximately one

meaning the refractive index is given by
n? = e,. (2.6.1)

It is useful to introduce the electronic susceptibility tensor, x. = €, — 1 where
€ is the relative permittivity of a material. The electronic susceptibility relates
the electric field, E, to the polarisation density of the dipoles in a material P as

P = ¢gxcE where ¢ is the electric permittivity of free space.
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To classify the optical phenomena in this thesis it is useful to expand the polar-

isation density with a Taylor expansion:
Py = Py + cox\VE + X PEE + ¢ox® EEE + ... (2.6.2)

where y(!) is the linear susceptibility which relates to the linear refractive index and
the fibre attenuation discussed later. x() and higher are the nonlinear susceptibili-
ties that govern different nonlinear effects.

Combining equations 2.6.2, 2.3.5 and 2.6.1 the refractive index n can be given

as:

n =14 X0 + xOE + Y®EE... ~ ny + n,EE, (2.6.3)

this can then be split into linear and nonlinear parts in terms of electric field or

intensity I,

24/(3)
n=1/1+x1 +x® /2n0EE = ng + X 1= no + nal (2.6.4)
2ngcegn
where the linear refractive index ng = /1 4 x(1) and the nonlinear refractive
index is ng = 2x® The refractive index is dependent on the light intensity, which

2ngcegn ”

gives rise to the nonlinear effects observable at sufficient intensities of light.

2.6.2 Self-phase modulation

The Kerr effect arises from x(®) nonlinearities with the basis being that the refractive
index is dependent on the intensity of the incident light. This can manifest in two
ways. Spatially a beam with a higher intensity of light in the centre will create a
higher refractive index at that point and will focus light to the centre of the beam,
this effect is known as Kerr lensing. Secondly, in the time domain for a pulse of light
it means the refractive index seen by the pulse is larger at the peak amplitudes of

the pulse. This causes a nonlinear phase shift of the components of the pulse. This
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Figure 2.6.1 FExample normalised spectra of an initially transform
limited pulse after undergoing a phase shift (labelled) induced by
SPM.

nonlinear phase shift (¢xz) is given by:

2mneg

Aeg

OnL = vPoLet = PyLeg, (2.6.5)

where Py is the peak power, Lg is the effective fibre length taking into account fibre
losses (which is discussed further in section 2.8), v = /2\2% is the nonlinear coefficient,
n9 in the nonlinear refractive index, A is the light wavelength and Ag is the effective
mode area within the fibre. As a pulse propagates down a fibre it accumulates
nonlinear phase shift. This does not directly affect the pulse duration but will
broaden the bandwidth of the pulse resulting in a chirp. This process is called self-
phase modulation (SPM). The spectral broadening from SPM is characterised by
the introduction of a series of peaks in the pulse spectrum which is proportional to
the accumulated phase shift as shown in figure 2.6.1. The number of peaks is defined

as M and is related to the phase shift ¢ as:”

¢ = (M +0.5)x. (2.6.6)
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2.6.3 Modulation instability

Scalar modulation instability (MI) arises from fluctuations in the amplitude of a
continuous wave (CW) or pulsed laser. The effects of self-phase modulation and
anomalous dispersion compress these fluctuations and can turn a CW laser into a
pulse train, or modulate a pulse to have periodic amplitude fluctuations across its
duration. In the spectral domain this manifests in the generation of new frequencies
either side of the main pulse spectrum. The new frequencies will be generated

according to the modulation instability gain curve determined by:"
1
9(Q) = |59 (02 — 9%)7, (2.6.7)

where (9 is the group velocity dispersion, 2 is the angular frequency shift from
the central pulse frequency, €. is the cut off frequency shift after which no new
frequencies are generated from the main pulse (though this effect can cascade and
2nd order MI frequency peaks can be generated at sufficient powers). €2 is defined

by the nonlinear coefficient (), peak power (Fy) and the group velocity dispersion

(B2) by:
_ 4’)/P0

Q.= . 2.6.8
°= T (269
The MI generated frequencies with the highest gain are found at Q. = j:f}%,

shown in figure 2.6.2.

2.6.4 Raman effect

The Raman effect is the production of new frequencies of light based on the in-
teraction between light and molecular vibrations. This interaction occurs in two
forms where energy is either transferred to the material from the photon or from the
material to the photon. The photon can lose energy (lower frequency) exciting the
vibrational or rotational energy of the molecule in question as an optical phonon,
where the new photon frequency is called a Stokes wave. Conversely, the material

can impart some energy to a photon increasing the photon energy producing higher
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Figure 2.6.2 Example MI gain as function of angular frequency
shift. Gain curve was generated for a pulse of 500 kW peak power,
7 =26x10"°W ~'m~! and a central wavelength of 1064 nm .

frequency light as the anti-Stokes wave. The Raman effect can be a useful tool in

areas such as spectroscopy'’ or as a laser gain mechanism.!!

However, it is not
always a desired effect as it can add an extra level of complexity to optical systems
and compete with other nonlinear effects, creating highly structured pulse spectra.'?
The Raman effect can be minimised by propagating at low power or in a vacuum.
However, some applications still require high nonlinearity, such as spectral broaden-
ing for pulse compression. In these cases a monatomic gas, i.e. a noble gas, can be
used that does not have vibrational or rotational modes to excite and so does not

have a Raman response.!?

2.7 Nonlinear Schrodinger equation and solitons

As a pulse propagates through a medium it is subject to both dispersion and non-
linear effects, specially self-phase modulation. These two effects can strongly shape
a pulse. The amount of dispersion experienced by a pulse is dependent on the pulse
spectral bandwidth and affects the pulse duration. The nonlinearity is dependent

on the pulse peak power, and in turn the pulse duration as a shorter pulse will have
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a higher peak power, and affects the pulse spectrum. The interdependency of the
dispersion and nonlinearity mean both need to be considered simultaneously when
describing pulse propagation.To describe the overall effect of these the nonlinear

Schrodinger equation is used. This partial differential equation is show is given as:

DA i, B OPA .,

where A = A(z,t) is the time and distance dependent pulse envelope , z is the
propagation distance along the fibre, « is the loss coefficient, 35 is the group velocity
dispersion, t is time in the reference frame of the pulse, and v is the nonlinear
coefficient. This equation is heavily used to describe pulse propagation within a
fibre and many numerical methods have been developed to solve it, such as the split
step Fourier method!® which will be reviewed in chapter 5.

A special case solution of the equation is in the anomalous dispersion regime
where 8o < 0. In this regime the effects of nonlinearity and dispersion oppose one
another and can cancel out resulting in a stable propagation with no change in
pulse parameters apart from attenuation. This solution is known as a soliton. The
analytical solution is:

A(t) = N sech?(t/7), (2.7.2)

where N is the soliton order shown in equation 2.7.3 and 7 is the pulse duration in

1/e? width?

7_2

@ .

For the case of N = 1, the soliton is known as a fundamental soliton and was first

N =~P, (2.7.3)

reported in surface waves on water in 1834'* and later in fibres in 1980.15 There are
solutions to the NLSE that exhibit similar behaviour but have a periodic amplitude
fluctuation in distance or time. These are known as higher order solitons” where

N > 1. This periodicity gives rise to the descriptive parameter of a soliton period, zg:

7TT2

e =
2|3

. (2.7.4)
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If a pulse is propagating in the anomalous dispersion regime and has sufficient
intensity to induce SPM then it will tend to a soliton shape even if it is initially
the wrong duration or shape.” A pulse will transition into a soliton usually by
shedding some energy until it reaches the steady state parameters. This energy is
shed a dispersive wave that propagates in the same direction. This makes soliton
propagation quite stable and relatively easy to excite.

In a system constructed of many components, such as a laser, the pulse is not
always subject to constant GVD or nonlinearity and can undergo discrete changes in
parameters. Solitons in such lasers will then experience a certain periodicity in the
laser cavity round trip. A soliton in such a system will be identical at a given point
in the laser cavity, e.g. at the output coupler, even though it may change duration,
energy or bandwidth as it travels through a cavity. These can be referred to as
self-similar or breathing solitons as each pulse exiting the cavity is identical to the
previous pulse. These still have soliton like properties but can be made in different
regimes. For example, at 1064 nm the light is in the normal group velocity dispersion
regime of silica, but a self-similar soliton can be generated in a 1064 nm laser cavity
provided there is a component that applies enough anomalous dispersion to the

pulse, such as a chirped fibre Bragg grating.

2.8 Fibre loss

As light propagates through a fibre, some of it is lost due to absorption or scattering
by the material or from imperfect confinement. For a given fibre, the loss is typi-
cally quoted in dB/km. For many practical purposes it is possible to simplify the
mathematics by introducing an effective fibre length L.g = H#(_O‘L) for a fibre of
length L with and absorption coefficient «, such that a lossy fibre can be equated to
a shorter, loss-less fibre when dealing with nonlinear effects. This is used through
the experimental sections when calculating fibre properties from measured results
of self-phase modulation or modulation instability. The effective length is also used

in the numerical modelling in chapter 5 to optimise the calculations.
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The absorption coefficient « discussed previously is related to the imaginary

part of the linear susceptibility while the linear refractive index is related to the real

paurt:16
a(w) = =SV (W) (2.8.1)
n(w) =1+ %%[X(l)(w)]. (2.8.2)

These equations mean that the frequency dependent linear refractive index can

be determined from the fibre loss using Kramers-Kronig relations:'6

n(w) =1+ ;/OOO QS(_QLQdQ. (2.8.3)

This is a useful tool as it means the refractive index, and in turn the dispersion,
can be estimated from the measured transmission of a fibre. This gives an indication
of the shape of the group velocity dispersion curve across the transmission band of

the fibre and what the zero-dispersion wavelength is.

2.9 Other guiding mechanisms and hollow core fibre

The physics presented in this chapter so far has been explained in the context of solid
core, step index fibres. These are the standard type of fibre and useful for introducing
the main concepts of light in an optical fibre. However, different guiding mechanisms
do exist that do not depend on a high refractive index in the core to refract light.
The two other guiding mechanisms in use are photonic band-gap guidance and anti-
resonant guidance. Fibres of these different types are shown in figure 2.9.1. A
photonic band-gap fibre has a periodic structure surrounding the core of either holes
in the glass or rods of a different glass or dopant. Individually, these act as partial
mirrors but are placed in a larger structure designed to manipulate the wave-vectors
of the light in the cladding to suppress cladding modes and keep the light in the

core, and can be considered a kin to a 2D Bragg mirror.!” Anti-resonant fibres use a
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Figure 2.9.1 Right to left: NCF antiresonant fibre drawn in house
with a core of 34 ym, photonic band-gap fibre with air holes drawn
in house, Hollow-core photonic crystal fibre (Thorlabs HC-1060 with
10 pm core).

thin wall around a core. The thin wall and core mode can be thought of as coupled
resonators and are designed to be in antiresonance and minimise the amplitude
in the thin wall and the rest of the support structure.'® Further engineering of
the geometry of these fibres can then minimise coupling into leaky cladding modes
and improve fibre transmission. The concepts described so far in this chapter are
applicable to both photonic band-gap fibres, anti-resonant fibres as well as step
index fibres. The key differences between the photonic band-gap and anti-resonant
guidance with simple step index fibres is that these fibres allow further engineering
of the waveguide dispersion and the core does not require a higher refractive index
than the cladding. A low refractive index core is of particular interest in this thesis.
The main consequence of this is that a fibre can be constructed that has a hollow
core. The majority of hollow core fibres used in this thesis are of anti-resonant
design. The theory, design and fabrication of such fibres will be discussed later in

chapter 3.



Chapter 3

Fibre Design and Fabrication

3.1 Introduction

For this work many different types of optical fibres have been used and fabricated.
Chapters 6 and 7 cover work in mode-locked fibre lasers. These fibre lasers contain
many different types of fibre in one cavity and will be discussed further in the
relevant chapters. The main component pigtails and gain fibre used in the laser
cavities in chapters 6 and 7 are commercially bought fibres. The delay fibres used to
lengthen the laser cavities were custom made for the purpose and drawn in house.
Chapter 6 covers the work done with large mode area fibres. The large mode area
fibres consisted of either step index fibre or graded index fibre. The fabrication of
these will be discussed in section 3.2. Chapter 7 covers the laser cavities constructed
using hollow core fibre as the delay fibre. The same fibres are then used in chapter 8
to create self-phase modulation on an existing pulse by filling the fibre with gas.
Section 3.3 covers the design and fabrication of the negative curvature hollow core

fibre used in both chapters 7 and 8.
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Figure 3.2.1 Diagram of a fibre tower. Cane puller is for drawing
canes only. Coating applicator, tension wheel and collection drum
are for drawing to fibre.

3.2 All solid fibres and tapered fibre

Solid optical fibres fabricated for this project were done using a fibre tower. A large
scale version of the fibre structure known as a preform is constructed or bought and
is then drawn down into fibre through a furnace. A diagram of a fibre drawing tower
is shown in figure 3.2.1. The glass preform is held in a chuck and lowered into the
furnace at controlled rate. The furnace heats the glass and the softened glass is then
pulled into a thinner form with the same structure. The preform can be pulled into
an intermediary stage called a cane which is thinner than the preform but still much
larger than the final fibre. Canes are normally rigid and are drawn using the cane
puller shown in figure 3.2.1. Everything below the cane puller shown in figure 3.2.1
is used when drawing to fibre only. The fibre is pulled through the furnace by the
force of the turning collection drum through a coating applicator. The fibre is then

wound onto a collection drum.
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The outer diameter (OD) of the fibre is monitored as it comes out of the furnace.
The OD of the fibre or cane is controlled by the preform feed and draw speed.
Adjusting the applied tension by changing the draw speed allows for the thickness
to be controlled and tapers can be made directly on the tower.

The large mode area fibres (LMA) used in chapter 6 were initially drawn by Jim
Stone. Further step and graded index fibres, both tapered and non-tapered, were
drawn by myself and Ben Cemlyn.

3.3 Negative Curvature Fibre

Negative curvature, hollow-core anti-resonant fibre (referred to as NCF) is a type of
leaky mode fibre that guides light using an anti-resonant method, as total internal
reflection is not applicable to hollow fibres. The leaky mode definition means the
modes are not traditional bound modes but instead have decaying light in the trans-
verse direction that is blocked by the cladding structure. These modes experience
waveguide loss but not in sufficient amounts to distort the mode shape.'® Negative
curvature fibre was first trialled in a “Kagome” fibre??:2! and found to significantly
improve the fibre guidance of the core mode. Further study then revealed that
the negative curvature wall was an excellent guiding mechanism and could be used

without the Kagome structure simplifying the fibre design.??

3.3.1 Fibre design

The majority of fibre fabricated for the low repetition mode-locked laser cavity
project was of the negative curvature, hollow-core anti-resonant design. This is
based on the design by Fei Yu et al.?3 but designed to have a central wavelength of
1064nm . The design of this fibre requires several factors to be taken into account.
The notable ones that will be discussed here are: the wall thickness, curvature,
core size, cladding capillary size and the draw down ratio. These factors are shown

illustratively in figure 3.3.1.
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Figure 3.3.1 Visualisation of key parameters of NCF. d is the wall
thickness, Dcore is the core diameter, R is the radius of curvature
of the core walls and the hashed area is the area of the cladding
capillaries. Background image is an SEM image of an existing fibre.

Wall thickness

The wall thickness is an important parameter as it is related to both the wavelengths
included in the transmission bands and the attenuation of the fibre.

The position of the transmission bands can be approximated by the anti-resonant
reflecting optical waveguide (ARROW) model.?* This model is based on viewing the
main core mode and the cladding modes as two coupled resonators. As such they
will have a resonance wavelength where light will be transmitted through the core
wall. Away from these wavelengths the light can be guided provided it is prevented
from coupling with other cladding modes. Under the ARROW model the resonant

on1d [na?
Am = —22 [127 (3.3.1)
m ni

where n; and ng are the low (air) and high (glass) refractive indices, d is the wall

wavelength, An,, is given by:

thickness and m is an integer denoting the order of the resonance. Ay, corresponds to
the points of high attenuation between the transmission bands. For a given cladding

material the position of the transmission bands are determined by the wall thickness
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d. The main transmission band located between A; and Ag is the band normally
used for operation. The main dependences that can be determined by examining
equation 3.3.1 is that A\, is proportional to ny and d, so if these are increased then the
transmission band widens and shifts to longer wavelengths. However, increasing n;
will shift the transmission band to longer wavelengths but narrow the transmission
band.

The transmission band can be shifted by altering the core medium. This can
be done by filling the fibre with a gas or liquid. As the gases used in this thesis
have a refractive index close to one®> the affect on the fibre transmission from gas
filling is assumed to be negligible. For the case of filling with a liquid with a high
refractive index then changes to the transmission window would need to be taken
into account.

The wall thickness has also been shown to impact the fibre attenuation both from
simulations and experimentally by Yu et al.?* Ideally, the wall thickness should be

as thin as possible to prevent coupling between core and cladding modes.

Wall curvature

In addition to the parameters set by the ARROW model for guidance, the fibre
geometry also plays a key role in core-cladding mode coupling and thus transmission
properties. The wall curvature is set by inflating the cladding capillaries during
fabrication to expand the wall into the core. To achieve low loss a thin wall is
desirable.? However this has to be done such that the design wavelength is still in
the transmission window. The other geometric properties that need to be considered
are the curvature of the walls and the size of the connecting nodes in this fibre.
Decreased radius of curvature generally increases the confinement although this is
not a simple correlation as shown by in figure 3.3.2. However, practically when
fabricating this, the nodes connecting the NCF walls will also increase in size and
start to guide light. This means light from the core will couple to the lossy node

wave-guides and increase the fibre loss.
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Figure 3.3.2 Confinement of core mode for varying curvatures sim-
ulated by Belardi et. al.’

Core and cladding capillary size

The diameters of the cladding capillaries and the core also play a role in the per-
formance of the fibre. The cladding capillaries can guide their own“air modes”
which act as a loss mechanism to the core if core light can couple to them from the
core.® The phase matching conditions between the core and the air modes of the
cladding also determine the single mode and multi mode guiding properties of the
fibre. The fibres fabricated and used in this thesis all have 8 cladding capillaries as
that was a proven design.??> The core size of the fibres drawn has resulted in the

fibres supporting the LP1; mode in addition to the fundamental mode.

Draw down ratio

There are also fabrication constrictions that need to be taken into account in the
design stage. Namely the limit on draw down ratio from preform to fibre. This arises
from the effect of surface tension opposing the inflation of the capillaries to form
the curved wall while the preform is in the furnace. This becomes more prevalent
for smaller fibres, i.e. fibres designed for short wavelengths (< 2pm). Previous

fabrication has found the ideal ratio is approximately 10 to 1 cane to fibre diameter
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Figure 3.3.3 Example transmission spectra (blue line) measured
with a design wavelength of 1064 nm (black line). The red line is
the calculated variation in refractive index using the Kramers-Kronig
relation discussed in section 2.8.

for fibres designed for 1064 nm. Slightly larger draw down ratios are possible but
require higher pressures during the draw and proved to be more sensitive to draw
parameters and thus more difficult to produce a consistent quality of fibre. This was
the main limitation on drawing long lengths of fibre as the fibre length is dictated
by the draw down ratio and the length of the preform.

To further improve the quality of the fibre at short wavelengths an outer jacket
of fluorine doped silica is used. This directly has no impact on the optical properties
of the fibre as it is far from the core and cladding light. The benefits arise from
fluorine doped silica having a lower melting point than pure silica. This allows for a
more uniform heating of the fibre as it is drawn through the furnace thus reducing

distortions and asymmetry in the final fibre.
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Fibre dispersion

For a fibre with an air or gas filled core, the material dispersion is low, meaning that
the waveguide dispersion needs to be considered. The variation in refractive index
(and thus the chromatic dispersion) can be approximated from the transmission
window shape from the Kramers-Kronig relations.'® The zero-dispersion wavelength
of the fibre lies near the centre of the transmission window with longer wavelengths
being in the anomalous dispersion regime and shorter wavelengths in the normal
dispersion regime as shown in figure 3.3.3. The desired dispersion regime at the
operation wavelength needs to be taken into account when engineering the position
of the transmission band. Though the zero dispersion wavelength can be fine tuned

by pressurising with different gases.?”

3.3.2 Negative curvature fibre fabrication

NCF fabrication is divided into two main sections: fabricating canes and jacketing
the canes and drawing to fibre. The canes are the intermediary stage where the fibre
structure has been constructed in a large rigid cane that is then ready to be drawn
to fibre. The jacket refers to a glass tube to which the cane is inserted.

The canes were designed using a MATLAB script, originally constructed by Fei Yu,
taking the factors discussed in the previous section into account to produce a stacking
guide. Inputs include target core size, fibre diameter and dimensions of the two jacket
tubes. An example of the output design is given in figure 3.3.4. Appropriate silica
tubes were selected or drawn to match the design with some adjustments made to
the design based on what tubes are available. The stack used to make this fibre is
shown in figure 3.3.5. The canes are made by inserting eight smaller, thin capillaries
into a larger silica tube. At this stage the main silica tube has an outer diameter
of 25 mm and has an inner diameter approximately 10 mm . Two supporting tubes
are placed in the core at each end of the stack to separate the cladding capillaries.
The stack is then drawn down to cane of approximatively 2mm . At this stage the

capillaries are fused to each other and the outer jacket as shown in figure 3.3.6a.
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NCF Design
Stack Tube OD = 25 mm, Stack ID = 11.32 mm, Stack Capillary = 3.1053 mm, Stack Core = 50093 mm, Tolerance = 0.05 mm.
Cane OD = 2057 8 mm, Cane Core = 412 33 mm, Finally Fibre OD = 159.7 um. Cane Fibre DrawdownRatio = 12 885

T T T
The Outer D of jacket tube is 2309.3572, Fibre outer D is 179.2261

mm

Figure 3.3.4 Example NCF design produced for an operation
wavelength of 1064 nm showing the size of glass tubes needed for the
two out jackets, the cladding structure and the central supporting
tube. Design was created as part of this work using an existing MAT-
LAB script.

Fluorine doped
~ outer jacket

Main silica tube

Cladding capillaries

Support tube

Figure 3.3.5 Diagram of NCF preform.
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Figure 3.3.6 Left: NCF cane with a 2mm outer diameter diam-
eter. Right: Completed fibre with a fluorine doped silica outer
jacket Fibre outer diameter is 244pm, inner cladding structure is
~ 60 pm and a core diameter of ~ 34um .

The second stage consisted of threading the cane into a fluorine doped silica outer
jacket. A small capillary is inserted into the core to allow for a different pressure to
be applied to the cladding structure and the core as shown in figure 3.3.7.

The cane was drawn to a fibre in the fibre tower with a coating being applied to
the outside. The fibres had a final outer diameter of approximately 240 pm for fibres
drawn with a fluorine doped silica outer jacket. Some fibres drawn for this work
did not have a fluorine outer silica jacket and thus have a smaller outer diameter of
approximately 160 pm . The final fibres had a core diameter of approximately 35 pm .

The final fibre drawing stage required precise parameters to maintain the cladding
structure and provide the correct curvature to guide light adequately. Although the
drawing parameters can be roughly calculated, the precise values were found by trial
and error. Figure 3.3.8 shows three examples of unsuccessful fibre draws before the
correct parameters were found. The typical parameters used to draw low loss NCF

are given in table 3.1.
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Figure 3.3.7 Pressurisation schematic of the NCF cane. The core
is pressurised at atmospheric pressure and monitored. The cladding
is then pressurised to inflate the cladding walls in toward the core.
The vacuum collapses the fluorine doped outer jacket when one was
used.

Draw Speed 6.7 m/s
Feed Speed 75 mm/min
Temperature 1955 °C
Pressure in cladding 19  Pa above room
Tension 220 g
Outer Diameter 245 nm

Table 3.1 Typical fibre draw parameters of the hollow-core nega-
tive curvature fibre designed to guide 1064 nm .
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Figure 3.3.8 Examples of three different fibre draws resulting in
inadequate fibre. Left: the furnace temperature was too high re-
sulting in under inflation, middle: the pressure in the cladding was
too high resulting in over inflation and right: capillary over attached
resulting in strong asymmetry.

3.3.3 Fibre characterisation

The initial characterisation of the fibre gives a good idea of how it will perform in
a laser cavity. The first characterisation performed was to photograph the cladding
structure through a microscope. This was normally done during the draw to monitor
the curvature. The core diameter is measured at this point using a calibrated scale
in the microscope image. The wavelength transmission was also measured for each
fibre. This was done by sending a white light from a Xenon-bulb or a supercontinuum
into a standard SMF-28, step index fibre that was then butt-coupled or focused
onto the end of the NCF. The output was then measured with an optical spectrum
analyser. It is customary to perform a cut back measurement where the fibre is
cut shorter by a known amount and the relative change in output spectrum power
can then be used to calculate the fibre attenuation. As the fibres drawn for this
work were required to be as long as possible this was not done to most of the fibres.
Instead the attenuation was estimated for the design wavelength through measuring
the fibre throughput. The ratio of light of a given wavelength measured coming out
of the fibre relative to the light incident gives an upper value of the fibre attenuation.

The mode pattern was also analysed by focusing a CCD camera on the fibre end

using lenses and a ytterbium ASE source centred at 1030 nm . As the core diameter



3.3 Negative Curvature Fibre 36

20k X1iBeo, 10w

Figure 3.3.9 Micrographs imaging the fibre end of a low loss
48m NCF. Left: SEM image of fibre end structure. Middle: Op-
tical micrograph showing the core mode profile. The asymmetry in
the intensity pattern indicates higher order modes present in addi-
tion to the fundamental mode as discussed in section 2.3.1. Right,
overexposed optical micrograph showing the illuminated fibre struc-
ture, air guided cladding modes and the modes guided in the nodes
between the negative curvature walls taken by illuminating the entire
fibre input.

is known at this point, micrographs were taken with the structure illuminated and
again with only the core mode excited to scale the image and measure the mode
field diameter. The mode purity is also qualitatively assessed at this point by the
symmetry of the mode pattern and its resilience to physical fibre perturbation. The
air guided cladding modes and node modes can also been seen at this stage. These
modes are shown in figure 3.3.9. It is worth noting the difference in intensity between
the air guided cladding modes. These show the differences in guiding capabilities
in the cladding structure as these relative intensities did not change with offsetting
the incident spot on the fibre or by bending the fibre. This shows there is some
asymmetry in the fibre structure. As seen in the SEM image in figure 3.3.9 the core
has some ellipticity. These asymmetries can create a birefringence in the core that

needs to be take into account when managing polarisation within a laser cavity.



Chapter 4

Mode-locked Fibre Lasers

4.1 Introduction

This chapter covers the necessary theory of mode-locked fibre lasers (MLFL) that
are relevant to the experimental chapters 6 and 7. A brief introduction is given with
a historical context. Section 4.2 gives the overview theory of a laser cavity followed
by the information on the laser gain used in this thesis. Section 4.4 covers the
methods used to create a mode-locked laser and the different operating regimes of
such a laser are described in section 4.5 and characterising laser pulses in section 4.6.

The main focus of the MLFL work in this thesis is in reducing the repetition
rate. The challenges and existing work in this area is summarised in section 4.7. The
chapter concludes by covering some of the more specialist laser components used in
this thesis in section 4.8.

MLFLs are a type of pulsed laser that are known for producing ultra-short pulses
(<10ps) at high repetition rates (50 MHz to GHz ). They are an industry standard
in many applications®®2%30 but also are of interest in scientific research both as a
tool and as the subject of research. The short, high intensity pulses allow for study
of nonlinear optics and they are the work horse in the study of ultra-fast optics.?®
Two main types of mode-locked laser that exist are solid state (bulk) mode-

locked lasers and optical fibre mode-locked lasers (MLFL). Both have advantages
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and disadvantages that make them suitable for different applications. Solid state
lasers are constructed out of free space components and the light is directed with
mirrors and lenses. These lasers can handle high power as the beam can be spatially
broadened to lower intensity where needed. Maintenance is a factor in the continual
operation of these lasers, as they periodically require precise re-alignment to operate
efficiently. Conversely fibre lasers are not known for producing high power as they
are subject to the damage thresholds and nonlinear limitations in optical fibres.
Fibre mode-locked lasers do have the advantage of being robust and produce an
output beam with good spatial beam quality. Fibre lasers do not require continual
alignment to function and long lengths can be wound into a compact appliance. A
more thorough discussions of the differences can be found in Paschotta.?! This thesis
is based on fibre lasers and the rest of this chapter introduces the theory specific to

those lasers using the optical fibre theory from chapter 2.

4.1.1 Historical background

3.32

The mode-locked laser was first demonstrated in 196 The term arose a year

later3? along with the first experimental example of an active mode-locked laser.3*
The first passive mode-locked laser came in 1965.3° It wasn’t until 1972 that the
first stable pulse train was seen.?%

From 1961, fibre lasers were being developed in conjunction with mode-locked
lasers.3” After 22 years of development the first MLFL was shown in 1983.3® During
the 1980s there were many developments in different types of MLFL, examples being
frequency modulated MLFL3? and amplitude MLFL.40

More recently, mode-locked lasers have been produced with interests in extend-
ing specific performance limits. For example; a shortest pulse of 28fs 4! highest

repetition rate of 160 GHz,*? and low repetition rates. It is the low repetition rate

that is of interest in this thesis and the existing work will be discussed in section 4.7.
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4.2 Laser cavities

A laser in its most basic form consists of a repeating path of light that has output
components to use the light and a gain component to compensate for losses within
the cavity. A cavity will support a number of standing waves around a central

frequency vg with a frequency separation of:

Cc

Av = ———
Jo n(z)dz

(4.2.1)

where c is speed of light, n is the refractive index at point z in the laser cavity and

L is the cavity round trip length.

4.3 Laser gain

The key component of a laser is the gain which arises from stimulated emission.
Stimulated emission is one of three main kinds of interaction of a photon with a gain
medium which occur from the excitation and de-excitation of electrons in the gain
medium; the other two are absorption and spontaneous emission. The wavelengths
that can experience gain is finite due to the allowed electron transitions. A laser
will have a finite set of longitudinal modes that are both supported by the cavity
from equation 4.2.1 and are in the gain spectrum. A representation of this is shown
in figure 4.3.1. In this work the gain medium used was an Ytterbium doped silica
fibre pumped by a laser diode. The electron transitions used are between the 2Fj /2
and 2F7/2 manifolds of the Yb3t ion.*> The pump and signal wavelengths of the
relevant transitions are shown in figure 4.3.2. The gain spectrum also determines
the minimum pulse duration achieved by a laser. As a pulse shortens in time it
broadens in wavelength. Any pulse components outside the gain spectrum do not

get amplified so the pulse duration cannot be reduced beyond that point.
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Figure 4.3.1 [Illustration of the gain spectrum (blue), the sup-
ported cavity modes (grey) and the supported laser modes that can
be amplified (red).

4.3.1 Absorption

Absorption is when a photon passes its energy to an electron putting the electron
into an excited state. This can act as a loss mechanism to the light as the energy
becomes stored by excited electrons in the gain medium. A material can have
multiple allowed electron transitions and these transitions are further blurred by
local electric or magnetic fields or by interactions with phonons. These give rise
to a range of wavelengths that comprise the absorption spectrum.** The optical
absorption cross-section of the ytterbium doped fibre is shown in figure 4.3.3. The
optical cross-section defines the strength of an interaction between light and an ion
for a transition corresponding to the wavelength of light. The pump wavelength used
in this work is 980 nm which corresponds to the peak absorption of the Ytterbium

doped gain fibre.
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Figure 4.3.2 Energy level diagram showing the *F5 /5 and *F7/,
manifolds of Yb3*.

4.3.2 Spontaneous emission

Excited electrons will eventually decay back to a lower energy state and emit a
photon of equivalent energy after a period of time known as the upper state lifetime.
This process is spontaneous emission. Light emitted from spontaneous emission
can be emitted in any direction and be of any wavelength from allowed electron
transitions. As with absorption, there is a range of possible emitted wavelengths
that comprise the emission cross-section, show in figure 4.3.3. This light is generally

incoherent.

4.3.3 Stimulated emission

An optical pump energy can be applied to a gain medium to excite the ions into
a higher state. In the presence of gain, amplified spontaneous emission (ASE) is
obtained when electrons de-excite and emit a photon at any frequency in the emission
spectrum. ASE is produced if a gain medium is pumped without a laser cavity or
in cavities at powers below the laser pump threshold. ASE can be useful as an
incoherent light source. In this work it was used for alignment of cavity components

at low power.
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Figure 4.3.3 The absorption (solid) and emission (dotted) spectra
of ytterbium doped fibre from Paschotta et. al.*> The laser transition
cross-section quantifies the probability of a photon-electron interac-
tion occurring at that wavelength.

Stimulated emission is the mechanism for laser gain. As a photon passes an
excited electron, the electron transitions to a lower energy state emitting a photon
of the same frequency, phase and direction as the incident photon. Population
inversion is achieved when there are more excited ions than non-excited ions in the
gain material. When a cavity has sufficient external pump power to supply gain, the
stimulated emission is self sustaining. This is the laser pump threshold. Applying
further pump power increases the gain of the laser light and will increase the laser

output power proportionally.

4.3.4 Gain saturation

The number of excitable ions in a given volume of gain media is finite. Thus at high
enough pump powers, the amount of gain saturates. The saturable gain, g, for a

pulsed laser is determined by:

90
g E, (4.3.1)

1 + Esat
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where go is the small signal gain coefficient, Eg, is the saturation energy and E,
is the pulse energy. The gain saturation is an important consideration for both
numerical modelling and in designing the laser cavities.

Another saturation effect to consider is the pump saturation with length of the
gain fibre. As the pump light is absorbed it is attenuated and the level of population
inversion decreases with fibre length. At longer lengths of gain fibre the gain will
become less efficient. In the absence of any pump light, the gain fibre absorbs the
signal wavelength causing additional loss within the laser. Thus, for a given pump
power there is an optimum length of gain fibre. The pump power in this work
is limited by the maximum output power of the pump diode. The optimum gain
fibre length was determined experimentally and is given in the relevant designs in

chapters 6 and 7.

4.4 Mode-locking methods

A laser cavity does not have a single operation frequency but rather has many longi-
tudinal modes that fit as standing waves within the cavity as shown in figure 4.3.1.
The output of the laser can then be assumed to be the sum of the time, ¢, dependent

electric fields, E(t), of each of the supported modes.
N . .
E(t)= Y Bpe'® i, (4.4.1)
n=—N

where E,, ¢n, wy are the amplitude, phase and frequency of the nth mode and IV is
the total number of supported modes. If the phases of the longitudinal modes can
be aligned at a given point then they will constructively interfere to produce a spike
in amplitude at that point. This is shown diagrammatically in figure 4.4.1 for four
longitudinal modes of a laser. In practice there would be many more longitudinal
modes in a laser cavity combining to make a pulse significantly more intense than
the equivalent CW operation.

The methods of mode-locking a laser cavity to produce a pulsed output can be
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Figure 4.4.1 Diagram of the electric wave of four longitudinal
modes of a laser in random phase (left) and when mode-locked (right).
The purple dashed line shows the cumulative electric field in each
case.

categorised as either active mode-locking or passive mode-locking. Both methods
operate by applying a modulation to the amplitude or phase of the light within the
laser cavity. This modulation induces a phase relationship between the longitudi-
nal cavity modes and suppress (amplitude modulation) or phase shift (frequency
modulation) the modes that are out of phase. Active mode-locking is achieved by
direct modulation of the cavity using an electro-optic, acousto-optic or other kind of
actively controlled component within the cavity. Passive mode-locking uses a non-
linear component that applies modulation in response to the pulse itself without ex-
ternal control, such as a saturable absorber mirror (discussed later in section 4.4.1),
Graphene,*® carbon nanotubes,*” Kerr lensing®® or polarisation rotation.*® The
mode-locking method used in this thesis is semiconductor saturable absorber mir-
rors (SESAMs). These are an industry standard for mode-locking and the behaviour

of such devices is reasonably well known.?"
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4.4.1 Saturable absorbers

SESAMs are passive components requiring little alignment and can achieve short
pulse durations. The SESAM works on a principle of photon absorption in a semi-
conductor to provide intensity discrimination. Incident photons are absorbed by
electrons and excited from the valence to the conduction band within the material.
When the valance band is depleted the SESAM is saturated and incident photons
are then reflected. The relaxation of electrons from the conduction band gives the
SESAM a temporal response known as the recovery time. The SESAM acts as either
a fast or slow saturable absorber depending on whether the recovery time is shorter
or longer than the incident pulse duration.

SESAM not only provides mode-locking, parameters of SESAM can define mode-
locking threshold, self starting behaviour, power limitations, define minimum pulse
duration, pulse break up energy, pulse stability, tolerance of scattering effects, re-
flections, and noise. They also have an intrinsic loss known as the non-saturable loss
that attenuates some of the incident light regardless of the level of saturation.

A saturable absorber can then be described by the change in absorbance, ¢, with

time, t :
dg  q(t) = AR P(t)
dt - TA Esat 9

(4.4.2)

where AR is the modulation depth; 74 is the recovery time; g, is the saturation en-
ergy and P is the incident pulse power.?":?2 To model the SESAM pulse interaction
equation 4.4.2 must be solved with the correct conditions.

For fast saturable absorption where 7o is much less than pulse length the ab-

sorbance can be modelled as:

q0
t) = ———— 4.4.3
q(t) I (4.4.3)

where ¢ is the small signal absorbance and Psay = Figat/7a is the saturation power.
For slow saturable absorption where 74 is greater than the pulse length the

absorbance becomes dependent on how much of the pulse power is still stored in the
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upper states of the SESAM and becomes:

q(t) = goexp —

/ " Pt (4.4.4)

sat J —o0

SESAMSs were modelled in this project as part of numerical simulations of the
modelocked cavities, typical 7o values for SESAMs used in this project are 30 ps.
Further discussion of the theory involved and how that translates to the model is

discussed in chapter 5.

4.5 Mode-locked laser operating regimes

The behaviour of a mode-locked laser cavity is dependent on the pump energy being
supplied to the cavity. Going through from low to high pump power the laser will
go through; ASE operation, CW operation, Q-switched mode-locking, fundamental
mode-locking and finally multi-pulsed at high pump powers. The fundamental mode-
locking regime is the region of interest in this work as this is the case when a single
pulse is existent in the laser cavity. The range of cavity powers where fundamental
mode-locking exists is defined by the mode-locking threshold and the multi-pulse
threshold so these will be discussed further.

4.5.1 Q-Switched mode-locking

Q-switched lasers are a type of pulsed laser which is independent of mode-locked
lasers. Q-switched lasers work on the principle of controlling the cavity net loss (or Q
factor). The cavity loss is increased via a shutter or optical switch to prevent lasing
in the cavity while continually pumping the gain medium. Reducing the cavity loss,
i.e. opening the shutter, releases the energy stored in the gain medium as a single
energetic optical pulse. Pulses from a Q-switch laser are typically nanoseconds in
pulse duration and low pulse repetition rates defined by the speed of the shutter
within the cavity.

In mode-locked lasers the net cavity loss is dependent on the intensity of the
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pulses within the cavity due to the imposed saturable absorption as described previ-
ously. This variation in net cavity loss can result in Q-switched mode-locking. This
typically manifests as a modulation on the pulse peak power. This can be either
unstable, with the pulse peak power changing seemingly randomly from pulse to
pulse, or it can form a stable modulation with the peak power varying in a roughly
sinusoidal pattern repeating every few nanoseconds.

Q-switched mode-locking is normally unwanted behaviour and careful cavity
design can minimise it. It tends to happen at lower cavity powers close to the
mode-locking threshold which effectively increases the minimum cavity power where
the mode-locked laser is practically useful. Q-switched free mode-locking can be

achieved when the pulse energy FE, satisfies:%3
Eg > Egain,satEabs,satARa (4~5'1)

where Egain sat is the saturation energy of the gain medium, E,p sat is the saturation
energy of the saturable absorber and AR is the modulation depth of the saturable
absorber. The pulse energy can be defined in terms of the average cavity power,
P,,, and the pulse repetition rate, v;ep, or the effective cavity round trip length, L

with the refractive index at distance z through the cavity, n(z):
By =2 — 2o A (4.5.2)

From this the minimum average cavity power that produces Q-switch free mode-
locking can be determined. It also scales with cavity length, such that in longer
cavities a lower average power is needed to produce Q-switch mode-locking. This is

advantageous for designing a long cavity with fundamental mode-locked pulses.

4.5.2 Multi-pulsed mode-locking

At high pump or cavity powers, each pulse can break up into multiple pulses co-

propagating through the laser cavity. This break up occurs when a pulse accumulates
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a large nonlinear phase shift as it propagates through the cavity. This is the nonlinear
phase shift induced by self-phase modulation as discussed in section 2.6. The affect of
this phase shift depends on the dispersion regime the pulse is propagating through.
In the anomalous dispersion regime the dispersion can compensate for the phase
shift and soliton propagation is possible allowing cavities of long lengths to be made.
However, in the normal dispersion regime the dispersion does not compensate for
the phase shift and the pulse will break up when the accumulated phase shift in

54

one round trip reaches 7.°* The nonlinear phase shift, ¢y, per round trip in the

fundamental mode-locking region of operation is:

ONL = VP Lesr < . (4.5.3)

This is also length dependent so this multi-pulsing threshold will decrease with
increased cavity length. This limits the performance of the laser at long cavity
lengths. Increasing the multi-pulsing threshold was the main focus of the work
in chapters 6 and 7 allowing longer cavities to be constructed without the pulse
accumulating excessive nonlinear phase shift. A means to do this is to decrease the
nonlinear coefficient . Methods for this include increasing the mode area in the fibre
and reducing the nonlinear refractive index ns, which are discussed in chapters 6
and 7 respectively.

A mode-locked laser operating in the multi-pulse regime usually operates either
in bunched pulse mode-locking or harmonic mode-locking. Bunched pulse mode-
locking (sometimes referred to as burst pulse mode-locking) where many pulses
propagate through the cavity in a cluster and stay very close in time. The pulse
separation in bunched pulse mode-locking can be unstable and drift with time. The
pulses in this regime can also be temporally close and appear as a single broader
pulse. This is usually identifiable by an interference pattern being produced in the
pulse spectra. Such patterns are shown in chapter 6 and 7. Harmonic mode-locking
is where each pulse is equally separated in time, this is the regime used for work

in increasing the repetition rate of mode-locked lasers. Increasing cavities power
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significantly higher than the multi-pulse threshold can cause further pulse break up
leading to a higher harmonic with many pulses equally spaced in time propagating

around the laser cavity.

4.6 Mode-locked laser pulse characteristics

A soliton or a self-similar soliton will have a sech? pulse shape as a solution to the
nonlinear Schédinger equation discussed in section 2.7. A soliton can be identified
from the measured shape of the temporal envelope and the pulse spectrum. In fibre
lasers, solitons also exhibit characteristic Kelly side bands.?® As a pulse interacts
with the discrete components of a laser cavity it experiences discrete changes in
dispersion, loss or gain. At these points the pulse sheds energy in the form of a
dispersive wave to reach stable soliton parameters again. The phase matching of the
co-propagating dispersive wave with parts of the main pulse result in sharp spikes in
the pulse spectrum appearing symmetrically either side of the main peak as shown
in figure 4.6.1. Kelly side bands are an indication of soliton like behaviour.
Another factor to consider when characterising a pulse is the time-bandwidth
product. This indicates if a pulse has any chirp. An ideal output pulse for this
work is chirp-free, also known as transform limited. This means that the time-
bandwidth product will be at a minimum for the pulse shape. A sech? soliton will
have a time-bandwidth product of 0.315 for a transform limited pulse measured at

the FWHM.
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Figure 4.6.1 Example spectrum of a numerically simulated mode-
locked laser cavity showing first and second order Kelly side bands.

4.7 Low repetition mode-locked lasers

The main focus of the mode-locked laser work in this thesis is in pushing the limits
of low pulse repetition rates. This is accomplished by increasing the laser cavity
length and thus increasing the round trip time of the pulse within a cavity. This
means each pulse has a higher pulse energy for the same average pump power. This
is useful for applications that want high peak power or pulse energy but low average
power such as micro-machining or supercontinuum generation.?® A low repetition
rate pulse can also result in high pulse energy for a given amplification energy as
the applied energy will be split between fewer pulses.

Current methods of achieving low repetition rate typically involve using a pulse-
picker which uses precisely controlled opto-electronics to select specific pulses and
filter out unwanted pulses. Pulse pickers are generally expensive and also require
more amplification stages to reach the same output power as energy is being thrown
away in the pulses that are filtered out.

The challenge of creating a low repetition rate mode-locked laser is to ensure the
fundamental mode-locking regime is possible for a given cavity length. The cavity
average power range that corresponds to the fundamental mode-locking regime is
defined by a range of average cavity powers between the mode-locking threshold,

Ppin, and the multi-pulsing threshold, P.x as discussed in the previous section.



4.7 Low repetition mode-locked lasers 51

10?

10t

10

Average cavity power (arb. units)

10° 10?
Cavity length (arb. units)

Figure 4.7.1 An illustration of the fundamental mode-locking
range (blue area) enclosed between the black and red lines. The black
Ppin line is the minimum average power needed for mode-locking as a
function of laser cavity length, above this line the cavity will produce
mode-locked pulses. The red lines are upper average power limit,
Prnax, given for three different combinations of pulse duration and -,
above these lines a cavity will operate in a multi-pulsed regime.

Both of these thresholds decrease with increasing cavity length and converge at long
cavity lengths. At cavity lengths longer than the thresholds convergence, the laser
will operate in a multi-pulsed regime at all powers above the mode-locking threshold
and no fundamental mode-locking can be achieved. In figure 4.7.1, Py ax converges
with the lower limit Py, showing the limitation of cavity length on the fundamental
mode-locking regime. The cavity length where the lower and upper limits converge
can be controlled to a certain extend by using different pulse durations or values
of 4. A laser with a long cavity length and fundamental mode-locking operation

requires a longer pulse duration or a smaller nonlinear coefficient .
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Figure 4.7.2 Review of reported low repetition mode-locked lasers
for ytterbium based lasers operating at =~1pmand erbium based
lasers operating at ~1.5pm. The numbers are the quoted repeti-
tion rate in kHz. The references for each repetition rate are: Yb:
[37]°6 ; [177]°7 ; [187]58 ; [191]°9 ; [217.4]%° ; [281.5]61 ; [ 700/1900]52
: [1200]%3 ;5 [948]54 ; [5960]%° ; [2000] Commercial Laser (Fianium)

Er: - [25.4]¢ ; [35.1]57 ; [58]%® ; [266]Y ; [943]™

4.7.1 Existing mode-locked lasers

A summary of achieved low repetition rates is shown in figure 4.7.2. Two types of
mode-locked lasers are shown in figure 4.7.2; erbium and ytterbium based lasers.
Erbium based lasers characteristically work at 1.5 pm which is in the anomalous
dispersion regime of silica and ytterbium based lasers which operate at 1 pmand is
in the normal dispersion regime of silica. Erbium based lasers can use the anomalous
dispersion to propagate over long lengths as shown by the lack of correlation between
the repetition rates achieved and the pulse duration. However, for ytterbium based
lasers they are constricted by the 7 limit on the nonlinear phase shift. As this is
a nonlinear effect dependent on peak power, Py in equation 4.5.3, this limits the
repetition rate achieved for a given pulse width. A longer pulse has a lower peak

power and can reach a longer cavity length before breaking up. This explains the
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correlation seen in the ytterbium based laser points in figure 4.7.2. The work in
chapters 6 and 7 in this thesis tries to break away from this correlation by control
of the cavity nonlinearity. The area of interest is using a pulse that is less than

10 ps and moving to 5 MHz or below.

4.7.2 Self starting

The creation of an initial mode-locked pulse in a laser cavity is a probabilistic oc-
currence reliant on background noise. Once a random spike in background noise
occurs, this is then amplified and reinforced by the saturable absorber and becomes
the main pulse propagating through the cavity. The parameters of the laser govern
how likely a sufficiently random spike will occur and lead to a property known as
self starting. If a mode-locked laser always produces a pulse when is it switched on
it is referred to as self starting. Not all have this property and sometimes external
intervention is required to induce the initial spike in background CW light. This
can happen by physically perturbing the fibre to modulate the attenuation in it, by
starting the laser at a higher pump power and reducing it to the desired level or
by inducing a Q-switch pulse by either blocking and unblocking the laser cavity or

switching it off and on again.

4.8 Relevant cavity components

A mode-locked fibre laser consists of a gain medium, output coupler and mode-
locking element connected by optical fibres in its most basic form. However, other
components can be used to achieve different laser parameters and designs. This
section discusses the components used in the lasers built for this thesis.

Laser diodes - the gain fibre in this work is pumped optically using a CW
laser diode at 980nm. These are electronically powered and controlled. Laser
diodes consist of a small laser cavity that use semi-conductor materials that can be
electronically pumped to create population inversion. Laser diode power can be fine

controlled by controlling the applied current. The laser diodes used in this work
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operated at few hundred milliwatts to provide the pump power to the gain fibre.

Wavelength Division Multiplexers (WDMs) - The pump light is coupled
into the laser cavity fibre by means of a wavelength division multiplexer (WDM).
These components direct different wavelengths of light through different optical fibre
pigtails. This allows for 980 nm to be directed into the cavity without 1064 nm light
being directed back toward the pump laser diode.

Isolators - A useful component is a fibre coupled optical isolator which allows
light to travel in one direction through it but not in the reverse direction. This
is useful to protect sensitive components from damage and to minimise reflections
back into the cavity. Individual isolators operate for a finite bandwidth so different
isolators may be required in different parts of the cavity to block specific wavelengths
where needed.

Circulators - Circulators direct light between specific fibre optical pigtails. Un-
like WDMs which operate on different wavelengths, circulators typically work for a
narrow bandwidth. The circulator will typically have many ports and are designed
to take input light from one port and transmit it to the next port in the series
while preventing light from travelling back to the previous port in the series. These
devices were used to incorporate reflective components into a ring cavity as shown
in the laser cavity designs in chapters 6 and 7.

Chirped fibre Bragg grating (CFBG) - A CFBG is used as an output coupler
in this work. The design of the CFBG can control how much light is coupled out of
the cavity and how much is reflected back in. These operate on the principle of a
Bragg grating which uses a periodic fluctuation in refractive index designed to reflect
a desired amount of light a particular wavelength. The bandwidth of fibre Bragg
gratings is usually small with the ones used in this work having a bandwidth of a few
nanometers. The properties of a Bragg grating can reflect light but the grating can
also be designed to apply a chirp. The chirp in this case is a gradual variation in the
spacing between the periodic fluctuations of the refractive index in the fibre. This

means different wavelengths will be reflected at different points within the grating.
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This has the effect of applying a chirp to the reflected pulse of light. This design
allows for more control over the dispersion applied to a pulse within a laser cavity.
In this case it applies a large amount of anomalous dispersion to the pulse (of the
order of tens of ps/nm). This will give the cavity a net anomalous dispersion and
create a self-similar soliton in the laser cavity. The anomalous dispersion applied by
the CFBG is much larger than the total dispersion in the rest of the cavity so the
CFBG defines the pulse duration within the cavity.



Chapter 5

Numerical Modelling

5.1 Introduction

Numerical simulations have been a useful tool in the majority of experiments con-
ducted in this thesis. The designs of mode-locked fibre lasers used in chapters 6
and 7 were tested and optimised with numerical simulations before construction.
The nonlinear effects studied in chapter 8 were also tested and compared to numer-
ical simulations.

Although commercial packages, such as Fiberdesk, exist for modelling pulse prop-
agation it was useful to develop code in house to have greater flexibility with the
simulation parameters and develop an understanding of the underlining physics.

The numerical simulations constructed are based on the split-step Fourier method
(SSFM) to model a pulse propagating through an optical fibre. This is covered in sec-
tion 5.2. The pulse interaction with discrete cavity components, such as a SESAM,
is modelled with the relevant transformations and these are covered in section 5.3.
The complete numerical model simulates a pulse propagating through a virtual laser
cavity composed of lengths of sequential fibre and cavity components. The pulse was
repeatedly propagated through the virtual cavity as necessary.

The simulation results were compared to measurements of known mode-locked

lasers to test the validity of the code. This is covered in section 5.4. The pulse
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output from a mode-locked laser may be identical from pulse to pulse but that does
not give information of how much the pulse changes as it propagates through a
round trip of the cavity. Having large amount of loss or dispersion in discrete com-
ponents can distort a pulse heavily and can impact the over all stability of the laser.
This variation is difficult to measure experimentally in a laser but analysis through

numerical modelling can give information on this. This is covered in section 5.5.

5.2 Split-step Fourier Method

A pulse propagating through a fibre is governed by the non-linear Schrédinger equa-
tion (NLSE) discussed in chapter 2. Analytical solutions to the NLSE are rare and
numerical solutions are used for situations where the analytical solution is not ap-
plicable. The pulse is subject to dispersion and nonlinear effects, which are both
counter dependent. The dispersion effects the pulse duration and is based on the
spectral width while the nonlinearity effects the spectral width and is based on the
pulse duration via peak power. To simulate this, it is not accurate to apply them
separately for the whole fibre length. The SSFM works by separating the non-
linearity and dispersion and alternately applying them to small segments of fibre.
With a small enough step size the SSFM can then be approximated to a continuous
application of nonlinearity and dispersion.

This method is derived from expressing the NLSE in the form normalised to the
pulse duration Ty, fibre dispersion length, Lp = Ty/|f2|, and peak power, Py :°

19°U

oU 107U 22
Zc’Tﬁ = 52gn(52)2 52 N4|U|*U, (5.2.1)

where U = Ay/P, is the electric field normalised to the peak power, £ = z/Lp
is the propagation distance normalised to the second order dispersion length of
the fibre, 85 and B3 are the group velocity dispersion and third order dispersion
respectively, N is the soliton order that was given in equation 2.7.3, 7 = T'/T; and

sign(f2) = B2/|B2|. The dispersive and nonlinear parts of the equation can then be
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separated out into operators on the normalised electric field U:

oU - -
< _ (b N) U, 5.2.2
o€ (D (522)

where the operators D and N are the dispersion and nonlinear operators respectively
given by:

At 2, 1 3

D = (sign(f2)w” + 3Psw

N = iN?

where w is the frequency in the Fourier domain. These operators are then applied

to the field profile alternately as:

M
U(L,T)~e 2N (H ethehf’> 2" (0,7), (5.2.3)
m=1

where L is the length of fibre and h is the step size being evaluated. The nonlinearity
and dispersion are applied in the temporal and spectral domains respectively. To
take this into account, the pulse profile undergoes a Fourier transform between ap-
plying nonlinearity and dispersion, thus earning the name split-step Fourier method.

The SSFM has a trade off where a small step size increases the accuracy of the
simulation but at the cost of simulation time. There is some trial and error in finding
a sufficiently small step size which is done by running identical simulations with an

increasingly smaller step size until a negligible difference is found.

5.3 Code overview

The numerical simulation was based on creating a normalised electric field, U(z,t),
with a sufficiently large but finite temporal window and array resolution. This
field was then manipulated as needed by the SSFM in the optical fibres or by the

corresponding laser cavity component model. The main laser cavity components
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used in the simulations are SESAMs, chirped fibre Bragg gratings, passive optical
fibre, and optical gain. These components were introduced in chapter 4 and the

simulation of these is discussed here.

5.3.1 SESAM

There are multiple ways to model the effect of a SESAM on an electric field. These
are known as fast or slow saturable absorption which depend on whether the pulse
duration is longer or shorter than the SESAM recovery time respectively as discussed
in section 4.4.1. The pulse durations considered in this work were between 4 ps and
50ps. The SESAMs used had a specified recovery time of 30 psso both regimes
of saturable absorption were developed in the code. The differences between these
regimes was tested for all the applicable pulse durations and found that the fast sat-
urable absorption model provided adequate results compared to the slow saturable
absorption model even for the short 4 pspulses simulated. The fast saturable ab-
sorption has the advantage of being computationally faster so became the default

simulation method.

5.3.2 Chirped fibre Bragg grating

The chirped fibre Bragg grating transmits a proportion of the light out of the cavity
in addition to applying a dispersion to the pulse. The loss is modelled as an out-
put coupler and reduced the electric field amplitude by the relevant amount. The

dispersion is modelled in the spectral domain as an instantaneous dispersion:
U= F(F L U).e2P?), (5.3.1)

where [y is the group velocity dispersion applied by the CFBG and w is angular
frequency. This is applied in the same manner as dispersion in the SSFM but can be
considered to be instantaneous and applied in a single calculation. As the application

of the CFBG dispersion is separate to the SSFM and applied in a single step it is
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not necessary to normalise with respect to dispersion length for this component.

5.3.3 Fibre gain

The gain calculations are incorporated into the split-step Fourier method by adding

a proportion of the gain in each unit step, dz:
Uz +6z,t) = U(z,t)Ved oz, (5.3.2)

where ¢ is the gain coefficient. This coefficient is subject to saturation effects as
described in section 4.2. The saturated gain is calculated from the small signal gain

coefficient, g, the saturation energy of the gain fibre, Fg,i, and pulse energy, F:

g=—%__ (5.3.3)

= Ep
1 + Esat

The gain is calculated by entering a value for gg in the code along with the saturation
energy Fg.:. The variable gg is the variable used to control the cavity power and
is adjusted to simulate the cavity at different pump power and to produce pulse
energies equivalent to physical cavities as needed.

Typical parameters used for the respective cavity components in the simulations
are shown in table 5.1. A passive extension fibre is the fibre under test in each
experiment. The simulation starts with an input electric field, U, of either noise
or a predefined pulse. The electric field is then transformed by the function for
a component in the laser cavity and passed to the next cavity component. This
simulates the pulse propagating through a laser cavity. The entire cavity loop is
repeated until a steady state solution is found when the pulse has negligible change
at each encounter with the output coupler over many loops through the cavity.

The simulations can be started from noise or from a specified pulse and successive
loops will eventually converge on the stable solution. The convergence time is quicker
for an input pulse that is similar to the steady state solution though starting from

noise can give a rough indication of how easily a set up will self start.



5.4 Testing simulations 61

Simulation Parameters Temporal array size 1024-4096
Half-pulse interval 100-1000 ps
Output Coupler Loss 60%
CFBG Dispersion 10 or 40 psnm ' km™!
SESAM Saturation Fluence 90pJ /cm?

Saturable absorption 0.3
Non-saturable absorption 0.1
Spot diameter 10 - 20 pm
Temporal response 30 ps
Modulation depth 0.2

Gain fibre Length 0.3 -0.7cm
Dispersion 17 psnm ™' km™!
MFD 6 pm

ny  3.2e —20m?/W
Gain 140+ 25 dBm™!
Gain saturation 5 - 10 pJ

Table 5.1 Typical component parameters used in simulations. The
parameters of the extension fibres are given in the relevant sections.

The numerical model covers the nonlinear and dispersive effects covered in the
NLSE shown in section 2.7.1 to third order dispersion and can incorporate the
relevant cavity components. However, this numerical model does not cover the
spatial intricacies of modes or polarisation dependent effects such as polarisation
dependent loss through polarisers. It is also an idealised version of a laser and was
not subject to environmental conditions like temperature fluctuations. Overall, the
simulations are designed to give an idea of whether a cavity would produce stable
pulses and the range of cavity powers where fundamental mode-locking occurs but

it does not predict how stable a cavity will be or how well it will self start.

5.4 Testing simulations

The code for each component of the laser cavity simulations was tested in compar-
ison to existing pulse propagation software Fiberdesk. The entire simulation code

was tested by comparing the stable solutions produced to measurements of existing
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Figure 5.4.1 Comparison of simulation output with measured Fi-
anium cavities for different pulse energies. The code was set up to
get a pulse energy as close to the measured value as possible then the
other parameters were compared.

mode-locked fibre lasers. Figure 5.4.1 show comparisons of measured pulse param-
eters of a known Fianium laser with the output pulse parameters of the same laser
simulated with this code. Overall the code showed reliably good correlation with in
existing laser cavity and was repeatable for different pulse durations and repetition

rates.

5.5 Pulse variation within the cavity

The pulse variation through a cavity round trip is not something easily measured
but can be shown in numerical simulations. Figure 5.5.1 shows the pulse at each
stage through simple linear mode-locked laser cavity consisting of a gain fibre and
passive delay fibre bound between a CFBG and a SESAM as used in chapter 6. The
pulse is expected to broaden at the CFBG, as anomalous dispersion is applied to it,
and to narrow at the SESAM. This is what is found in this set but with only a 4%

fluctuation in pulse duration around the whole cavity. The same was found for this
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Figure 5.5.1 Temporal pulse as it travels through one loop of the
cavity shown after each component in one cavity round trip. The
measured pulse duration varied by approximately 4%.

laser cavity set up with different lengths of delay fibre assuming negligible dispersion
in the delay fibre. Little change of the pulse parameters during propagation of the

pulse through the cavity indicated stable, quasi-soliton behaviour.

5.6 Applicability of the simulation

The simulations described here provide good comparison to well known laser sys-
tems. In practice there are many unknowns within an experimental laser cavity, for
example, the precise polarisation evolution through non-PM fibre or fluctuations in
SESAM temporal response from manufacturing methods. This can cause difference
in values such as mode-locking threshold which is usually lower in an idealised sim-
ulation which is not subject to temperature, polarisation or power fluctuations of
a real world scenario. The simulations were useful in designing laser cavities and
would give an indication of whether a laser cavity would mode-lock and the ideal
pulse produced by such a cavity. This provided a useful starting point to an exper-
iment even if the precise values differed from the experimental laser cavity results
given in chapters 6 and 7. The simulations were proved useful for modelling a single
pass through a fibre and provided a good comparison for the gas filled hollow core

fibre results given in chapter 8.
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5.7 Conclusion

This chapter has outlined the numerical tools used in this thesis for designing and
analysing mode-locked laser cavities. The numerical model was tested in comparison
with existing mode-locked fibre lasers and found good agreement. The numerical
model was then used to confirm the expected existence of fundamental mode-locking
in the cavities tested in chapter 6 and 7. The accuracy of the predictions by this
numerical model did not cover modal or polarisation effects within a cavity so gave a
more qualitative reference of laser performance when compared to lasers with strong
polarisation dependent effects.

The same numerical model covered nonlinear and dispersive effects within a fibre
and was used to quantify the effects of a pulse in a single pass of gas filled hollow

core fibre that were studied in chapter 8.



Chapter 6

Mode-locked fibre laser with

large mode area fibre

6.1 Introduction

This chapter covers the work conducted utilising large mode area (LMA) fibres as a
means to reduce the pulse repetition rate of a mode-locked fibre laser. The sections
in this chapter cover the motivation behind this work in the introduction. The fibres
used are covered in section 6.1.1. The laser cavity design used is covered section 6.2.
The representative results found with these lasers cavities are presented in section
6.3 before concluding with a discussion of this work and possible future directions
for this work.

As discussed in section 4.7, the main limitation on low repetition rate is the
nonlinear phase shift accumulated per round trip which increases with cavity length.
To reach longer length cavities, the nonlinearity can be reduced to minimise the
nonlinear phase shift. This chapter focuses on increasing the mode area of the delay
fibre within the laser cavity to reduce the intensity and thus the nonlinear response

of the fibre as discussed in chapter 2. The nonlinear coefficient is given by:

21Ny
= 1.1
L vy (6.1.1)
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where ns is the nonlinear refractive index, A is the light wavelength and A,y is the
effective mode area within the fibre. From this, increasing the effective mode area
Aepyp will reduce 7.

However there are draw backs to increasing the mode area. For step index fi-
bres, increasing the mode size can be accomplished by increasing the core size. A
larger core will support multiple spatial modes as discussed in section 2.3.1. Hav-
ing multiple modes propagating through the cavity is disadvantageous as the pres-
ence of higher order modes disrupts mode-locking as each mode will have its own
propagation constant and travel at different speeds through the cavity. The other
disadvantage is that higher order modes will experience different losses compared to
the fundamental mode and may be attenuated by single mode fibre pigtails or other
cavity components designed to operate with the fundamental mode. This acts as a
loss mechanism and increases the total cavity losses which also adversely affect the
laser performance.

Some precautions can be made to minimise the excitation of higher order modes
in the multi mode fibres. This can be done by tapering the regions on either end of
the LMA section of fibre. With a gradual change in diameter along the fibre length
the transition is adiabatic. Higher order modes can also be excited in a multi-mode
fibre if there is a discontinuity such as a splice or a bend that would transfer energy
to the higher order mode. As such care needs to be taken not to tightly wind the

fibre and ensure any splices in the LMA sections are of sufficiently high quality.

6.1.1 LMA tapered fibre

The tapered fibre fabricated for this project had a core diameter of 20 pymat the
widest part. The tapered ends were created during fibre fabrication by adjusting
the draw speed of the fibre as is exits the furnace. This results in relatively long
taper lengths. The LMA fibre was tapered down to a mode field diameter of 6 pm at
each end to allow for splicing to the laser cavity. The taper and thin section of the

tower tapers was approximately 5min length on each side.
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Figure 6.1.1 The calculated nonlinear coefficient for a fibre with
an NA of 0.14 and ny of 2.6 x 1072°m 2/ W for 1064 nm . The calcu-
lation used equation 6.1.1 and the Marcuse equation to calculate the
effective mode area.”

The calculated nonlinear coefficients are shown in figure 6.1.1 which shows the
nonlinear coefficient v is reduced for the 20 ym core fibre compared to the 9 pm core
fibre. This used the calculated mode field diameters for a step index fibre with a
numerical aperture (NA) of 0.14 and a nonlinear coefficient (ny) of 2.6x1072°m?2/ W
at a wavelength of 1064nm. Two lengths of LMA were used in these experiments
of 10mand 20m, the length of the tapered regions of the fibre were in addition to
these lengths.

6.2 Laser cavity design

The laser cavity used for this work was of a linear cavity design. The advantages
of this design is the double pass of the delay fibre and the gain fibre. The double
pass of the delay fibre allows for a lower repetition rate to be achieved compared to
a single pass of the extension fibre. Double pass of the gain allows for more efficient

amplification of the pulse.
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A diagram of the cavity design used is shown in figure 6.2.1. The cavity is defined
by the reflective SESAM and CFBG. The spot size on the SESAM is defined by the
mode area of the butt coupled commercially available fibre (SMF28). The SMF28 is
spliced to a delay fibre, the length of which is used to control the cavity length and
thus the repetition rate. The delay fibre is the fibre under test and exchanged with
different lengths of fabricated fibre. The delay fibre is connected to the gain fibre
via a passive fibre pigtail with a 6 pm mode field diameter. 65cm of gain fibre was
used (CorActive YB 401), the length of which was determined through simulation
and experimental tests.

The CFBG transmitted 60% and reflected 40%. The CFBG applied approxi-
mately 10 ps /nm chirp to the reflected pulse, which dominates the cavity disper-
sion as the fibre dispersion is small in comparison, this defines the pulse dura-
tion as approximately 4ps. A wavelength division multiplexer (WDM) couples the
980 nm pump light to the cavity fibre. The output isolator prevents reflections from
entering the cavity and provides a monitoring tap of 5% of the output light. All of
the cavity pigtails are 6 pm mode field diameter non-polarisation maintaining step
index fibre. The isolator is polarisation sensitive so a polarisation controller was
used to align the polarisation out of the cavity to the highest transmission through
the isolator. The entire cavity was kept on a temperature controlled cooling plate
to stabilise the polarisation state within the cavity.

The monitoring tap is connected to a photo diode and oscilloscope to monitor
the pulse train. An oscilloscope does not have a fast enough response to display a
4 ps pulse but does show the stability of the pulse train and clearly shows harmonic
multi-pulsing behaviour. The main output was connected to an optical spectrum
analyser (OSA) to record the pulse spectra or to an autocorrelator to measure the
temporal duration as needed. An amplifier was introduced after the laser output
to provide enough signal for a clear autocorrelation consisting of a 60 cm section of
ytterbium doped fibre pumped by another 980 nm laser diode. This was only used

for autocorrelation measurements and was confirmed to not alter the pulse duration.
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Figure 6.2.1 Diagram of laser for testing LMA fibre, the laser os-
cillator is in the dashed rectangle. The SESAM is connected through
SMF28 spliced to the delay fibre. SMF28 is spliced to the delay fibre.
The delay fibre is connected to the the gain fibre (Yb) via a fibre pig-
tail. The CFBG acts as the output coupler and applied dispersion.
The output is controlled by a polarisation controller (PC). The pump
light is coupled to the cavity through a WDM. An isolator (ISO) is
used to prevent reflections returning to the cavity with a tap to a
monitor photo diode (PD).
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6.3 Experimental results

6.3.1 Reference cavity

A laser cavity was constructed similar to operational lasers produced by Fianium
Itd. to provide a known starting point. This was a reference cavity with 3.5 m delay
fibre with a 9pm core diameter. The total cavity length was 5 m corresponding to
10 mround trip distance for double pass.

The reference cavity had a pulse repetition rate of 20 MHz. Figure 6.3.1 shows
the spectrum for different pump power in the fundamental and multi-pulsed mode-
locking region. The cavity starts mode-locking with a pump power of 39 mW measured
after the WDM. This pulse shows Kelly side bands indicating soliton like behaviour.

As the pump power is increased the pulse spectrally broadens and the amplitude
of the Kelly side bands increases. The broadening continues with pump power until
53mW . At this power the pulse breaks up and the spectrum narrows again. Some
interference fringes can be seen on the spectrum at this power as the two pulses
interfere. At higher powers, the spectrum looks similar to a single soliton in the
fundamental mode-locking region as the multiple pulses in the cavity are more sep-
arated in time. This similarity between fundamental and multi-pulsing behaviour
means care needs to be taken in identifying multi-pulsing behaviour. The spectra
of the reference cavity for different pump powers are presented as a heat map in
figure 6.3.2. Here the spectral broadening and subsequent narrowing at 53mW is
clear. Further pulse break up at higher powers was also visible in the heat map
and eventually the fine features of the spectra become blurred as the OSA averages
many pulses within the cavity. The single pulse regime was identified using the os-
cilloscope pulse train, the spectral evolution with pump power and autocorrelations.

Summaries of the pulse width and output energies are given later in figure 6.3.5.
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Figure 6.3.1 Comparison of the pulse spectrum of the reference
20 MHz laser output pulse in the fundamental mode-locking regime
(blue) and in the multi-pulsing regime (red dashed).
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Figure 6.3.2 The spectral evolution of the 20 MHz reference cavity
with pump power.

6.3.2 LMA fibre results

Two lengths of LMA fibre with tapered down ends were spliced into the laser cavity
replacing the 3.5 mof 9pmcore fibre. The two lengths of tapered fibre (10 mand
20m ) produced repetition rates of 7.6 MHzand 3.6 MHz. The spectral results for
these cavities are shown in figure 6.3.3. Spectral heatmaps were used to analyse the
cavity behaviour at different pump power levels.

The cavity with 10 m of tapered fibre (7.6 MHz ) does show Kelly side bands at
low power. These are shown more clearly in figure 6.3.3b. The laser mode-locked
at a pump power of 35.7mW and broadened until 36.4mW before collapsing. This

is characteristic of fundamental mode operation and is predicted to be fundamental
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operation at these powers. However, the spectrum at 35.7mW shows a fringe pat-
tern across it indicative of interference from another pulse. This pattern could be
from multiple pulses operating in the bunched pulse regime or could be from modal
interference. It is unclear which as the autocorrelation for this cavity, figure 6.3.4a,
and pulse train showed no sign of multi-pulsing. If the cavity was operating in the
fundamental mode it was observed to be definitely multi-pulsing above 36.4 mW of
pump power. This is a very small window of operation which would limit the robust-
ness of the laser. This laser was stable over a few hours on a temperature controlled
plate set at 21°C but was not always reproducible if the fibre was removed and
respliced into the cavity.

The results for the cavity with 20mof tapered fibre (3.6 MHzrepetition rate)
show worse performance than the shorter 7.6 MHz cavity as expected. This cavity
did not exhibit Kelly side bands or show characteristic fundamental mode-locked
behaviour. Figure 6.3.3c shows the pulse spectral evolution with pump power. In this
figure there is negligible change in pulse width and the pulse exhibits spectra similar
to that of the higher order multi-pulsing regimes seen in the reference cavity in figure
6.3.2. Closer inspection of these pulse spectra in figure 6.3.3d confirm these were
not fundamental mode-locking pulses. The autocorrelations of the 3.6 MHz cavity in
figure 6.3.4b show much noise and a triangular shape which indicates it is detecting
many pulses. These results indicate that there is no observable fundamental mode-
locking operation in the cavity with this delay fibre.

The absence of an observed fundamental mode-locking region can be explained
by the long taper lengths that arise from tapering fibres directly from the fibre
tower. The length of these tapers (e.g. 5mtotal for the 20 m LMA tapered fibre)
adds a considerable nonlinear phase shift as these will have lengths of small mode
area fibre with high intensity. Using a post processing technique, the taper lengths
can be reduced to a few centimetres which would remove the phase shift of the long
taper and allow for more controlled testing of the LMA as a delay fibre.

The pulse duration was found to be fairly consistent between laser cavities as
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Figure 6.3.3 (a) & (b) - Spectra of the cavity with 10 m of LMA
fibre (7.6 MHz). (c) & (d) - Spectra of the cavity with 20 m of LMA
fibre (3.6 MHz).



6.3 Experimental results 75

Intensity (a.u.)
o
w
|
Intensity (a.u.)
o
w

0 -8 -4 0 4 8
Delay (ps) Delay (ps)

(a) (b)

Figure 6.3.4 Autocorrelation traces for (a) the cavity with
10m (7.6 MHz) and (b) the cavity with 20m (3.6 MHz ). The inset
shows the 3.6 MHz cavity autocorrelation across a 50 ps window. All
autocorrelations were taken just above the mode-locking threshold.

shown in figure 6.3.5. The output pulse energies also match between the laser
cavities. These indicate that the overall behaviour is not significantly impeded by
the introduction of the large mode area tapered fibre. The pulses were the expected
pulse widths and energies. However, the multi-pulsing and spectral properties were
impaired by the introduction of the tapered fibre. Improving the mode properties of
the laser cavity, i.e. filtering out higher order modes, would determine if the LMA
fibre cavities can actually be used to extend the cavity length in a useful manner.

The mode quality of the laser can be improved by implementing mode filters at
the ends of the tapered LMA. This involves putting an additional taper in the fibre
to reduce the mode area to a width that is definitely single moded. This could create
some loss as higher order modes are filtered out but could improve the performance
and prevent higher order modes from being excited in the LMA.

The multi-pulsing threshold can be further increased by using even larger mode
area fibre. As shown in figure 6.1.1 the nonlinearity can be greatly reduced going to
a b0 pm core diameter. With control of the mode properties within the cavity this

should produce a reasonable fundamental mode-locking region.
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Figure 6.3.5 Results for the laser with 3.5mof 9pm core diam-
eter fibre (20.2MHz) with no taper, 10m (4.2MHz) tapered and
20m (3.57MHz) tapered fibres placed in the cavity. Only the data
points for the fundamental mode-locking regime are shown.

6.4 Conclusion and outlook

Three representative mode-locked laser cavities were compared in this chapter show-
ing the performance differences between a 20 MHz reference cavity and laser cavities
with either 10m (7.6 MHz) or 20m (3.6 MHz) of tapered large mode area fibres.
Both laser cavities successfully mode-locked and produced pulses of the expected
duration and pulse energies. The 7.6 MHz cavity exhibited features similar to that
of the reference cavity but did not conclusively show fundamental mode-locking. The
3.6 MHz cavity did not show any signs of fundamental mode-locking and appeared
to start mode-locking in multi-pulsing regime. The lower multi-pulsing threshold is
believed to arise from the extra lengths of small core fibre in the long taper length.
The behaviour of the 7.6 MHz cavity was promising but could be further improved
by reducing the taper length, improving the mode-filtering either end of the LMA
and by increasing the mode area further.

This work became part of a collaborative project with Fianium Itd. funded by
the Technology Strategy Board (now Innovate UK) and the project was further
progressed beyond what has been described here by Ben Cemlyn. The work further
expanded to fibres up to 50 pmin diameter core LMA fibres with post-processed

tapers and mode filters on the end. The tapered fibre mode-locked fibre laser design
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was then used as a supercontinuum source in Fianium ltd. The results of which
have not yet been published and are omitted from this thesis as they are outside of

its remit.



Chapter 7

Mode-locked fibre laser with

hollow core fibre

7.1 Introduction

This chapter covers the work conducted using hollow core fibre as a delay fibre in
a mode-locked laser cavity. Initial tests with a ring laser cavity were conducted
with a hollow core, photonic band gap PCF covered in section 7.4. Subsequent
experiments covered in section 7.5 were conducted using negative curvature hollow
core fibre (NCF).

Hollow core fibres provide access to the low nonlinearity of air with the advan-
tages of guiding in fibre. The nonlinear refractive index of air is approximately three
orders of magnitude smaller than that of silica being approximately 10~23m? /W
compared to 1072°m? /W for silica. The low nonlinearity is a promising means to
overcome the nonlinear phase shift limits of mode-locked fibre lasers as discussed in
chapter 4. However, care needs to be taken with the integration of hollow core fibres
in to a solid fibre cavity. Fibre lasers with all solid fibre are traditionally spliced to
form an all fibre cavity that is robust to environmental conditions. As mode-locked
fibre lasers are sensitive to reflections within the laser cavity. The interface between

a hollow core and a solid core fibre naturally has Fresnel reflections between the
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silica and air boundary. To overcome this a free space coupling system with angle
cleaves on the solid fibres was employed to minimise reflections at this boundary.
The free space integration also allows for the testing of different hollow core fibres

with minimal change to the laser cavity.

7.2 Ring laser cavity Design

The introduction of free space coupling stages meant certain cavity design consider-
ations had to be taken into account. Having free space components meant the cavity
could be incomplete if not fully aligned or the free space beam was blocked. This is
different from an all spliced fibre laser where the cavity is always complete and will
produce stimulated emission keeping the upper states of the gain fibre depleted. In
the event that the cavity is interrupted the gain fibre stores energy in the excited
state without stimulated emission to deplete it. If this occurs, any sudden reflected
light reaching the gain fibre will trigger a large Q-switched pulse. This pulse can be
energetic enough to damage cavity components so care had to be taken to isolate
the gain fibre from the free space coupling stage. As such, a ring cavity design was
employed with a circulator directing any reflected light away from the gain fibre.
The cavity design used for the experiments in this section is shown in figure 7.2.
The cavity was designed with the aid of numerical simulations as discussed in chap-
ter 5. The ring design means light is primarily travelling in one direction around
the cavity. The components used in this laser are the same as the previous chap-
ter with the addition of two circulators. The reflective chirped fibre Bragg grating
(CFBG) and the saturable absorber mirror (SESAM) are connected via circulators
to the main ring. The gain fibre and pump light are located on the SESAM arm
of the cavity. Having the gain fibre located here allows for a double pass of the
gain medium giving more efficient gain and also isolates the gain fibre from the free
space components. The CFBG used had a transmission of 60% and a dispersion of
10psnm~! applied to the reflected 40% of the light. The CFBG dispersion is large

with respect to the fibre dispersion and so is the main contributor to the pulse du-
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ration. Transmission through the output isolator and splices reduced the measured
output power from 60% to 40% of the pulse power that was incident on the CFBG.
Approximately 65 cm of core pumped ytterbium doped gain fibre with a mode field
diameter of 6 pm was used (CorActive YB 401-PM). The length was experimentally
found to be the optimum length to get the highest gain before saturation effects
became significant as discussed in chapter 4. The hollow core fibre under test was
flat cleaved and coupled to angle polished pigtails through a free space coupling
stage consisting of two lenses and an half wave plate to fine align the polarisation
state. All solid fibre pigtails used in the laser cavity are polarisation maintaining
(PM), solid core fibres totalling a length of 5.4m. The entire cavity was kept on a
temperature controlled plate set at 20 °C.

The output isolator has a 5% tap (not shown) that connects to a photodiode and
oscilloscope to measure the pulse repetition rate and monitor the pulse train. The
main output is then connected to an OSA or to an autocorrelator via an amplifier

as described in the previous chapter.

7.3 Reference cavity

The reference cavity output pulse characteristics used for these experiments are as
shown in figure 7.3.1. These cavities were constructed with only one free space
coupling stage and no hollow core fibre. These cavities identified the behaviour of
the cavity without the fibre under test but also with the free space component. A half
wave plate was still used in the free space coupling stage to fine align the polarisation
axis of the light from the angle cleaved pigtails. Qualitatively, the reference cavity
was slightly more unstable than an all-spliced cavity and sometimes needed to be
perturbed to start mode-locking at lower powers.

A main note at this point is the difference in cavity behaviour with different
SESAMs. All the SESAMs used had the same specifications but manufacturing
methods means there is a variation in the actual parameters of individual SESAMs

which can impact the performance of the laser. Figure 7.3.1 shows the heat maps of
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Figure 7.3.1 a) Spectral evolution of reference cavity-a with a free
space coupling stage without hollow core fibre. b) Spectral evolution
of reference cavity-b, the same laser cavity with a different SESAM
and slightly larger spot size on the SESAM. Labels correspond to 1)
CW operation, 2) Q-switched mode-locking, 3) fundamental mode-
locking, 4 & 6) Harmonic mode-locking, 5) Bunched pulse mode-
locking and 7) Higher order multi-pulsing.

c) Measured 1/e? pulse duration of reference cavity-a. d)Measured
1/€? pulse duration of reference cavity-b, inset shows autocorrelation
trace across a 150 ps time window.
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the output pulse spectra and measured pulse durations for two identical reference
cavities with different SESAMs of the same specification. Reference cavity-a and ref-
erence cavity-b used fibre pigtails with a mode field of 6.5 pm and 7.8 pm respectively
which were butt-coupled to the SESAM.

Both reference cavities produce pulses of approximately 4.2 ps with some fluctu-
ation with pump power. The duration of a pulse decreases slightly with increasing
pump power but will sharply increase in duration when the pulse breaks into multi-
ple pulses. This increase in pulse duration corresponds to the decrease in bandwidth
as expected. Both cavities show clear Kelly side bands and have a broad fundamen-
tal mode-locking region of operation. The maximum output pulse energy produced
in the fundamental mode-locking region was 325 pJ (11.6mW average power) for ref-
erence cavity-a and 180 pJ (6.6 mW average power) for reference cavity-b. Reference
cavity-b does show a Q-switch mode-locking region at low pump powers (region 2)
and an interference pattern from bunched pulse regime (region 5) in figure 7.3.1b.
The results presented with hollow core PCF in section 7.4 use reference cavity-a
while the results in section 7.5 with the NCF use reference cavity-b. Both reference

cavities had a repetition rate of approximately 37 MHz.

7.4 Hollow core PCF in ring cavity

Initial tests with hollow core fibre as a delay fibre used hollow core PCF (HC-
PCF) shown in inset in figure 7.4.1. The HC-PCF was fabricated in house prior
to this project with a design wavelength of 1060nm. The attenuation spectrum is
shown in figure 7.4.1 which was obtained from a total cut back of 140 mto 5m and

averaged over several measurements. The attenuation at the operational wavelength

of 1064 nmis 96 dBkm™1!.

7.4.1 1.5mHC-PCF delay fibre

A laser cavity with 1.5mof HC-PCF produced mode-locked pulses at a repetition

rate of 27 MHz. The pulses were similar to that of reference cavity-a in duration
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Figure 7.4.1 Attenuation spectrum of the HC-PCF. Attenuation
at 1064 nm was measured to be 96dBkm~! from cut back measure-
ments. Inset: Micrograph of Hollow core PCF structure. Core diam-
eter was measured as 9.2 pm and mode field diameter of 5.6 pm .
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and spectra. Figure 7.4.2 shows the measured spectral evolution and measured pulse
durations. The mode-locking threshold increased to 120 mW pump power as a result
of added loss within the cavity from fibre attenuation and additional coupling losses.
The 1.5 m of fibre transmitted 74% of the input light including an estimated coupling
efficiency of 80%. However, unlike the reference cavity this was not self starting
and required physical perturbation of the fibre to produce pulses. Once mode-
locked, the fundamental mode-locking regime was stable and pump power could
be adjusted within this region and the pulse train remained robust. At the multi-
pulsing threshold of 150 mW the cavity became unstable and would not self start or
hold pulses at this power level. But in the multi-pulsing region of 160 mW pump
power and above the cavity was self-starting and stable.

The quality of the pulses produced indicate that this is a useful means to re-
duce the repetition rate but the degradation to the cavity stability and self-starting

reduced the usefulness of the laser.

7.4.2 25mHC-PCF delay fibre

Tests with 25 mof HC-PCF produced a repetition rate of 8.6 MHz. This section
of fibre is from the same fibre as the 1.5 mfibre. However, the laser performance
was unstable and not self starting at any pump power. The pump power required
for mode-locking was also higher than expected at 160 mW of pump power. The
fibre loss resulted in 50% transmission of light through the HC-PCF which should
produce a cavity mode-locking at <135 mW based on the reference cavity mode-
locking at 68 mW. The spectrum did not have the characteristic Kelly side bands
of the reference cavity as shown in figure 7.4.3. This additional loss is believe to
impede the self starting of the laser.

There was also a repeating pattern across the spectrum in figure 7.4.3 that
could be manipulated with half wave plates in the free space coupling stages. This
structure arises from the interaction of the polarisation state in the cavity with the

circulators. As the circulators are polarisation state dependent, they act as polaris-
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Figure 7.4.3 Spectrum of cavity with 25 mof HC-PCF as a delay
fibre. Spectrum recorded at the mode-locking threshold at 160 mW.

ers and the spectrum can show the polarisation beat length L, = AAL/\ where L
is the length of a fibre and AX/\ is the wavelength interval between peaks divided
by the wavelength.” The fringes observed correspond to a polarisation beat length
of 2.4cm. The PM pigtails used in constructing the cavity have a beat length of
approximately 2 mm so this observed beating is believed to arise from the HC-PCF
itself. This fibre is not designed to be polarisation maintaining but asymmetries in
the structure can create some birefringence. Further investigation into the polarisa-
tion properties of the fibre revealed that the fibre was also depolarising the linearly
polarised input. This depolarisation was investigated qualitatively by coupling lin-
early polarised light into the fibre and using a polariser to attenuate the output

light after a single pass of the fibre. The depolarisation of light through the fibre is
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thought to further destabilise the cavity as it interacts with the polarisation state

dependent components such as the circulators.

7.4.3 130m HC-PCF delay fibre

A longer piece of 130 m of HC-PCF was also tested. The longer length was calculated
to bring the pump power needed to reach the mode-locking threshold down by
approximately 90% compared to the reference cavity as the mode-locking threshold
is cavity length dependent as discussed in section 4.5. However, the increased fibre
length also increases the cavity loss by 95% from fibre attenuation requiring more
pump power to compensate. Thus, the resulting theoretical mode-locking threshold
was similar to the reference cavity. Experimentally this was not the case as no mode-
locking was found with this cavity. The linear polarisation was found to be severely
depolarised on the output of the fibre after this length and so the extra losses from
extinction in the polarisation dependent cavity components was believed to prevent

the laser from reaching the mode-locking threshold.

7.5 Negative curvature hollow core fibre in a ring cavity

The majority of low repetition rate mode-locked laser work has been conducted using
anti-resonant negative curvature hollow core fibre (NCF) as described in section 3.3.
This fibre has been developed more recently than the HC-PCF and all fibre used was
fabricated for this work, with the exception of an existing 8 mlong fibre. The low
nonlinearity of the air core and low group velocity dispersion of a few psnm ™! km™!
allowed for pulse transmission with little disturbance.”™

The NCF has a different guiding mechanism from the HC-PCF and different
polarisation properties. Tests found negligible depolarisation after a single pass

through 50 m of NCF, thus it was not subject to the same laser cavity performance

issues as the HC-PCF.
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Figure 7.5.1 Transmission curves of different fabrications of NCF
taken at an arbitrary reference power measured using a broadband
xenon bulb as a white light source. The black vertical line is the
operational wavelength 1064 nm. The inset shows an SEM image of
the fibre end of the 48.

7.5.1 NCF fibre specifications

The NCF fibre used had an eight capillary cladding structure as shown in the inset
in figure 7.5.1. The transmission spectra of a selection of NCF fabricated for this
project are shown in figure 7.5.1. The fibres had a core diameter of 32 4+ 2pum.
The 13 mand 20 m lengths shown are from the same fibre draw, the rest of the NCF
fibres are from separate draws and preforms. Apart from the 118 m fibre, the main
transmission bands were flat, spanned approximately 400 nm and found to have an
attenuation of < 40dBkm™! at 1064nm. The fibre attenuation was estimated
from the measured proportion of light through the fundamental mode of the fibres
with estimated coupling efficiency achieved. The 118 m fibre was found to have an

attenuation of < 100dBkm™1!.
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The 118 m length was the longest fibre fabricated for the operational wavelength
of 1064nmin this work. This was pushing the limits of what could be feasibly
fabricated in a continuous piece and also was one of the NCF designs that did not
have a fluorine doped silica outer jacket. Both of which are thought to limit the
consistency fibre along its length. A cavity was tested with this fibre and reviewed

in section 7.5.3.

7.5.2 Main results

The lengths of NCF covered in this section are 8m, 13m, 20m, 33mand 48 mto
give a representative sample of cavity lengths. These delay fibre lengths correspond
to respective pulse repetition rates of 18.2 MHz, 14.2 MHz, 10.8 MHz, 7.4 MHz and
5.4 MHz.

The spectral heat maps of a sample of these cavities is shown in figure 7.5.2.
The cavity with 8 mof NCF (18.2MHz ), shown in figure 7.5.2a, shows similar be-
haviour to the reference cavity exhibiting Q-switched mode-locking, fundamental
mode-locking and a mixture of harmonic and bunched pulse mode-locking at higher
pump powers. However, compared to the reference cavity both the mode-locking
and the multi-pulsing thresholds are reduced, along with the range of pump power
in the fundamental mode-locking region, as expected from extending the cavity
length. The cavity with 20 m (10.8 MHz ) in figure 7.5.2b shows further reduction of
the fundamental mode-locking region as well as reduction in both the mode-locking
and multi-pulsing thresholds. This cavity did not have a Q-switched mode-locking
region, going from CW operation to full mode-locking at a pump power of 40 mW .
Figure 7.5.2¢ shows the cavity with 48 mof NCF (5.4 MHz ), which has the smallest
region of fundamental mode-locking, where the mode-locking threshold matches the
lasing threshold of the cavity.

An important comparison to make is the pulse bandwidth and the position of the
Kelly side bands with increased cavity length. Figure 7.5.2d shows a comparison of

the spectra of each cavity produced in the middle of the fundamental mode-locking
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Figure 7.5.2 a), b) and c) are the output spectra with pump power
for cavities with 8 m, 20 mand 48 mrespectively. d) Comparison of
spectra at comparable cavity powers for the reference cavity-b (black
solid line), the cavity with 20 m of NCF (Blue dashed line) and with
48 mof NCF (Red dotted line).
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Figure 7.5.3 a) Autocorrelations of the laser output for the ref-
erence cavity-b (solid black line), the cavity with 20m of NCF (blue
dashed line) and for the cavity with 48 mof NCF (red dotted line).
Autocorrelations taken at comparable points in the fundamental
mode-locking region. b) Pulse duration of the 5.4 MHz cavity with
48 m of NCF with pump power.

region where the cavity is most stable. The spectra shown in this figure are the ref-
erence cavity, the cavity with 20 m and the cavity with 48 m, which covers a change
from 37 MHzto 5.4 MHz. There is negligible change in spectral bandwidth between
these measurements and the Kelly side bands appear at the same wavelengths for
each laser cavity. As the Kelly side bands are dependent on the net group veloc-
ity dispersion in the cavity it can be shown that the NCF contributes negligible
dispersion to the system, allowing for a longer cavity without altering the pulse
duration.

A comparison of the autocorrelations of the pulses from different cavities is shown
in figure 7.5.3a. These traces are measured from the same cavities as figure 7.5.2d
and at similar power levels. These autocorrelation measurements, assuming a sech?
shape, have a pulse duration of 4.2 psand did not change with cavity length. There
was also no noticeable pedestal on the trace when viewed on a wider time-scale as
shown in the inset of figure 7.5.3a. The pulse durations for each cavity fluctuated

slightly with pump power as seen in the reference cavity. This variation is shown
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Figure 7.5.4 The mode-locking and multi-pulsing thresholds of ref-
erence cavity-b in blue points. The dotted and solid lines are the
theoretical mode-locking and multi-pulsing thresholds projected from
the measured reference cavity values. The black points correspond
to measured laser cavities. The minimum pump power needed to
observe pulses is recorded along with the pump power where those
pulses became stable. Included, for comparison, are the results from
a cavity with 118 m of NCF which will be discussed in section 7.5.6.

in figure 7.5.3b for the cavity with 48 m. The pulse duration starts at 4.8 psat the
mode-locking threshold and drops to 4 ps at higher pump powers and remains at this
duration in the multi-pulsing regime. The change in pulse duration and bandwidth
resulted in a fluctuation of the time-bandwidth product between the values of 0.35
at the mode-locking threshold to 0.5 at higher pump powers. These values are close
to the theoretical minimum for pulses with a sech? shape which is 0.315 meaning
the pulses were close to transform limited exhibiting little chirp.

The measured properties of the NCF cavities have shown they not only were
soliton like, but produced identical pulses at different repetition rates. This demon-
strates the robustness of the NCF as a passive delay fibre that does not add unwanted
nonlinearity or dispersion to these types of lasers.

The mode-locking and multi-pulsing thresholds did change with addition of extra

NCF. Both of these thresholds were calculated and projected from known fibre
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Figure 7.5.5 The total cavity phase shift of the highest power fun-
damental mode-locked pulses prior to pulse break up. Phase shift
is calculated from measured output characteristics and known cavity
component parameters.

losses and cavity length and shown in figure 7.5.4. This was done by starting with
the measured reference cavity-b thresholds and calculating how these will change
only from increased length and cavity loss from fibre attenuation. These are the
theoretical thresholds in the absence of additional nonlinearity or dispersion. The
measured thresholds of a selection of constructed lasers are shown and agree well
with the theoretical lines of mode-locking and multi-pulsing thresholds. There is
some deviation in the results with 33 mand 48 mof NCF as the 33 mexperiment
used a 13mand 20 m fibre butt-coupled together and so had higher loses and the
48 mlength of NCF had a lower than average fibre attenuation of <30dBkm™!.
The cavities constructed were repeatable and produced similar results if the NCF
was replaced and recoupled. Each cavity was monitored for stability over several
hours. At low pump powers close to the mode-locking threshold the cavities were
not self starting and could be unstable with pulse trains only lasting a few seconds
or minutes. At slightly higher pump powers the pulses became stable and self-
starting, maintaining operation across the monitored time. The pump powers where

the cavities were stable are shown in figure 7.5.4. The region between the stable
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fundamental mode-locking pump powers and the multi-pulsing threshold are the
practical working ranges of these lasers which does decrease with length. However,
this region was thought to exist in longer cavities than 48m. Tests with longer
fibres have been conducted and will be discussed in section 7.5.3.

The multi-pulsing threshold is defined by the nonlinear phase shift as discussed
in chapter 4. For a laser to operate at full range the fundamental pulses should
reach that threshold before breaking up. Figure 7.5.5 shows the calculated phase
shift of several cavities calculated from the measured output power and pulse dura-
tion taking into account known cavity component parameters. The cavities tested
all reach approximately 7 phase shift before pulse breaking. This demonstrates that
the cavities were working at the theoretical maximum peak power in the fundamen-
tal mode-locking regime and there were not any unexpected effects disrupting the
pulses in the cavities. The output peak power at the multi-pulsing threshold was

approximately 40 W producing output pulse energies of 179 pJto 240 pJ.

7.5.3 118 m NCF results

Fabricating long continuous pieces of NCF proved challenging due to the small draw
down ratio and high pressure needed to create the negative curvature structure for
this wavelength as discussed in chapter 3. The maximum fibre length achieved in
a continuous draw was 118 m. This length produced pulses with a repetition rate
of 2.4 MHz which was the lowest repetition rate achieved with NCF in this work.
However, the laser produced pulses with a longer duration which drifted between
8psand 12 pseach time it was switched on. An autocorrelation trace is shown in
figure 7.5.6b, which has a lot of noise, a large pedestal and was unstable. The spectra
of this cavity are shown in figure 7.5.6a, which is much narrower than previously
measured cavities and corresponds to a longer pulse duration. The spectrum also
did not have any Kelly side bands and was highly structured meaning the pulses
produced were not an ideal soliton like pulse.

A notable difference between the longer fibres drawn and the NCF previously
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Figure 7.5.6 a) The spectrum of the 2.4 MHz cavity with 118 m of
NCF. b) Autocorrelation of the 2.4MHzrepetition cavity with
118 m of NCF.

reported in this chapter is the absence of a fluorine doped silica outer jacket. Fibre
fabrication techniques of drawing fibre without the fluorine doped outer tube were
being developed at the time of the long NCF's were fabricated. Cut back measure-
ments of an identical 110 m fibre revealed an average attenuation of 100dBkm™"! at
1064 nm which is higher than the attenuation of the other fibres used. Subsequent
testing found shorter pieces of this fibre were of variable transmission quality. As a
result of this, imperfections occurring during fibre fabrication is believed to be the

main cause of the mode-locked laser performance issues at long length.

7.6 Conclusion and outlook

Hollow core fibres have been inserted into a mode-locked laser cavity as a delay
fibre to decrease the repetition rate without the introduction of nonlinearity. Two
types of hollow core fibre were tested, photonic bandgap fibre and negative curvature
anti-resonant fibre.

A repetition rate of 37 MHzwas reduced to 8.6 MHz with little change to the
pulse duration or spectrum using PCF. The introduction of PCF to the cavity did

noticeably decrease the self starting properties of the cavity and the pulse stability.



7.6 Conclusion and outlook 97

The limits of using this PCF as a delay fibre in a mode-locked cavity were found
to be the high fibre attenuation of 100dBkm™! and the depolarisation of the light
within the delay fibre disrupting the mode-locking.

NCF proved to be a more robust delay fibre and reached a pulse repetition rate
5.4 MHz using 48 m of NCF with no detriment to the near transform limited pulses or
the cavity stability. The polarisation state was preserved well through the fibre and
low losses of 40 dB km ™! enabled the successful extension of the cavity length. Longer
lengths of NCF have been tested with 118 m of NCF producing a 2.4 MHz pulse train
but with an increased pulse duration of 10+ 2 ps from 4.2 ps and decreased stability.
The 2.4 MHz also did not exhibit Kelly side-bands normally associated with a useful
soliton-like pulse. The cause of this is believed to be imperfections in the fibre caused
by fabrication limitations.

Overall this work has successfully shown that hollow core fibre can be used
as a delay fibre to reduce mode-locked pulse repetition rates. The work with the
PCF could potentially be taken further by developing a non-PM laser cavity to test
but overall the NCF has proved to be the more suitable fibre out the two types
tested. The NCF laser cavities could be extended further by improving fabrication
techniques to engineer longer fibres with low loss. Eventually the robustness of the
laser cavity can be improved with the development of angle splices to directly connect
the hollow core fibre to the solid core cavity fibre without unwanted reflections. This
may also require tapering of fibre ends to improve the mode matching between the

fibres, which was done here with a lens pair in the free space coupling stages.



Chapter 8

Pulse Propagation in Gas-Filled
Hollow Core Fibre

8.1 Introduction

Hollow core fibres offer the possibility to look at pulse propagation in a medium
other than traditional solid, silica fibres allowing for the use and analysis of different
materials.

Previously in this thesis, negative curvature hollow core fibres (NCF's) have been
used to minimise the nonlinear phase shift applied to a pulse within a laser cavity. At
the peak power levels studied of a few Watts, air has been a sufficient medium having
a relatively low nonlinear refractive index. However, when studying higher power
pulses (a few MW peak power) the nonlinear phase shift in air becomes significant.
Using NCF allows for both the transmission of high power pulses as well as inducing
nonlinear effects such as self-phase modulation (SPM) in an appropriate medium.

Generating clean SPM is a task of academic interest as well as having applications
in pulse compression. It can be a useful tool that spectrally broadens the pulse,
acquiring chirp, which can be used to compress a pulse using a linear compression
technique such a grating pair.” Effective pulse compression is a means to achieve

high peak power pulses either by itself or in conjunction with low repetition rate
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lasers explored previously to create ultra short, high peak power pulses.

The high power transmission and resultant nonlinear effects were explored ini-
tially in air at atmospheric pressure with results shown in the next section. Section
8.3 covers similar experiments using NCF filled with argon. Different pressures of
argon were tested as nonlinear refractive index, no, of argon varies with pressure.”™
The values of the nonlinear refractive index of argon reported in literature has a
significant variance and are summarised in Borzsonyi et al.” ranging from 0.98 to
19.4 m2/W at 1bar. The range of methods used to measure ny in these papers vary
considerably and each is subject to different experimental errors. The measured no
can depend on the polarisation state of light being measured or the Kerr nonlin-
earity being mixed with other nonlinear effects that distort the results. Also for
optical fibres, any overlap of the light with the guiding structure can result in a net
measurement of the no of the core material and the cladding. The pulse duration
also has an impact on which nonlinear effects are observed. These are discussed in
Nibbering et al.”® The excited atoms in experiments with CW or nanosecond pulses
can be considered to be thermally stable across the pulse duration but are subject
to inter-atomic collisions occurring during the pulse. The mean collision time for
the gases considered here are of the order 10 to 100 ps. Pulses shorter than this
can be considered to be collision free. However, femtosecond pulses have a broad
bandwidth which is more likely to overlap with wavelength specific effects such as
material excitation bands. SPM is one of the instantaneous nonlinear responses dis-
cussed in section 2.6 which arises from light interactions with electrons. Ideally to
exploit the purely electronic nonlinear effects in a material, a short pulse is required
with a bandwidth that does not excite competing nonlinear effects. To excite only
the electronic nonlinear response to generate SPM a pulse of =10 psor shorter and
a gas with rotational and vibrational symmetry, i.e. a noble gas such as argon or
xenon should be used.

Early work looking at the nonlinear optical properties of gases was conducted

in gas filled capillaries as in Nibbering et al.”® This allowed for high powers to
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be explored with large beam diameters, though these were conducted with colli-
mated beams in rigid tubes which limits the practical interaction length that can
be explored. Flexible capillaries would be lossy but provide guidance. With the ad-
vent of hollow core fibre, long lengths of flexible tubes with good guidance have been
achieved. The induced SPM and subsequent pulse compression have been conducted
in helium (900fsto 300fsat 100 1J),”” xenon (1 psto 250 fs with 0.7 1J of pulse en-
ergy at 1030nm )™® and argon (740 fsto 88 fsat 1030 nm )™ filled Kagome fibres. The
majority of this work appears to be in Kagome style fibres as outlined in'? and use
femtosecond pulses in the input. Xenon has attracted much interest in this field as
it has been shown to reach nonlinear refractive indices higher than fused silica at
pressures above the critical pressure (58 bar ) at room temperature where the xenon
is in a supercritical fluid state.®? Argon has a lower nonlinear refractive index than
xenon and the critical pressure (48 bar ) does not have as much of an impact on the
ng value. Although xenon does have a higher nonlinear refractive index than argon,
there is further experimentation that can be done with argon which is a cheaper
alternative to xenon.

This chapter covers initial results taken with hollow core anti-resonant negative
curvature fibres (NCF) filled with air at atmospheric pressure and temperature.
Results are presented in section 8.3 from experiments conducted with fibres filled
with zero grade argon and pressured up to 40bar. The fibre dispersion regime in
the argon experiments was found to have a large impact on the ability to generate
clean SPM. The two cases of anomalous and normal dispersion regimes have been
separated into two sections and will be discussed separately.

All experiments in this section used a 1064 nm Fianium Hylase system with a
pulse duration of 10ps, a spectral bandwidth of 0.2nmand a linearly polarised
output. The fibres used were of a set of anomalous dispersion fibres engineered to
have a central wavelength of 1064 nmin the main transmission band and were of
lengths: 48m, 20m, 13m (later 7m ) and 9m. An 18 mlength of normal dispersion

fibre was also tested which had a transmission band centred at 1200nm. All of
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Figure 8.1.1 Experimental set up of atmospheric hollow-core nega-
tive curvature fibre (NCF). The laser is a Fianium Hylase-25 10 ps set
at 200 kHz. Power control was provided by half wave plate (HWP)
and polarizing beam splitter (PBS). The light was coupled into the
fibre using translation stages and lenses. The output beam was split
between a power meter, a Yokogawa optical spectral analyser (OSA),
a CCD camera and an autocorrelator (AC).

these fibres have a core diameter of 34 + 2 pm measured from the shortest distance

between opposing curves in the structure.

8.2 Pulse transmission in air

Preliminary experiments were conducted using NCF fibres in air at atmospheric
pressures using a Fianium Hylase system. The experiment was set up as shown
in figure 8.1.1. The power incident on the fibre was controlled with a polarising
beam splitter cube and half-wave plate. The output from the fibre was divided
using wedges to the relevant monitoring equipment. The coupling efficiency was
monitored with a power meter on the output. The beam profile was monitored with
a CCD camera. A typical profile is shown in figure 8.2.1. The profile is mostly the
fundamental mode of the core with a small portion of LP1; mode present, which
was observed as distortions to the beam profile when perturbing the fibre.

At 200kHz the laser had a maximum average power of 20 W corresponding to a
pulse energy of 100pJ and an 8.8 MW peak power. Using the theory of self-phase

modulation described in section 2.6; a 20 m fibre with a core diameter of 28 pm and
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Figure 8.2.1 Near field image of the output of the 48 m NCF im-
aged with CCD camera.

the nonlinear refractive index of air being approximately 1 x 10723 m2/W, would
produce a maximum SPM phase shift of ¢ &~ 5.47 using the equation 2.6.5.

The SPM manifests as a series of peaks in the pulse spectrum as discussed in
section 2.6. The number of peaks, M, is related to the nonlinear phase shift such that
¢~ (M+ %)w The example given above should therefore result in a maximum of
5 SPM peaks. In practice, there are losses in coupling and interference from higher
order modes and other nonlinear effects within the fibre. A total of four lengths
of fibre were used for this experiment: 48 m, 20m, 13mand 0.5m (0.5 m was taken
from the 48 mlength). With these lengths a range of spectral broadening should in
principle be observable.

The shortest length of 0.5 m fibre was enough to observe small amounts of SPM
as shown in figure 8.2.2a. This length had a much higher optical throughput than
the other fibres tested as this length is not sufficient to extinguish cladding modes
from the light not coupled directly to the core.

Two clear SPM peaks were observed using the 13mfibre, as shown in figure
8.2.2b, which is expected from equation 2.6.6 given an optical throughput of 55%.
Some asymmetry in the peaks is also visible in this experiment.

For a pulse energy of 100 pJin a 20 m fibre with an optical throughput of 65%,

approximately four peaks should be visible. However, this is not reflected in the
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Figure 8.2.2 Spectra of output pulses from 0.5m, 13m, 20 m and
48 mof NCF exposed to air for differing pulse energies incident
on the fibre end shown. Light throughput through fibre was =
75%, 55%, 65% and 50% respectively.

experimental results as the spectrum is heavily structured (figure 8.2.2c). This dis-
tortion can be attributed to two main causes. The first is the increased interaction
length with the silica cladding structure. Although the overlap of core mode and
cladding structure is small, the cumulative interaction in longer fibres could intro-
duce interference from other nonlinear effects in the silica. Secondly, the increased
interaction length of the air itself which has a Raman response from the nitrogen
and oxygen components as discussed in section 2.6.

The 48 mlength in figure 8.2.2d again showed strong distortion with large por-
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tions of the energy shifting to longer wavelengths. This length should provide the
largest SPM broadening of the pulse but is also subject to other nonlinear effects.
This spectrum would prove difficult to compress but demonstrates the broadening
capabilities of air in this fibre.

The experiments using ambient air have shown that SPM is present in this set
up. However, it is in small amounts and is largely dominated by other effects from
the air or from cladding interaction. The fibre also has a small portion of higher
order transverse modes present in the core which could cause further interference.

There were also limits imposed by the coupling efficiency achieved in this set up.
The attenuation of these fibres were ~ 30 to 40 dBkm™! as discussed in chapter 3,
which means significant coupling losses were present in this set up. This could be
improved by carefully selecting the coupling lenses used to find the ideal focal length
with low aberrations. There were also limits in the amount of power that could be
coupled into the fibre. The end face of the fibre began to degrade with an incident
pulse energy of &~ 901J in this experiment. The damage threshold of the fibre is
dependent on the coupling efficiency and the beam quality incident on the fibre as
light not coupled directly to the core is interacting with the silica guiding structure
at the end face.

To further explore the possible application of this fibre to generate clean SPM
for pulse compression, the spectral structure caused by cladding interaction needed
to be isolated from the structure introduced from pulse-air interaction. The use of a
Raman-free medium, such as argon, was needed to ascertain if the spectral structure
observed at longer lengths was from increased interaction with air or with the fibre

itself.

8.3 Argon filled NCF

Argon is a noble gas which has no Raman response. It has nonlinear refractive index
of the same order of magnitude as air. Using argon in the NCF was expected to

induce self-phase modulation without the distortions arising from Raman effects as
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seen in the previous section with air filled fibre. This section explored the broadening
achieved with different values of nonlinear refractive index controlled by using dif-
ferent pressures of argon. The different dispersion regimes of the fibre are explored.
In the anomalous dispersion regime, modulation instability is observed which is used
to characterise the precise dispersion of the fibre. The normal dispersion regime ex-
hibited clean SPM without the onset of soliton dynamics. This is then compressed

using a grating pair going from ~10 psto 420fs.

8.3.1 Set up

The set up for the argon filled NCF experiment is similar to the previous air filled
experiment, shown in figure 8.3.1, with the exception of gas cells on either end of the
NCEF. The gas cells each had an anti-reflection coated fused silica window 5 mm thick
to allow light to be coupled into the fibre. The gas cells had a maximum pressure of
~ 40 bar and had a 5 pm particulate filter on the gas input. The workable distance
from the lens to the fibre end face through the window was approximate 15mm .
This did limit the focal length of the coupling lens used to couple light into and
out of the fibre. The beam from the Hylase system had a diameter of 1.2 mm which
needed to be focused to a mode field diameter of ~ 28 ym at the fibre end. After
testing with a range of focal lengths of lenses available, a 20 mm lens was chosen as it
provided the best coupling efficiency during testing: 73% light incident on the fibre
was measured at the output from the fibre core, through 48 mfibre at maximum
with no gas present. The distance between the window and the fibre end face
also ensured the beam was still relatively large when it passed through the window
resulting in low nonlinear interactions with the windows and minimised damage to
the window. The nonlinear phase shift contribution of the windows was found to
be negligible in comparison to the expected phase shift from the fibre. For this
experiment, measurements were taken immediately after the output coupling lens.
A mirror was used to steer the beam into an autocorrelator for temporal readings.

An integrating sphere connected to a Yokogawa OSA was used to collect the spectra
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Figure 8.3.1 Experimental set up of gas filled hollow-core negative
curvature fibre (HCF) and grating pair pulse compressor. The laser
is a Fianium Hylase-25 10 pspulse picked laser. Power control was
provided by half wave plate (HWP) and polarizing beam splitter
(PBS).

and output power was monitored with a thermal power meter. A CCD camera was
used to image the beam profile on the output end face of the fibre. Each piece of
measurement equipment was put in place as needed.

Prior to each experiment the NCF was flushed with argon to remove any residual
air in the fibre or gas cells. The fibre was then pressurised and left for 20 - 30 minutes
to equilibrate. Filling time for this fibre was calculated to be less than two minutes
but longer was given to allow any particulates in the gas cells to settle prior to
switching on the laser to ensure they are not pushed into the fibre. A slight pressure
gradient was placed across the fibre of <0.5 bar from the output end to the input end

to ensure glass fragments did not enter the fibre in the event of end face damage.

8.3.2 Anomalous dispersion fibres and modulation instability in

Argon

The fibres used in this section are those used in the previous section with the excep-
tion of the 13 mfibre which was shortened to a 7 m piece used in these experiments

and an additional 9 m piece was tested. These were all designed to have a central
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Figure 8.3.2 a) Group velocity dispersion of argon at different
pressures, b) dispersion of argon with waveguide dispersion of a cap-
illary of 34 pmin diameter. Legend is pressure of argon in bar. c¢)
Estimation of the total group velocity dispersion at a wavelength of
1064 nm .
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wavelength of 1064 nmin the main transmission band. Working at 1064 nm the dis-
persion is close to the zero dispersion point of the fibre but is slightly anomalous
from the waveguide dispersion as discussed in chapter 2.4. Argon has a normal
material dispersion that varies with pressure. This is estimated from the Sellmeier
coefficients of argon” and shown in figure 8.3.2a. The group velocity dispersion in a
NCF is similar to that of a capillary,?” the combination of material and waveguide
dispersion is shown in figure 8.3.2b. The dispersion expected at 1064 nmin these
fibres at different pressures is shown in figure 8.3.2c.

In these experiments, the fibre was tested at a repetition rate of 100 kHz. The
laser had a maximum output of 3.5 W corresponding to a pulse energy of 35uJ at
100kHz. The end face was observed to damage more easily with increasing ar-
gon pressure, thus the maximum power recorded in each experiment is adjusted
accordingly. There was some variance from initial coupling efficiency and drift over
time, quality of end cleave and in fibre structure; the threshold typically varied from
> 3.5 Wat 1bar, to approximately 2.5 W at 10 barand to 1 W at 40 bar.

The results of spectral broadening with pressure were recorded with a 7 m length
of fibre, from the 13 msection mentioned previously in this thesis, and are shown in
figure 8.3.3. At 1 bar there is evidence of spectral broadening but no clear SPM peaks
are visible at 3 W (22 pnJ pulse energy coupled into the fibre core). At 10 bar two SPM
peaks become visible at 0.5 W (4pJin fibre core), this then increases to three and
then four at 1.6 W (1211J). Fibre pressurised to 25barreached six SPM peaks in
the spectrum at 1.4 W, but was distorted at higher powers. This was not due to
fibre damage as the fibre was still intact after 2 W of average power was incident on
the fibre. A comparison of the spectra for 1 Wand 1.7 W of incident power on the
fibre pressurised to 25 baris also shown in figure 8.3.3. Even at low incident power
the spectrum showed some asymmetry with more power in the shorter wavelengths.
At higher powers of 1.7 W the spectrum became more structured indicating there is
something affecting the pulse beside SPM.

The spectral broadening increased with power and pressure as expected. The
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Figure 8.3.3 Pulse spectra with incident average power which is

controlled by rotating the HWP on the output of the laser.

The

repetition rate was 100 kHz and pressures of argon are given for the
respective heat maps. A slight discontinuity is observed at 0.5 W due
to changing the amplification regime of the laser itself. Fibre loss is
estimated as 0.04 dB/m. Initial coupling efficiency to the core was
73%, 75% 74% for 1, 15 and 25 barrespectively. Bottom right figure
shows the spectrum from the fibre pressurised to 25 barat 1 W (red
dashed line) and 1.7 W (green solid line).
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Figure 8.3.4 a) Pulse spectra taken at 1.7 W of incident average
power (121J pulse energy coupled into the core) in the 9mlength of
fibre pressurised to 25 bar. b) Wider wavelength window showing the
onset of modulation instability.

fibre was pressurised up to 40 bar but only survived to 0.9 W before end face damage
started occurring. The practical working pressure of this experiment was considered
to be 25 barto obtain reliable results without fibre damage. The amount of SPM
allowed for the nonlinear refractive index of argon at different pressures to be cal-
culated. This is summarised later with the results from the normal dispersion fibre
in figure 8.3.10.

An identical fibre of 9mwas also tested that had the same design but from a
different fibre draw. This fibre exhibited similar behaviour but with more structure
in the spectra. There is also a consistent asymmetry with more power being in
the shorter wavelength side of the spectra which is indicative of self steepening as
discussed in chapter 2.6. This is visible in figure 8.3.4a showing the spectra at
1.7 W of average power (121J pulse energy in the fibre core) from the 25 bar results.
There is similar structure visible in all spectra at higher powers and gas pressures.
Figure 8.3.4b shows a wider spectral window of the same pulse shown in figure 8.3.4a.
In this window clear side lobes are visible either side of the main pulse spectrum.
These are caused by modulation instability (MI) of the pulse which was discussed in

chapter 2.6. The position of these lobes gives information on the fibre dispersion as
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the peaks of the side lobes are given by the angular frequency shift from the main

pulse Qmax from equation 2.6.8:

o~ P 1/2
QmaX:i< i 0) , (8.3.1)

|Ba|

where y is the nonlinear coefficient, Py is the peak power and (9 is the group velocity
dispersion. Both v and P are reasonably well known from experimental conditions
but can also be verified from the SPM results of the fibre as the SPM is related to
the phase shift ¢ = vPyLeg. From this B2 can be calculated. The MI of the 9m and
20 m fibres was measured for different input powers and at five different pressures in
the 9m fibre and two in the 20 m fibre. Assuming the lowest average power has the
least pulse distortion the dispersion can be estimated using the MI side lobe position
at the MI threshold power. The corresponding [y value was then calculated and
plotted in figure 8.3.5. Using the known group velocity dispersion of argon given
in figure 8.3.2a and the measured nonlinear phase shift from the SPM observed,
the waveguide dispersion of the fibre was then calculated to be 0.99 £ 0.05 ps?/km
for this wavelength. This is in good agreement with the approximated dispersion
estimated from a capillary waveguide.?”

One main discrepancy between the experimental results and the theoretical gain
curves is that the position of the side lobes should vary with pulse peak power as
indicated in equation 8.3.1. The peak of the MI side lobes was found in the same
position for each input average power available from the MI threshold to the point
of fibre damage. An example plot of the 9 m results taken at 20 bar is shown in figure
8.3.6 along with the corresponding theoretical gain curve. Simulations of the modu-
lation instability in this experimental set up were conducted using the Python code
discussed in chapter 5 and confirmed with Fiberdesk pulse propagation software.
The simulations used the group velocity dispersion values corresponding to those
in figure 8.3.5 and the corresponding coupled pulse energy from the experimental

results. The position of the MI side lobes matched for the lowest power, i.e. at
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Figure 8.3.5 Measured group velocity dispersion for argon filled
NCF fibre for different applied pressures of argon with a line of best
fit.

the MI threshold, but still moved outward with increasing power as expected from
theory with the peak shifting by approximately 6 nmat a pulse energy of 6.71uJ,
shown in figure 8.3.7. The simulations explored SPM effects, MI, self steepening,
and third order dispersion without reproducing fixed MI side lobe positions. These
effects were discussed in chapter 2. The MI was observed in three fibres and none
of which showed a power dependence in the MI peak wavelength demonstrating this
was not unique to one fibre.

The fact the side lobe positions do not change with average input power indi-
cates that the peak power of the pulse is not scaling with the input average power
within the fibre as expected. The peak power is dependent on the pulse energy and
the shape of the pulse. The percentage of power transmitted through the fibre did
not change with input power so it can be considered that the pulse shape must be
changing or losing power to a dispersive wave. There is a difference of approximately

20dB between the peak of the main pulse and the peak of the side lobes so rela-
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Figure 8.3.7 Fiberdesk simulation of modulation instability
9 m fibre using experimental parameters using a 35 value of 1 ps? /km.

tively little energy is being leached into the MI structure. Also if MI distortion was
the main factor affecting the pulse peak power, the position of the MI side lobes
would appear more random instead of clamped to one wavelength and would be
reproducible in numerical simulations. The pulse peak power could also reduce if
the pulse were getting broader as it propagated through the fibre. However, the
pulse duration was measured from autocorrelations and was found to remain rea-
sonably constant with some decrease in pulse duration with increasing pulse power.
An example set of autocorrelations and MI spectra are shown in figures 8.3.8a and
8.3.8b. The measured FWHM duration of the pulse decreases slightly with increased
incident average power but the shape is also changing in the autocorrelation trace.
The changes are in the main shape of the pulse and in the appearance and then
disappearance of side lobes with increasing power.

Clamping of the MI side lobes has been observed in previous work in fibre with
pulsed light, such as the work by Wadsworth et al.8! This was shown to happen in

solid core silica fibre and exhibited a fixed MI side lobe position for different incident
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Figure 8.3.8 a) Pulse spectrum showing modulation instability
side lobes for 20m NCF at an argon pressure of 10bar. b) Corre-
sponding autocorrelations of the pulse, inset shows measured pulse
duration. Legend shows the pulse energy coupled into the core cal-
culated from the fibre measured throughput and the fibre loss.
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powers. The position also varies with the length of the fibre in this paper but this
was not reproduced with the argon filled NCF experiments. So far there is not a
definitive explanation for this behaviour though it is possible that the modulation
instability is being seeded by another effect. Though if another process is seeding
the modulation instability it would invalidate the dispersion value for this fibre
mentioned earlier.

In some of the spectra measured, narrow peaks at approximately 1023 nm and
1109 nm where observed as shown in figure 8.3.6. These are not present in every
experiment and are not present in the results given in figure 8.3.8a. These peaks are
always at the same wavelength and the behaviour is indicative of vector modulation
instability arising from the small birefringence of the fibres slightly elliptical core.
These peaks are only observed when light is coupled to both the fast and slow axis of
the fibre. This was not controlled for during the experiments but is dependent on the
fibre orientation in the gas cell. Future experiments could control the appearance of

these peaks by controlling the input polarisation state with a half wave plate.

8.3.3 Normal dispersion fibres filled with argon

In contrast to the previous section, this section reports results of using a fibre with
normal group velocity dispersion. The key difference in this is that scalar modu-
lation instability is limited to the anomalous dispersion regime under normal cir-
cumstances. Although modulation instability gives a useful insight into the charac-
teristics of this fibre, it does limit the SPM broadening needed for practical pulse
compression. Operating in the normal dispersion regime in this case has the ad-
vantage of not supporting modulation instability or other soliton effects that would
distort the pulse.

The same experimental set up was used as with the anomalous dispersion exper-
iments shown in figure 8.3.1. The fibre used in this section was an 18 mlength of
NCF and had a central wavelength of 1200 nm with 1064 nm lying on the short wave-

length edge of the main transmission window. From the Kramers-Kronig relations
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the dispersion is known to be in the normal regime.' This fibre has an estimated
loss of 0.12 dBm~! deduced from observed transmission and coupling efficiencies
achieved as no cut back has been performed on this fibre to preserve its length. The
fibre also supported the LP; as well as the fundamental mode, meaning that careful
coupling was needed to ensure minimal interference from the higher order modes.

This fibre was also tested at different pressures of argon and at repetition rates
of both 50kHzand 100kHz. A repetition rate of 50 kHz was favoured as higher
peak powers could be reached with this fibre. For example, at 20 bar of argon pres-
sure the fibre end face failed at an average incident power of 1.5 W at 50 kHz but at
100 kHz the end face failed at approximately 2.5 W of incident average power. This
indicated that the fibre damage is not directly correlated to just peak power but
is susceptible to high average power from the higher repetition rates. The spec-
tral results for the 50 kHz experiments are shown in figure 8.3.9. These results were
obtained by optimising the coupling for the purest fundamental mode by using a
CCD camera to monitor the output mode pattern and check if the pattern distorts
when perturbing the fibre. This was not always the highest throughput through
the fibre but provided the cleanest SPM peaks. As expected, the SPM broaden-
ing increases with argon pressure. Up to 20 bar of pressure clean SPM peaks were
observed with some distortion appearing at higher coupled pulse energies. At pres-
sures of 25barand above the spectra had additional structure to the SPM peaks
even at low powers as seen in figure 8.3.9. This structure on the spectrum would be
detrimental to compression.

Some spectral distortion can be attributed to interference from higher order
modes. Measurements were conducted to test the quality of the output beam from
the fibre using the M? technique. This was done through the gas cell at 20 bar of
argon pressure. The beam was found to have an M? value of 1.46. Using a polarising
beam splitter cube the higher order mode could be removed after the fibre output
and the beam M? measurement improved to 1.26.

The broadest, clean SPM achieved was =~ 10 nm with 15 peaks at 1.5 W at 20 bar of
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Figure 8.3.9 Spectra from the output of 18 m of NCF in the normal
dispersion regime at a repetition rate of 50kHz. Top left is 1 bar, top
right is 10 bar, bottom left is 20 bar and bottom right is 25 bar .
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pressure shown in figure 8.3.9. The large number of SPM peaks observed in these
experiments enabled a good estimation of the nonlinearity involved. Using equation
2.6.6 the nonlinear refractive index of argon was calculated for different pressures
using both the anomalous and normal dispersion regime results. These are shown
in figure 8.3.10. These figures were calculated using the estimated fibre attenuation
of each fibre to get the effective fibre length, assuming a sech? temporal shape and
the estimated coupling efficiency to calculate the peak power within the core, the
mode-field was approximated as a Gaussian shape with a diameter of 28 pm. The
nonlinear refractive index was calculated for each point by taking the gradient of
the number of SPM peaks generated as a function of peak power for each pressure
in each fibre. The anomalous regime results were taken from below the modula-
tion instability threshold to ensure spectral distortion did not affect the nonlinear
refractive index measurements.

The results show good agreement with the exception of the 9m, 50 kHz results
in figure 8.3.10 which read consistently higher for that set of experiments. The reason
for this in unclear as the fibre showed agreement when measured at 100 kHz repetition
rate and each pressure reading involved purging the system before the experiments,
coupling the light to the core each time and were taken on different days so it is
unlikely to be random experimental error.

These results indicate that the nonlinear refractive index of argon at 1bar of
pressure is (1.5 4 0.4) x 10723 m?/W with a pressure dependence of (1.29 & 0.04) x
10723 m?/W/bar. This value lies in the lower region of the values presented by
Borzsonyi’® in the literature summary. As there is little overlap of the light with
the silica guiding structure there is little contamination from the nonlinear refractive
index of silica in the measured no here. Also, as the measurements were conducted
at high pressures resulting in clear SPM peaks that could easily be counted there
is little interference from other nonlinear effects that could affect a measurement of
pulse broadening alone. The light through the fibre maintained a linear polarisation

measured using the extinction ratio by a polariser and half wave plate on the fibre
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output, although the orientation of the polarisation could be changed by moving
the fibre. These factors indicate the ny results obtained here are reliable and can be

applied to future work with nonlinear effects in argon.

8.3.4 Pulse compression

The results from studying the spectra at different incident power levels at different
pressures found the optimum parameters to produce clean and broad SPM were
a pressure of approximately 20bar, an incident power of less than 1.5Wand a
50 kHz repetition rate. The set up for pulse compression used the same set up as
shown in figure 8.3.1 with a double pass grating pair added to the output. The
grating pair applies a dispersion of approximately 1 psnm™'. The output from the
grating pair was then measured with an autocorrelator to obtain the compressed
pulse duration. The precise amount of dispersion applied to the pulse was controlled
by the grating separation which was adjusted to provide the optimal compression
for a given pulse bandwidth.

The pulse compression was performed with 18 barof pressure and the system
was left to equilibrate. Coupling was optimised to minimise the presence of higher
order modes reaching a coupling efficiency of approximately 80% at a repetition rate
of 50kHz. The coupling efficiency was estimated from the measured throughput
through the core using a power meter on the input and output then factoring in the
estimated fibre loss. Autocorrelations and spectra were taken for a range of input
powers and the pulse compression was found to be optimum at an input average
power of 1.2W (~ 20pnJpulse energy and a peak power of 1.7 MW coupled into
the core). This power produced 7.6 nmof SPM broadening shown in figure 8.3.11
corresponding to a phase shift of 12.57. The 10 ps pulse was compressed to 420 fs as
shown in figure 8.3.12a. The output energy was ~ 81J after fibre and compressor
loss.

Higher powers did produce further compression reaching 360fsat an incident

power of 1.4 W (22 1J ) coupled pulse energy. However, the autocorrelations showed
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line) and 22.51J (blue solid line). Inset shows measured compressed
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additional structure indicating pulse distortion. Comparisons of the autocorrelations
and the pulse durations achieved in this work are shown in figure 8.3.12b. The power
was not increased past this as this 1.5 W consistently ablated the fibre end face.

To reach further compression, an increase in the pulse bandwidth would be re-
quired. Increased spectral broadening could occur with greater nonlinearity. This
can be done using higher pressures if the cause of the added spectral structure can be
eliminated either by using shorter pulses to minimise inter-atomic collisions during
excitation or in minimising interference from higher order modes. Creating an NCF
that is single moded at this wavelength would be advantageous in eliminating distor-
tion from higher order modes. Further increases in nonlinearity could be achieved
with higher peak power but this would need to be done without damaging the fibre.
Using an even lower repetition rate source to reduce the average power could achieve
this as results showed that higher pulse energies could be tolerated by the fibre at
lower repetition rates. The damage threshold could also be improved with better
coupling efficiency into the core so less light is incident on the glass structure at the
input end of the fibre. This could be done with higher quality lenses, redesign of
the gas cell to allow a shorter coupling distance, and in improving the beam quality
from the laser. An improved coupling system would also include reducing the drift
in the coupling system with time as this drift also damages the fibre as the focus of
the beam shifts from the centre of the core. An additional method to increase the
nonlinearity in the fibre is to use a different gas with a higher nonlinear refractive
index. There are gases with negligible Raman response that have a higher no in
the noble gas group such as xenon;”® though these gases tend to be of higher price

which could be detrimental in any industrial application settings.

8.4 Conclusion and outlook

This chapter has covered the spectral broadening induced by self-phase modulation
in gas filled hollow core negative curvature fibre. The effects and limitations of air

at atmospheric pressure were explored for a range of pulse powers and successfully
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demonstrated SPM broadening in this fibre. The spectrum of pulses through air
filled NCF was heavily structured by nonlinear effects other than the desired SPM.

Using multiple lengths of NCF pressurised with argon gas, the effects of SPM
were observed and used to deduce the nonlinear refractive index of argon at different
pressures. The nonlinear refractive index found was in the range of the values
provided in literature.

In the anomalous regime, modulation instability was observed and used as a
method to measure the dispersion of this fibre design with the waveguide dispersion
measured to be —0.99 £ 0.05 ps? /km at the design wavelength of 1064 nm .

In the normal dispersion regime, SPM was the dominant nonlinear effect in the
workable power range of this fibre in these conditions. This produced sufficient clean
pulse broadening to 8 nm from 0.2 nm allowing for a compression from the picosecond
to the femtosecond pulse regime. This was demonstrated with a compression from
10 ps to 420 fs by using a grating pair after the fibre.%?

Further work would include exploring this with different gases, preferably with
no Raman response and a higher nonlinear refractive index to improve the pulse
broadening. Developments in the fibre design can also potentially improve the re-
sults. Improvements can be made by fabricating a single mode NCF at the opera-
tional wavelength. This would negate interference from higher order modes and in

increasing the power tolerance of the fibre.



Chapter 9

Conclusion

This thesis has investigated the theoretical and experimental methods of using dif-
ferent optical fibres for reducing the pulse repetition rate of a mode locked laser and
the use of gas filled hollow core fibre as a means to create pulse spectral broadening.

The theory of the optical fibres considered in this thesis were presented which
pertained to both fabrication of these fibres and their use in mode-locked fibre lasers.
This was also modelled numerically in addition to the experimental results given.

Low repetition mode-locked lasers operating in the normal dispersion of silica
were shown to be limited by the cumulative nonlinear phase shift acquired by the
pulse in a round trip of the laser cavity. This sets an upper pump power limit where
the pulse will break into multiple pulses if exceeded and this limit decreases with
extra cavity length until no fundamental mode-locking can occur.

Investigations of low repetition mode-locked lasers cavities included the use of
large mode area (LMA) fibres to reduce the intensity of the guided light and thus the
nonlinear phase shift incurred. Experimentally, this method showed some promise
with the reduction in pulse repetition rate from 20 MHzto 7.6 MHzof a 4 pspulse
at an operational wavelength of 1064 nm. The integration and design of the LMA
fibres required careful consideration of the spatial mode behaviour within the laser
cavity. This work then split into another project taken over by Ben Cemlyn and

Fianium Itd.
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The use of hollow core fibre provided a more drastic change in nonlinearity
compared to increasing the mode area of the fibre as it changes the medium the light
is propagating through. The use of hollow core fibre necessitates the consideration of
effective integration of the hollow core fibre into the cavity while limiting unwanted
reflections at the interface between fibre cores. A free space coupling stage with angle
polished solid core pigtails in a ring configuration proved to be an adequate method
of integration in this work. Further development is possible with creating an angle
splice between the hollow and solid core fibres for a more robust and permanent
integration of the hollow core fibre into a fibre laser cavity.

Initial mode-locked cavity experiments with hollow core fibre used hollow core
photonic crystal fibres (PCFs) which were used to construct an operational mode-
locked cavity at short lengths reaching a pulse repetition rate of 27 MHz reduced from
37MHzfor a 4pspulse at 1064 nm. However the introduction of longer lengths of
PCF was limited by the high fibre loss and the depolarisation of the light within the
PCF. This could be further explored with the development of a non-PM laser cavity
but the experiments with negative curvature anti resonant fibre (NCF) proved not
to suffer these same polarisation issues and so is the favoured fibre for this purpose.

The use of NCF proved to be an effective method to reduce the pulse repetition
rate as a reduction from 37 MHzto 5.4 MHz was achieved with no detriment to the
pulse duration or spectrum. The negligible nonlinearity and dispersion of the NCF
makes it an appealing delay fibre. The current limitations of this work are in the
constraints of fibre fabrication restricting the maximum lengths of good quality
fibre that can be made. Improvements to the drawing methods that allow for longer
lengths to be fabricated would allow for lower repetition rates to be achieved.

The NCF drawn was also used as a means to create clean and symmetric spectral
broadening of a 10 ps pulse centred at 1064 nm in a single pass. The use of pressurised
argon provided a sufficient nonlinear response to produce self-phase modulation
without distortion from Raman effects that occur in air and in silica. The spectrally

broadened pulse was then compressed to 420 fs with the use of a grating pair on the
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fibre output. The analysis of the nonlinear effects in the argon filled fibre allowed for
characterisation of the fibre dispersion in the anomalous regime and also provide an
estimate of the pressure dependent nonlinear refractive index of argon at 1064 nm .

With further development of laser stability and robustness the low repetition
lasers produced here could be an attractive seed laser with applications that require
high pulse peak power, but not necessarily high average power such as machining
or as a seed for supercontinuum generation. The compression of a pulse, like that
achieved here with gas filled hollow core fibre and grating pair, to further increase the
peak power is also applicable to these applications as well increasing the fundamental

understanding of the physics of the optical fibres studied.
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Abstract:  Ultralow nonlinearity hollow-core negative curvature fibre is used in a mode-
locked Ytterbium fibre laser to prevent the onset of pulse breakup at low repetition-rates.
Identical pulse peak-power limit at 37MHz and 11MHz is experimentally demonstrated.
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1. Introduction

Mode-locked fibre lasers are traditionally known for high repetition rates, typically 80MHz and above, and short
(picosecond or below) pulse lengths. There are applications for which similarly short pulses at lower repetition rates
are desirable, such as cold material processing. Mode-locked oscillators producing short pulses at a low repetition-rate
can simplify laser system design by removing the need of additional amplification and pulse-picking. Lower repetition
rates however require longer cavity lengths. For conventional soliton mode-locked fibre laser designs, longer cavity
lengths and higher pulse energies both lead to an increase in nonlinear phase shift per round trip which leads to pulse
break-up and undesirable mode-locking characteristics. The lowest repetition-rate reported for a mode-locked fibre
laser is 37kHz, but it produced 10ns pulses due to the strong nonlinear evolution in the normal dispersion regime [1].
For a soliton mode-locked laser, the nonlinear phase shift, ¢, which the pulse acquires in propagation through the
cavity causes breakup at ¢,,,x = YLPy = 7 [2] where YL is the cavity nonlinearity, Fy is the pulse peak power. Stable
fundamental mode-locking occurs therefore in a finite range of pulse energies between the mode-locking threshold,
where the pulse energy is sufficient to achieve stable pulses, and the multi-pulse threshold where the pulse breaks into
harmonic or bunched pulse regimes. This paper experimentally demonstrates the possibility of using state-of-the-art
hollow-core fibre as means to extend the cavity length of a 4ps soliton laser without adding nonlinear phase shift and

distortion to the pulses.
HWP @ Hwp
00 00

Fig. 1. Experimental setup of Yb mode-locked fibre laser based on ring cavity with hollow-core
negative curvature fibre (HCF). ISO: optical isolator; HWP: half-wave plate; Circ: optical circulator;
CFBG: chirped fibre Bragg grating; SESAM: semiconductor saturable absorber mirror.

Output

CFBG

2. Experiment

Our configuration is based on a polarisation maintaining ring cavity, Fig 1. The cavity comprises a SESAM mode-
locking element and a chirped fibre Bragg grating (CFBG, used to periodically apply anomalous dispersion) incorpo-
rated via circulators. The Ytterbium gain fibre was pumped with a 980nm laser diode. A half waveplate was used to
align the polarisation angles. We establish baseline data using a reference cavity with no hollow-core fibre and a free
space coupling stage. After characterising the reference cavity we introduced different lengths of hollow-core fibre
(HCF), 8m, 13m and 20m. The HCF is based on the negative curvature design with a core diameter of 34um [3].



SThiL.5.pdf CLEO:2015 © OSA 2015

=

e

)

|
—
1Sy
o
©

|
N
o
e
o

|
w
t=}

Norm. Output (dB
o
o

Norm. Power (arb. units)

|
EN
)
o
[N)

1062 1063 1064 1065 1066  0.0——g——3
Wavelength (nm)

2 0 2 4 6

Time (ps)

Fig. 2. Measured mode-locked pulses with (dashed line) and without (solid line) 20m of HCF. Left:
Pulse Spectrum. Right: Autocorrelation.

3. Results

The reference cavity contained 5.4m of conventional solid-core fibre (in total) and oscillated at 37MHz. As the pump
power was increased the laser evolved through operational states: CW, Q-switched mode-locking, desirable fundamen-
tal mode-locking then multi-pulsed mode-locking. Cavities with added HCF also showed this behaviour with similar
pulses. Fig. 2 compares pulses from the reference cavity and a cavity with 20m of HCF oscillating at 11MHz.

Increasing the cavity length reduces the pump power needed for mode-locking, however the fibre attenuation intro-
duced will increase the pump power needed. Using these effects and the reference cavity data, the mode-locking and
multi-pulsing thresholds were calculated assuming a fibre attenuation of 0.04dBm! (Fig. 3(a)). The mode-locking and
multi-pulsing thresholds were determined by examining the pulse spectra, oscilloscope and autocorrelation traces.

The mode-locking threshold shown corresponds to stable oscillations (although pulses were observed at lower pump
powers). The stable mode-locking threshold can be affected by additional instabilities in the system from mode inter-
ference, polarisation effects within the hollow-core fibre and in the free space coupling. The multi-pulsing thresholds
in Fig. 3(a) agrees well with the prediction indicating there is no additional nonlinearity in the cavity. This is reinforced
by Fig. 3(b) which shows the calculated peak power for the reference cavity that would correspond to ¢, = 7.
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Fig. 3. (a) Predicted mode-locked ranges based on the measured reference cavity with experimental
results. (b) Calculated peak pulse power corresponding to @, = 7 with measured intra-cavity pulse
peak powers at lower and higher points of fundamental mode-locking.

4. Conclusion

Up to 20m of HCF has been added to an Yb** mode-locked fibre laser and shown not to introduce additional nonlin-
earity to the cavity. The results show that HCF can be used to extend short pulse Yb mode-locked laser length with
minimum detriment to the pulses and could be a viable means to achieve low repetition rates. Further work can explore
longer lengths of additional HCF and also the effect of different pulse lengths.

This work is supported by EPSRC industrial CASE award EP/K504245, TSB project TP101503, and Fianium Ltd.
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Reduced Repetition Rate Yb>+ Mode-Locked
Picosecond Fiber Laser With Hollow Core Fiber

C. M. Harvey, F. Yu, J. C. Knight, W. J. Wadsworth, and P. J. Almeida

Abstract— Anti-resonant guiding negative curvature hollow
core fiber operating at a wavelength of 1064 nm is used in
the cavity of an ytterbium (Yb3+) mode-locked fiber laser to
increase cavity length without increasing the nonlinear phase
shift. Repetition rates from 37 to 5.4 MHz are demonstrated
using lengths of hollow core fiber up to 48 m in length. Each
constructed cavity produced coherent 4-ps 1/e2 duration soliton-
like pulses, with no degradation of the pulse peak power or pulse
shape at lower repetition rates. Both the spectral distributions
and the autocorrelations of output pulses are compared along
with the mode-locking and multi-pulse power thresholds.

Index Terms—Fiber lasers, fiber nonlinear optics, laser
mode-locking, ultrafast optics.

I. INTRODUCTION

ODE-LOCKED fiber lasers are becoming an increas-

ingly common tool in many areas of industry and
scientific research. They are typically known for producing
short pulses of picosecond length or shorter at repetition
rates of 80 MHz and above while being robust and compact
in nature compared to their solid state counterparts. Many
applications of such lasers however require coherent short
pulses at lower repetition rates including ultrafast laser mate-
rial processing where high peak intensity pulses can ablate a
material without collateral damage [1], and stimulated emis-
sion depletion microscopy with a supercontinuum laser where
high peak power pulses at low repetition-rate are required
to reduce photobleaching effects [2]. Ideally, pulses from a
low repetition-rate oscillator can be directly amplified to high
pulse energy without need of complex pulse picking circuitry.
Short picosecond pulses can be directly amplified to high
pulse energy using a hybrid laser architecture based on a fiber
mode-locked oscillator followed by a chain of bulk solid-state
amplifiers [3]. As the nonlinear effects in the crystal amplifiers
are negligible with the pulse peak power only limited by the
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critical self-focusing limit, this avoids the need to use pulse
compression after amplification, which for industrial use could
require active stabilization.

To achieve lower repetition rates a longer cavity length
is required. However, introducing more fiber into a cavity
increases the cumulative nonlinear phase shift of the pulse
per cavity round trip. Excessive phase shift can lead to pulse
break up [4].

As Ytterbium fiber lasers operate in the normal dispersion
regime of standard silica fiber, soliton propagation is not
possible. Soliton compression is necessary to generate short
picosecond pulses directly from a mode-locked laser cavity
without use of external compression. To induce soliton-like
behavior at these wavelengths the dispersion can be managed
across a cavity round trip in order to achieve net anomalous
dispersion. However, for long cavities the total nonlinearity
must also be controlled to preserve the pulse and avoid the
onset of pulse break up.

The lowest reported repetition rate for an Ytterbium doped
mode-locked fiber laser is 37 kHz [5] with pulse duration
of 10ns. This is operating in a different regime to the short
pulse durations considered in this work. For shorter pulse
durations the nonlinearity places increasing limits on the pulse.
For <10ps FWHM pulse the lowest reported repetition rate is
5.96MHz [6].

Traditional silica fibers have a nonlinear refractive
index (n2) of approximately 2.6 x 1072°m?W~! which deter-
mines the nonlinear phase shift [7]:

2mny(A)
= ) pL (1)
éNL Ao

Py is the pulse peak power; L is the fiber length, ny(4)
is the nonlinear refractive index at wavelength 4 and Acrf
is the effective mode area of the fiber or free space beam.
Pulse break up for soliton laser occurs when the cumulative
nonlinear phase shift of the pulse in one cavity round trip is
énL =7 [4].

The overall phase shift can be reduced by propagating in
a mode with a larger area, a lower peak power or by using
a medium with a lower nj. Propagating through air with n;
of the order 10~2*m?W~! causes a reduced nonlinear phase
shift compared to silica fiber.

Hollow core fibers (HCF) enable the propagation of light
in air with the guiding capabilities and robustness suitable
for integration into a fiber laser. The most common form of
HCF is photonic bandgap fiber but other leaky mode fiber

1041-1135 © 2015 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.
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Fig. 1. Scanning electron micrograph of negative curvature, anti-resonant
HCF (48m fiber sample).

designs also guide light. HCF can be filled with gas, liquid
or evacuated. Hollow core fibers have benefits in transmitting
high intensity light or light that would otherwise be subject
to high material absorption due to low overlap with the glass
structure [8]. Here we are interested in the low nonlinearity
offered by transmitting through air and a hollow core, negative
curvature, anti-resonant fiber was chosen for the experiment.
The fiber structure fabricated for this experiment is shown
in Fig. 1.

Negative curvature fiber has both low nonlinearity and
anomalous group velocity dispersion of a few ps/mm/km at
the design wavelength, due to large core size and propagation
in air, allowing pulses to propagate with little disturbance [9].
We demonstrate this by extending a mode-locked laser cavity
with up to 48m of negative curvature fiber while preserving
the original pulse duration.

II. EXPERIMENTAL DETAILS

The laser setup is a polarization maintaining ring cavity with
two circulator arms to incorporate the reflective components:
the SESAM mode-locking element and the chirped fiber
Bragg grating (CFBG), as shown in Fig. 2. The SESAM is
butt coupled to the fiber end. The CFBG has an anomalous
dispersion of +10ps/nm and functions as an output coupler.
The cavity gain is from a core-pumped ytterbium doped
fiber amplifier with a length of 65cm, and pumped with a
980nm laser diode. All the pigtails consist of single mode,
polarization maintaining, solid-core fiber totaling 5.4m. All
of the components used are commercially available with the
exception of the HCF which was fabricated in house.

A reference cavity was used as a baseline, characterized
with no HCF and a single free space coupling stage with
a repetition rate of 36.8MHz. Different lengths of HCF
were then introduced, these included; 8m, 13m, 20m, 33m
(20m and 13m coupled together), 48m. These corresponded
to repetition rates of 18.2MHz, 14.2MHz, 10.8MHz, 7.4MHz
and 5.4MHz respectively which were confirmed using
oscilloscope traces of the pulse train. These fibers were all
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SESAM 980nm Pump
150 N
Output E —
CFBG
Circ
HWP HwWP
Fig. 2. Experimental setup of Yb mode-locked fiber laser based on ring

cavity with hollow-core negative curvature fiber (HCF). ISO: optical isolator;
HWP: half-wave plate; Circ: optical circulator; CFBG: chirped fiber Bragg
grating; SESAM: semiconductor saturable absorber mirror.

different fabrication iterations of the same structure with
similar but not identical properties. Fiber attenuation was
measured to be >0.03+0.01dB/m for each fiber. The HCF is
flat cleaved and free space coupled to angle polished, solid-
core pigtails using a lens pair and Thorlabs NanoMax stages.
Angle polishes on the solid fibers were used to minimize
detrimental Fresnel reflections. Two half-wave plates were
used to align the polarization angle in and out of the HCF.

Each laser constructed was evaluated by taking the spectra
and autocorrelation traces and by measuring the average output
power for different pump powers. The spectra were measured
on a Yokogawa optical spectrum analyzer, the autocorrelations
taken with an APE PulseCheck autocorrelator and the power
readings with a thermal power meter.

III. RESULTS

A total of seven cavity lengths were assembled with dif-
ferent lengths of HCF. Many different mode-locking regimes
were observed for different cavity pump powers. The evolution
through these regimes with increasing pump power typically
occurs as: amplified spontaneous emission operation at lowest
powers; continuous wave operation once the lasing threshold is
achieved; Q-switched mode-locking where pulses are observed
but amplitude unstable; single pulse or fundamental mode-
locking (which is the ideal regime in this case); and lastly
multi-pulsing regimes. The multi-pulsing regimes consist of
either harmonic mode-locking with pulses evenly spaced in
time or in bunched pulse operation where the pulses are tightly
bound and close in time, or a combination of both. All these
pulse regimes have characteristic spectra, and the evolution
with pump power can be observed as shown in Fig. 3.

The two main thresholds considered are the fundamental
mode-locking threshold where stable pulses can be observed
and the multi-pulse threshold where the pulse breaks up. The
fundamental mode-locking threshold is dependent on pulse
energy which is linked to the repetition rate of the cavity such
that £, = Py, /Frep. Thus as the cavity length is increased,
the pulse energy is also increased which reduces the mode-
locking threshold. All the cavities were stable once started
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Fig. 3. Pulse spectral evolution with pump power for the reference
cavity (36.8MHz) showing (1) CW lasing; (2) g-switched mode-locking;
(3) fundamental CW mode-locking; (4,6) double pulse harmonic mode-
locking; (5) bunched pulse multi-pulsing; (7) chaotic multi-pulsing. Scanning
resolution was 0.02nm with spectrum recorded with pump power intervals
varying between 1 and SmW.
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Fig. 4. Spectral comparison of cavity with 48m of HCF (red dotted line),

with 20m of HCF (blue dashed line) and without HCF (solid line). Spectra
taken at pump powers corresponding to the mid region of the fundamental
mode-locking regime.

and measured over a few hours. All the cavities showed
self-starting behavior for the majority of pump power in the
fundamental mode-locking regime with the exception of low
pump powers in the fundamental mode-locking regime.

The pulse spectra reliably showed the mode-locked state
and were repeatable. Tracing the spectral evolution with pump
power, Fig. 3, shows clear changes between the different
pulsing regimes. Region 3 in Fig. 3 is the fundamental mode-
locking regime defined by the mode-locking threshold at lower
pump power and the multi-pulsing threshold at higher pump
powers. These thresholds of pump power for each cavity are
summarized later in Fig. 6.

Closer analysis of the pulse spectral shape shows a smooth
shape with clear Kelly sidebands indicating a soliton-like
pulse, Fig. 4. The shape of the pulse is preserved as the cavity
length is increased. The position of the Kelly sidebands shows
little change demonstrating there is negligible dispersion
introduced by the extra lengths of HCF [10].
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Fig. 5. Comparison of three autocorrelation traces with 48m of HCF

(red dotted line), with 20m of HCF (blue dashed line) and reference cavity
(solid line). Inset shows typical autocorrelation trace in a 150ps time span.
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Fig. 6. Predicted mode-locked ranges based on the measured reference cavity
with experimental results. 33m results are higher due to increased loss whereas
48m HCEF results had lower than estimated fiber attenuation.

The measured autocorrelation traces for the different
repetition-rate cavities showed similar shape and pulse
width, shown in Fig. 5. At the lowest pump power in the
fundamental mode-locking regime (shown in Fig. 6) the 1/e?
pulse width was measured as 4.8ps. With a few mW increase
in pump power the pulse duration dropped to 4ps and had
a time-bandwidth product of 0.35 in all cavities constructed.
For further increases in pump power the pulse width was
measured as 4.05ps £ 0.15ps but the time-bandwidth product
increased to 0.5 at the multi-pulsing threshold in each cavity.
The fundamental mode-locking region itself showed no
autocorrelation coherence artifacts indicating full, coherent
mode-locking was obtained without noise burst behavior.
Increasing the cavity length reduces the pump power needed
for mode-locking; however the fiber attenuation introduced
will increase the pump power needed. Using these effects and
the reference cavity data, an estimate of the mode-locking
and multi-pulsing thresholds was obtained assuming a fiber
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Fig. 7. Calculated nonlinear phase shift ¢ from measured intra-cavity pulse
peak powers at lower and higher points of fundamental mode-locking.

attenuation of 0.04dBm~" with no dispersion or nonlinearity,
Fig. 6. The fundamental mode-locking and multi-pulsing
thresholds for the different built cavities were determined by
examining the experimental pulse spectra, oscilloscope and
autocorrelation traces and plotted in Fig. 6.

The performance of each cavity is summarized in Fig. 7.
The nonlinear phase shift, ¢, was estimated by first calculating
the pulse peak power from the average power, repetition rate
and pulse width measured at the laser output. The pulse peak
power at each point in the cavity was subsequently calculated
taking into account the losses of the cavity components. The
phase shift was calculated for each section of the cavity using
Equation 1 with the pulse propagation with the HCF loss taken
into account, and it was assumed nonlinear interaction only
with air and no dispersion. The cumulative nonlinear phase
shift was then obtained and each cavity is shown to reach the
maximum phase shift of # with in error demonstrating the
laser is reaching full performance. These points correspond to
an output peak power of approximately 40W and output pulse
energy of 179pJ in the reference cavity increasing to 240pJ in
the 5.4MHz cavity.

Generally, the cavity performance showed some hysteresis
in the threshold for multi-pulsing by approximately SmW
change of pump power. Starting in the single pulse regime
and increasing power, the cavity remained single pulse to a
higher pump power than starting in the multi-pulsing regime
and decreasing power. For consistency, the threshold point was
taken as the pump power where single pulse became multi-
pulse when increasing pump power.

This measured threshold was also subject to drift over
the course of several days. This was attributed to tem-
perature fluctuations and mechanical drifts in coupling.
These were minimized by use of a temperature con-
trolled plate. This was incorporated into the errors in
Fig. 6 and Fig. 7.
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Further experiments have been conducted using a longer
HCF piece, of 118m. However fibers at this length had
considerably higher loss and produced a long pulse of approx-
imately 50ps with no coherence artifacts observed in the
autocorrelation trace. This is attributed to inadequate fiber
manufacturing producing undesirable optical resonances in the
fiber altering the dispersion profile of the fiber. Improved
drawing techniques would produce better quality, long fibers.

A linear cavity laser with the HCF operating in double pass
was also constructed and tested. The CFBG and SESAM used
were similar to that used in the ring cavity. A HCF length
of Im in the linear cavity configuration produced pulses of
approximately 6ps. The 48m piece of HCF tested in the linear
cavity produced however 50ps pulses. The precise cause of
this is yet to be confirmed.

IV. CONCLUSION

An Yb>T mode-locked fiber laser has been extended with up
to 48m of hollow core negative curvature fiber. The HCF did
not introduce significant additional nonlinearity or dispersion
to the cavity. Results show that HCF is a viable means to
reduce the repetition rate of Yb mode-locked fiber lasers
with minimum detriment to the pulse. Further reductions in
repetition rate should be possible provided longer lengths of
HCEF of this type can be manufactured with sufficient quality.
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Abstract: We investigate self-phase modulation in 28m of negative curvature anti-resonant
hollow-core fiber pressurized with argon. A 9.6ps pulse is spectrally broadened to 7.6nm, at 20bar

of pressure, and compressed to 420fs with 8uJ output energy.
OCIS codes: 190.0190, 060.2390, 060.7140

1. Introduction

Low loss hollow-core fibers provide a means of using and studying different materials under distinctive conditions
of optical intensity and long interaction lengths. By filling a hollow-core fiber with a fluid, material properties
outside of the range of silica can be used to manipulate the propagating light. This work focuses on filling negative-
curvature anti-resonant hollow-core fiber with argon gas with the aim of using Raman-free self-phase modulation
(SPM) to spectrally broaden a pulse. The nonlinear refractive index of argon is pressure dependent allowing for
scaling of the nonlinear effects in the fiber with applied pressure [1]. Previous work has been conducted using a
mode-locked ytterbium laser with hollow-core fiber in the anomalous dispersion regime, which can be limited by the
onset of modulation instability and soliton dynamics [2]. Here we investigated spectral broadening of pulses from an
ultrafast laser operating at 1064 nm by propagating in the normal dispersion regime of a gas-filled hollow-core
negative curvature fiber. In the normal dispersion regime, large spectral broadening associated with a linear
frequency-chirp can be achieved, which allows for high quality pulse compression. In this paper, we demonstrate
spectral broadening with nonlinear shift in excess of 12.5x, and subsequent low pedestal pulse compression.

2. Experiment

The experiment used a HY LASE-25 high-energy picosecond laser from Fianium with a pulse duration of about 10ps
and pulse energy up to 125 pJ at 1064 nm, operating at a set pulse picked repetition-rate of 50 kHz at 1064 nm. The
power incident on the fiber was controlled by a half wave plate and polarizing beam splitter. This was coupled into a
length of hollow-core fiber housed between gas cells, as shown in Figure 1. Pulse spectra were measured at the
output of the fiber prior to the grating pair pulse compressor. The fiber output collimated beam was then aligned into
a double pass grating pair, applying approximately 1 ps/nm of dispersion. The fiber used was 28 m of negative
curvature design [3] with a core diameter of 34 pm. This fiber was chosen so that the pulse at 1064.5 nm was at the
short wavelength side of the transmission band where the fiber has normal dispersion. The fiber was pressurized
with argon, which has minimal Raman response and a relatively high ionization threshold.

3. Results

Different pressures were tested and the spectrum was analyzed at varying input powers. The observed spectral
broadening increased with pressure as expected. Output spectra are compared in Figure 2-a for a fixed input average
power of 600 mW at 50 kHz (12 wJ). Below 25 bar regular spectral peaks can be observed and the pulse is

. PBS (
Mirror
cA4 U L Laser
HWP Periscope

Lens

/\ NN 4 /\ Grating
Mirro \/ \/ O\ pair

Pick-off

mirror
Figure 1, Experimental set up of gas filled hollow-core negative curvature fiber (HCF) and grating pair
pulse compressor. Power control provided by half wave plate (HWP) and polarizing beam splitter (PBS).
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compressible. Above 25 bar structure appears on top of the spectral oscillations from SPM limiting potential pulse
compression. As a result 20 bar of pressure was chosen to proceed with pulse compression to provide the largest
spectral broadening with least distortion. Figure 2-b shows the scaling of SPM induced phase shift with incident

® & r 3

20 25

Incident Pulse Energy (jJ)
Figure 2, a) Pulse spectra at different pressures with fixed 12uJ pulse energy incident on fiber. b) Estimated nonlinear

phase shift at different pulse energies for 1 bar (diamonds), 10 bar (squares) and 20 bar (circles). Both plots created using
28 m of HCF at 50 kHz.

pulse energy for different pressures estimated using ¢4, = (M — %) 7 where M is the number of SPM peaks [4].

The maximum structure free compression observed was at 50 kHz repetition rate, with 9.6 ps input pulse
duration, 1.2 W average power giving a pulse energy of 24 uJ and a pre-compression estimated peak power of 2.2
MW. This produced a 7.6 nm bandwidth (FWHM) after propagation through the fiber, Figure 3. After compression
the pulse was measured to be 420 fs FWHM and 8 uJ (estimated peak power of 10MW) after losses from fiber
coupling and grating pair. Further SPM broadening was observed at higher powers up to 10.5 nm FWHM from 30

wJ pulse energy. However, the resulting autocorrelation trace displayed structure after compression.
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Figure 3, a) Pulse spectra of the input laser with 0.2 nm bandwidth (red dashed) and spectra after propagating in fiber
showing 7.6 nm FWHM bandwidth (blue solid); b) Autocorrelation traces from laser measuring 9.6 ps (red dashed) and after
compression measuring 420 fs (blue solid). Results obtained with 20 bar of argon and input pulse energy of 24 pJ.

4. Conclusions

The effect of pressure of argon on the produced self-phase modulation has been analyzed and a limit of <25bar has

been found for this configuration. The self-phase modulation induced by different pressures of argon in negative

curvature HCF has been recorded. An increase in spectral width from 0.2nm to 7.6nm was generated enabling a

compression from 9.6ps to 420fs with no structure in the autocorrelation trace.
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