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Abstract 

A study of some key areas in which ultrafast laser inscription may usefully be employed 

is presented. The thesis includes waveguide inscription in a variety of substrates 

including passive glass, doped glass and a nonlinear crystal. The work contained can be 

split into three studies, with some overlap between them. 

Firstly fused silica glass is used, both in planar substrates and as flat fibre, for the 

inscription of two sensing elements. The planar substrate is used for a device similar in 

design to a side-polished fibre and the flat fibre is used for the fabrication of a Bragg 

grating waveguide array. 

In the second study, waveguides are inscribed in the nonlinear crystal monoclinic 

bismuth borate, and used for guided mode second harmonic generation. A novel 

waveguide design is employed to increase overlap between the pump and second 

harmonic waveguide modes. 

The remainder of the thesis investigates the applicability of ultrafast laser inscription to 

the fabrication of compact modelocked lasers. Lasing is demonstrated, both continuous 

wave and modelocked, using a laser inscribed erbium doped bismuthate glass 

waveguide as the gain element. A study is then undertaken into methods of integrating 

carbon nanotubes, used as saturable absorbers to modelock lasers, into laser inscribed 

waveguides.  
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Chapter 1. Introduction 

1.1. Background 

The aim of this project has been to attempt the construction of a compact, ultrafast laser 

inscribed, modelocked laser. To aid in this final goal there have also been investigations 

into the affects of writing waveguides in birefringent crystals and the use of ultrafast 

laser inscribed devices for sensing applications. This chapter will describe the 

development of dielectric optical waveguides for a range of applications, detail the 

development of ultrafast laser inscription (ULI) and provide an outline for the work 

presented in this thesis. 

1.2. Dielectric optical waveguides 

A dielectric is a non-conducting material that can be polarised by an incident electric 

field. A waveguide is a spatially inhomogeneous material that can confine light within a 

defined region such that the electric field distribution of the light does not vary as the 

light propagates along the structure. The guidance of visible and near-infrared (NIR) 

light by dielectric waveguides has been most heavily utilised for the long distance 

transmission of data through glass optical fibres. Optical fibre has in fact been so 

pervasive in its integration into modern society that ‘fibre optic’ is synonymous with 

high speed for any computational data transmission. There has been a rapid change from 

the predecessor, copper wire, considering that as recently as the 1960s it was unclear if 

the low loss guidance of light through dielectrics was even possible. As data rates 

increased copper wire became increasingly less efficient and it was clear that another 

system was required for long haul communication. Losses from optical fibres at this 

time were comparable, or in excess of, systems such as free space lens transmission 

lines or metallic waveguides [1, 2]. However, the work of Kao, among others, showed 

that a large portion of this loss was due to the low purity of the materials used and not 

fundamental to the nature of guided modes in dielectric media [3]. By the 1970s 

Corning® were commercially producing low loss optical fibre which, with the advent of 

the continuous wave (CW) helium neon (HeNe) laser, paved the way for light to take 

over from microwave and coaxial electrical signals for long distance, high data rate 

communication. Soon HeNe lasers were replaced by semiconductor lasers, which 

themselves relied on the guiding of light within the p-n junction [4, 5]. With the 
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development of additional components, this allowed for the creation of the systems 

currently in place throughout the world today. 

The engineering of high quality optical fibres and optical waveguides has had 

significant impact on fields not immediately related to the encoded transport of 

information with the minimum possible loss of energy: fibre Bragg gratings (FBGs) 

have replaced electrical strain gauges for in situ strain measurements [6], and fibre 

gyroscopes are fitted in most commercial aeroplanes for navigation purposes [7]. The 

first fibre laser trailed the first laser by one year [8], and the ongoing development of 

fibre lasers has allowed for power scalability while maintaining high beam quality. 

Multiple kW outputs with near diffraction limited performance are now attainable and 

fibre lasers are seen as an attractive route to even greater average powers [9, 10]. The 

field of nonlinear fibre optics is also of significant interest due to the ability to confine 

light to a small spot size over a long propagation distance. This allows for high 

irradiances to be preserved over metres instead of the microns that would be permitted 

in non-guided configurations [11]. However, fibre drawing is limited to certain select 

materials, imposes limits on the geometries of the devices, and the interaction of the 

light with the external environment requires severe modification of the fibre. For these 

reasons alternative waveguide fabrication technologies, although unable to compete 

with fibre for long haul data transmission due their higher propagation losses, are still of 

interest for many applications. For example arrayed waveguide gratings (AWGs) are 

extensively used for wavelength division multiplexing and de-multiplexing in long haul 

optical fibre networks, Mach-Zehnder interferometers are used as switches for time 

division multiplexing, and optical backplanes are starting to see use for server-to-server 

communication. 

1.3. Ultrafast Laser Inscription 

Many optical waveguide fabrication techniques exist, some made commercially viable 

by a single application or a few applications they perform exceedingly well, but most 

are limited to a single material. In 1996 Davis et al. showed that the nonlinear 

absorption of femtosecond pulses in a material could result in a permanent increase in 

the refractive index of that material [12]. Over the next 10 years the range of materials 

processable into waveguides through laser irradiation increased massively, in part due 

to the fact that the facilities required for the laser inscription could already be found in 

many ultrafast optics groups throughout the world. Over this period the majority of 
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work utilised regeneratively amplified titanium doped sapphire (Ti:sapphire) lasers. 

Most of the systems operated at a wavelength close to 800 nm, had pulse durations of 

about 100 fs and repetition rates around 1 kHz. With these systems typical fabrication 

speeds were slow, measured in µm’s per second for low loss waveguides. At about this 

time new systems became available: Professor Giulio Cerullo’s group at the Politecnico 

di Millano acquired a modelocked cavity dumped Yb:glass oscillator from High Q®, 

producing slightly longer pulses but at far higher repetition rates from 100’s of kHz up 

to multiple MHz [13]. In 2004 Professor Peter Herman’s group (Laser Photonics 

Fabrication) in Toronto forged links with IMRA®, one of the largest manufactures of 

ultrafast fibre lasers, and started fabricating waveguides with similar pulse repetition 

frequencies to those attainable from modelocked cavity dumped systems [14]. 

Changes in the systems showed that high quality waveguides could be fabricated with 

longer pulses, closer to 500 fs than the 100 fs pulses used for previous work, there was 

also a massive decrease in fabrication times due to the 100 fold increase in laser 

repetition rates. Perhaps more crucially from a material point of view, the inter-pulse 

time was now comparable with the time required for heat to diffuse out of the focal 

volume in many materials, allowing cumulative heating to occur and with it a 

completely new waveguide morphology and index change mechanism. To further 

increase the repetition rates of laser sources some groups moved towards extended 

cavity oscillators, conventional ultrafast lasers designs but with far longer cavities and 

therefore lower repetition rates, typically in the low 10s of MHz, and higher pulse 

energies [15]. 

I joined Professor Ajoy Kar’s Nonlinear Optics Group in February 2008. The group had 

branched out from pure nonlinear optics and was increasingly focussing upon ultrafast 

waveguide inscription - I was the second student to start a PhD. in this group 

specifically on the subject. Previous work had relied on the occasional use of a 

regeneratively amplified Ti:sapphire laser and translation stages which were routinely 

used by one of Professor Derryck Reid’s students, and on a collaboration with Professor 

Giulio Cerrulo’s group allowing Nicholas Psaila and Robert Thomson to gain expertise 

from his group and fabricate waveguides using their fabrication equipment. At about the 

time I joined the group we invested in a Fianium® master oscillator power amplifier 

ultrafast fibre laser system and a set of three axis Aerotech® computer controlled stages. 

On paper this system was comparable with that used in Toronto or the system that R. 

Thomson and N. Psaila had learned to use in Milan. I was also fortunate enough to 
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spend 4 weeks visiting Professor Giulio Cerullo’s group in Milan to be trained in some 

facets of their work within the first year of my PhD. studies. 

During my PhD. the group has gone from three people working on ULI at Heriot-Watt 

to it now being the main focus of Professor Kar’s group, with almost every person in the 

group using a device fabricated by this method for some area of their work.  

1.4. Thesis Outline 

The work presented in this thesis comprises three independent studies. The first is into 

sensing elements and sensor networks benefitting from ULI’s flexibility and ability to 

rapidly prototype. The second study is conducted within the crystal monoclinic bismuth 

borate and demonstrates a novel approach to the control of the polarisation dependent 

guiding characteristics often encountered when employing ULI of waveguides within 

crystals. The third part of this thesis lays the foundations for the successful 

demonstration of a compact, environmentally stable, high repetition rate ultrafast 

oscillator. This part describes a gain element fabricated in an erbium doped bismuthate 

glass featuring a broad gain bandwidth and high gain per unit length, shows the 

characterisation of a CW and then passively modelocked laser based on this gain 

element and includes work on the integration of cavity components into structurally 

stable ULI elements. 

Chapter 2 gives an introduction to nonlinear optics, including nonlinear absorption, 

material modification and the processes at work during waveguide inscription with an 

ultrafast laser. Some of the variables which must be considered in this process are 

discussed and a review of some devices fabricated by this technology is presented. 

Chapter 3 presents the fabrication and characterisation of two distinct classes of sensor 

whose design is based upon successful fibre sensors. The first part details a sensor 

which borrows from side-polished fibres allowing the sensing of changes to an external 

medium. The second part reports the fabrication and characterisation of a 3x3 coupler 

and three different period Bragg grating waveguides to allow strain to be measured as 

well as load direction in a device fabricated into a piece of ‘flat fibre’. 

Chapter 4 details an investigation into the polarisation dependent guiding nature of 

waveguides fabricated in crystals which rely on the strain-optic effect for confinement 

of the waveguide mode. The work is carried out in the nonlinear crystal monoclinic 
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bismuth borate and type I birefringently phase matched second harmonic generation is 

demonstrated. 

Chapter 5 reports work on a CW laser whose gain element is fabricated by ULI in an 

erbium doped bismuthate glass. A Rigrod type analysis is carried out to extract 

information about the properties of the waveguide useful for the following construction 

of a modelocked laser. 

Chapter 6 presents work on a passively modelocked laser featuring the gain element 

studied in the previous chapter. Soliton modelocking is initiated and stabilised by a 

single walled carbon nanotube composite saturable absorber. The laser produces near 

bandwidth limited 320 fs pulses. 

Chapter 7 outlines the development towards the integration of the carbon nanotube 

composite saturable absorber into ULI fabricated devices readily integrated into a 

compact laser cavity. 

Chapter 8 introduces a numerical model which is used to investigate short pulse 

amplification within a ULI waveguide. Results are presented and an interesting 

amplification regime is identified. 

Chapter 9 presents conclusions reached during the work performed and ideas for further 

work.  
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Chapter 2. Ultrafast Laser Inscription 

2.1. Nonlinear optics in ultrafast laser inscription 

The fabrication of optical waveguides by ULI relies extensively on nonlinear energy 

deposition, close to the laser focus, within a chosen substrate. Amplified femtosecond 

lasers provide an ideal source for the high peak powers necessary to drive these 

nonlinear processes. The first part of this chapter details the way in which femtosecond 

pulses interact with material before reviewing the permanent structural changes that can 

occur in a material. The final part of the chapter will look at the different variables that 

can be controlled for the fabrication of waveguides by ULI and the effects that they can 

have on the structures created. 

2.2. Nonresonant optical nonlinearities 

When an oscillating electro-magnetic (EM) field propagates through a dielectric 

material it exerts a polarising force on the electrons. The inner electrons of the atoms 

will be tightly bound to the nucleus and so the polarising effect will be mainly 

experienced by the outer, or valence, electrons. With low intensity light sources, the 

electric field of the light is much weaker than that binding the electrons to the atoms. 

The light causes a small perturbation to the atomic electric field and results in a material 

polarisation which is proportional to the electric field of the light [16]. 

)()( 0 tEtP linearlinear

rr
χε=        (1) 

where Plinear is the polarisation, E is the electric field, linearχ  is the constant linear 

susceptibility of the medium and ε0 is the permittivity of free space [17]. 

 

However as with most physical systems which display a proportionality, it only occurs 

over a limited range, a simple example of this is Hook’s law for a spring where the 

restoring force is directly proportional to the displacement for small displacements. This 

law is broken when the ‘yield point’ is reached. In optics, if the electric field of the light 

is comparable to that of the atomic fields of the material, the relationship between the 

material polarisation and the electric field of the light is no longer linear [16].  
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χε=        (2) 

where nonlinearχ  is no longer a constant but can now become a function of the electric 

field.
 
 

Since for small electric fields the susceptibility is linear, it makes sense to express the 

polarisability as a Taylor series [17]: 
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where the quantities 
)(nχ are the nth order nonlinear susceptibilities. In general, due to 

the vectorial nature of the fields, the nonlinear susceptibilities must be tensors, but for 

simplicity in this case we will assume P and E to be scalar quantities to allow us to get 

to grips with how this nonlinearity can physically manifest. Interestingly, a time varying 

polarisation can act as a source of new EM radiation, and since it is no longer a linear 

function of the incident electric field, the radiation it creates is not limited to the same 

frequency.  

2.2.1. Second harmonic generation 

The history of experimental nonlinear optics can be traced back to the q-switched ruby 

laser, capable of producing 3 J pulses in 10s of ns. When focussed the irradiances 

producible were astounding in comparison to anything previously attainable [18]. 

Optical second harmonic generation can be understood by considering the first two 

terms of the Taylor expansion 

)()()( 2)2(
00 tEtEtP linearnonlinear χεχε +=       (4) 

If EM radiation, tiEetE ω−=)( is incident upon a material with a non-zero second order 

nonlinear susceptibility, where ω is the angular frequency of the wave and t is time, 

then we can consider the second term of the nonlinear susceptibility,  

tieEEEtE
tP ωχχχ

ε
22)2()2(2)2(

0

)2(

*2)(
)( −+== + complex conjugates (5) 
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the second term of which can be seen as an oscillating electric field at twice the 

frequency of the input field, showing that a new frequency (a second harmonic) can be 

generated by the light interacting with the material. This is called second harmonic 

generation (SHG). 

If the polarisability of the material is symmetric then the time averaged response for all 

even order processes, such as SHG, must be zero and therefore no energy transfer can 

occur via these processes. If the potential energy function of the material is not 

symmetric then energy transfer can occur, but it is unclear in which direction energy 

should flow.  From Maxwell’s equations for a lossless nonlinear medium displaying a 

χ(2) nonlinearity a theoretical treatment of SHG can be arrived at, as reported by 

Armstrong et al. in 1962 [19]. From this we arrive at the coupled amplitude equations 

for the three fields, two fundamental fields and one second harmonic field, where the 

top equation represents one fundamental field, the second equation represents the 

second fundamental field and the bottom equation the second harmonic field.
  

kzieAA
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di

dz

dA ∆−= *
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       (6)
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        (8) 

 
where A is the amplitude of the wave, k is the wavevector, d is the effective nonlinearity 

and 321 kkkk −+=∆ . For SHG ω2 = 2 ω1. 

Here we can see a k∆  variable in the equation, the wavevector mismatch [20]. In the 

absence of chromatic dispersion, this wavevector mismatch would be zero for SHG. But 

in real materials this is not the case. 

2.2.2. Phase matching 

In order to achieve efficient nonlinear interactions in a real medium in the presence of 

chromatic dispersion, steps must be taken to in order to ensure that a proper phase 
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relationship between the interacting waves is maintained along the propagation direction 

(zero phase mismatch). If phase matching is achieved, amplitude contributions from 

different locations along the propagation axis in the nonlinear crystal can coherently 

combine in phase with one another.  

If we start with zero intensity in the second harmonic and a fixed power in the 

fundamental split equally between the two fundamental fields, then this allows us to 

impose the boundary conditions necessary to solve this problem. That is if A1 = 1 in 

equation (6), A2 = 1 in equation (7) and A3 = 0 in equation (8), then we can investigate 

the effect of wavevector mismatch. 

A Matlab® model was created, based on these equations and boundary conditions, to 

show the effect of the wavevector mismatch, see Figure 2.1. 

 

Figure 2.1. A wavevector mismatch of 0. Intensity of waves for different propagation 
distances along the crystal. Wave 1 and Wave 2 are the fundamental, Wave 3 is 
the second harmonic. Full depletion of the pump occurs. 
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Figure 2.2. A wavevector mismatch of 1. Intensity of waves for different propagation 
distances along the crystal. After some propagation, back-conversion of the 
second harmonic wave starts to occur. 

 

Figure 2.3. A wavevector mismatch of 10. Intensity of waves for different propagation 
distances along the crystal. Back-conversion occurs after a shorter distance. 
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As can be seen from Figure 2.1-Figure 2.3, if there is a wavevector mismatch then 

back-conversion of the second harmonic field can start to occur. As this wavevector 

mismatch increases, the amount of second harmonic generated at any point in this 

crystal is reduced significantly. This was the case with the first experimental SHG 

observation, conducted in crystal quartz, where no effort was made to phase match. It is 

also worth noting that the larger the bandwidth of the input field, the shorter the crystal 

must be in order that no back-conversion occurs for any wavelength component [19]. 

Two common methods exist for compensating for the chromatic dispersion: birefringent 

phase matching and quasi-phase matching. For birefringent phase matching a 

birefringent crystal is used and the polarisations of the fundamental and second 

harmonic waves are selected so as to result in a wavevector mismatch of zero for the 

desired process. A few geometries exist but two of the most common are type I and type 

II. Type I relies on both fundamental waves having one linear polarisation, and the 

second harmonic having an orthogonal linear polarisation and type II replies on the two 

fundamental waves having orthogonal linear polarisations and the second harmonic 

wave sharing polarisation with one of the fundamental waves [20]. Through this 

selection of the polarisations, phase matching can be accomplished even in media which 

display chromatic dispersion. If the crystal is not birefringent, or not birefringent along 

the axis you require for the nonlinear process, then birefringent phase matching is not 

possible. In this case quasi-phase matching may be utilised. Here no attempt is made to 

phase match the process but instead the direction of the domain of the crystal is inverted 

where a maximum for the second harmonic is reached, by repeating this domain 

inversion many times efficient SHG can occur. One method of achieving this is 

periodically polling and this has been demonstrated to great effect in periodically poled 

lithium niobate (PPLN) as well as several other materials (PPLT, PPKTP etc). 

For type I birefringent phase matching, fine tuning of the phase matching condition can 

be achieved by rotation of the crystal, referred to as angle tuning. This rotation of the 

crystal affects the refractive index for one or both of the polarisations, dependent on the 

crystalline structure. Another method of tuning relies on the difference in the 

thermo-optic coefficients for the different crystal axes, allowing tuning by changing the 

temperature of the crystal, this is called temperature tuning. 
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2.3. Resonant optical nonlinearities 

2.3.1. Linear absorption 

When a material is exposed to light, the nature of the interaction is dependent upon a 

range of properties of the incident EM waves. If the highest band occupied by the 

electrons in a material (the valance band) is separated from the lowest unoccupied 

energy level (the conduction band) by a bandgap smaller than the energy of a photon, 

then a single photon incident on the material can promote an electron from the valance 

band to the conduction band. Over time this electron can thermalise with the lattice of 

the solid through collisions, transferring energy to the lattice. This is linear absorption 

and the relationship between the intensity of the light and the distance into the material 

is shown with the Beer-Lambert Law:  

zeIzI α−= 0)(          (9) 

where I is intensity, α is the linear attenuation coefficient and z is the distance into the 

material [21]. 

2.3.2. Nonlinear absorption 

With short pulses, the strong optical EM fields can be comparable with the atomic 

Coulomb potentials binding the outer electrons – so the interaction is inherently 

nonlinear. If the photon energy is not sufficient to promote an electron from the valance 

band to the conduction band, linear absorption is no longer possible. However nonlinear 

absorption mechanisms allow for absorption to still occur. 
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Figure 2.4. Left: energy level diagram describing two photon absorption. Right: energy 
level diagram describing multi photon absorption. 

 

Two photon absorption (TPA) is an interaction between high intensity light and a 

material where an atom can simultaneously absorb two laser photons, promoting it from 

its ground state to an excited state. The absorption cross section, σ, for this process is 

directly proportional to the laser intensity:  

I)2(σσ =           (10) 

where σ(2) is the TPA coefficient [17]. This contrasts with linear absorption where the 

absorption cross section is independent of intensity. The absorption rate for TPA also 

scales with the square of the laser intensity [22]. This phenomena has been of most use 

for two photon fluorescence microscopy where, for example, a pair of ~900 nm photons 

from a modelocked Ti:sapphire laser can be used to excite a rhodamine 6G molecule, 

which will then emit in the visible part of the spectrum (~550 nm). Figure 2.5 shows 

one of the advantages of this technique for imaging, the inherent three dimensionality, 

so excitation is limited to the region of highest intensity, near the focus. 
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Figure 2.5. Two photon excitation microscopy, note that the absorption of the sub-
bandgap light is limited to a small volume where the intensity is highest. Image 
taken from [23]. 

 

Similar processes can occur with the simultaneous absorption of more than two photons 

until the bandgap is reached, multi photon absorption (MPA), see Figure 2.4. However 

the probability of absorption will scale with the photon flux raised to the power of the 

number of photons required to exceed the bandgap energy, nI∝ , where n is the 

minimum number of photons required to exceed the bandgap energy.  

Another class of absorption mechanism exists, which is based solely on the electric field 

strength of incident light and not on photon energy. If the strength of the electric field of 

a laser focussed into a material is comparable to the Coulomb potential experienced by 

an electron, then the Coulomb potential will be distorted. If this distortion can suppress 

one side of the potential sufficiently, then the electron can tunnel through the potential 

barrier, free from the bound state. 

The probability of tunnelling ionisation or MPA occurring will depend upon the photon 

energy. MPA will dominate for photon energies close to the bandgap (e.g. TPA) and 

tunnelling ionisation will dominate for photon energies much lower than the bandgap. 
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Using quantum mechanics these two regimes can in fact be shown to be two limits of 

the same process, as demonstrated by Keldysh in 1965 [24]. The Keldysh parameter 

describes the relative contribution to photon absorption that the two regimes make. If 

the Keldysh parameter is less than 1.5, tunnelling ionisation dominates; if it is greater 

than 1.5 then MPA dominates. 

 

Figure 2.6. Nonlinear absorption. Left: tunnelling ionisation, the electric field of the 
laser suppresses the Coulomb potential of the atom allowing the electron to tunnel 
away. Middle: multi photon ionisation, simultaneous absorption of multiple 
photons occurs, the sum energy of these photons is greater than the bandgap. 
Right: intermediate regime, a combination of field suppression and multi photon 
absorption allows ionisation to occur. 

 

Now the electron has been liberated from its parent atom, it is no longer bound and 

therefore free to absorb the remainder of the laser pulse linearly. Once it has gained 

sufficient energy through linear absorption it can impact ionise another electron, 

promoting it to the conduction band, this process is known as avalanche ionisation. As 

long as the laser field is present, these free electrons can promote more electrons to the 

conduction band, consequently the density of electrons in the conduction band grows 

exponentially. For long pulses the seed electrons for avalanche ionisation are mainly 

from impurities in the dielectric and from thermally excited carriers. For short pulses 

the majority of the seed electrons come from those ionised by the leading edge of the 

pulse by MPA or tunnelling ionisation. 

2.3.3. The role of electron diffusion 

The above sections have detailed how energy can be transferred to electrons from the 

laser. For ultrafast laser pulses (~100 fs) these processes occur substantially faster than 
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the energy transfer between the free electrons and the material lattice. This results in 

electrons with a high temperature in a cold lattice. Typically in dielectrics the diffusion 

of electrons is small compared to the focal spot size and so is negligible for our method 

of ULI. 

2.4. Material changes 

In this section we will concentrate on the effects within an irradiated material after the 

laser pulse has finished, before the next pulse is applied and while the electrons are still 

in an excited state. There are a range of changes that can happen on the surface of or 

inside the material. 

2.4.1. Ablation 

A material that has been irradiated by an ultrafast laser is left with electrons in an 

excited state. These electrons heat the lattice, which sublimates into a plasma. If no, or 

little, material surrounds this plasma then the repulsion due to the charge on the plasma 

causes it to expand - erupting and ejecting material. Any remaining heat diffuses into 

the sample. If the pulse energy is selected to be just above ablation threshold then very 

little heat is left to diffuse, resulting in a minimal heat affected zone (HAZ) [25]. 

2.4.2. Material changes in the bulk 

Due to the nonlinear nature of the absorption, energy can be deposited inside the bulk 

material. In contrast to ablation, which occurs on the surface, energy can no longer be 

carried away through material ejection. Three qualitatively different structural changes 

have been reported. 

For high energy exposures, explosive material expansion (similar to ablation) can occur, 

driving material out of the focal volume into the surrounding material. This leads to the 

formation of a low density ‘void’ surrounded by a high density shell of material [26]. 

At intermediate energy levels, a birefringent refractive index change can occur. This is 

the result of form birefringence from nanometre scale strips of alternating high and low 

refractive index [27]. These strips form after the application of many laser pulses and 

are orientated perpendicular to the polarization direction of the laser light. A change of 

polarisation of the laser results in the nanogratings being aligned in a different direction. 
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For fused silica the introduction of a wet chemical etchant, typically dilute hydrofluoric 

acid (HF), etches the modified regions many times faster than the unmodified regions. 

Two processes are thought to contribute to the increased etch rate: the etchant being 

able to ‘flow’ down the nanogratings; and strain in the material increasing etch rate. 

This laser assisted wet chemical etching has been used extensively for fabricating 

microfluidic devices [28-31]. 

Under the application of low energy pulses, the material in the focal volume can be 

structurally changed, resulting in a change to the refractive index within the focal 

volume. Under the correct fabrication conditions this can result in an increase in the 

refractive index and by translating the material through the focus in three dimensions, 

this index change can be extended into a waveguide [12, 32]. Waveguides fabricated 

using this smooth refractive index change are commonly referred to as type I ULI 

waveguides [33]. Typical index changes are of the order of 10-3 although changes as 

high as 10-2 have been reported. 

2.5. Requirements for ultrafast laser inscription 

The fundamental requirements for a waveguide inscription setup can be considered as a 

laser source capable of producing pulse energies sufficient to create smooth refractive 

index changes, a focussing objective and a translation stage to move the substrate 

through the focus. To make full use of the inherent three dimensional nature of this 

technique the translation stage should have movement in three axes. Figure 2.7 shows a 

simplified setup capable of waveguide inscription. 
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Figure 2.7. Schematic for ultrafast laser inscription. 
 

Many parameters have been shown to directly affect the changes in the modified 

material. These can be parameters related to the inscription laser, the substrate 

undergoing inscription or the inscription setup. 

2.5.1. Laser parameters 

Pulse energy Different pulse energies result in a different quantity of energy being 

deposited within the material. This in turn can lead to a more complete 

structural change, or a completely different structural change 

occurring. 

Polarisation The polarisation of the incident laser beam affects the efficiency of the 

absorption and therefore the quantity of energy deposited within the 

substrate. If the material has long range order (i.e. a crystal) then the 

polarisational state relative to the crystallographic axes can also affect 
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the efficiency of the absorption [34]. The polarisation of the laser 

relative to the stage translation can also affect the propagation losses 

of the waveguide, possibly due to phenomena similar to nanogratings. 

Wavelength The wavelength of the inscription laser affects the relative 

contributions of MPA and tunnelling ionisation. The wavelength of the 

inscription laser can have a marked effect on the properties of the 

waveguides created, for example, lower loss waveguides appear to be 

fabricated using shorter wavelengths within fused silica (i.e. 522 nm 

appears to result in lower propagation losses than 1044 nm) [14]. 

Pulse duration The pulse duration of the inscription laser affects the efficiency of the 

absorption within a substrate and the proportion of this which is due to 

avalanche ionisation. Other nonlinear effects, in addition to absorption, 

occur in some materials. These will typically have different thresholds 

and sometimes different pulse duration dependencies. For example, 

with waveguide inscription within the highly nonlinear material zinc 

selenide (ZnSe), it is necessary to use approximately 1 ps pulses, as 

pulse break-up occurs with shorter pulses limiting the amount of 

energy deposited at the focus [35]. There has also been work showing 

that more complicated temporal pulse shapes, such as double pulses, 

can increase absorption [36]. 

Repetition rate If the repetition rate of the inscription laser is relatively low, then each 

pulse interacts with cold material. For high repetition rates a strong 

cumulative heating of the substrate can occur with the heat not 

conducting out of the focal volume between consecutive pulses [37]. 

 

2.5.2. Material parameters 

Bandgap The bandgap of the substrate undergoing inscription dictates the 

energy required to liberate an electron. The bandgap in combination 

with the inscription laser wavelength determines the ratio of MPA to 

tunnelling ionisation. 
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Thermal 

properties 

The rate at which heat can diffuse throughout the substrate determines 

the degree to which heat accumulation within the substrate occurs for a 

given repetition rate. 

Nonlinearity Effects other than absorption can contribute strongly to the 

propagation of the laser’s electric field for the high irradiances that 

occur close to the focus. New wavelengths can be generated e.g. by 

SHG or self phase modulation, these new wavelengths may be linearly 

absorbed or change the ratio of MPA to tunnelling ionisation. 

Nonlinearity may also lead to self focussing or defocussing which can 

cause filamentation of the pulse, or may longitudinally shift the focus, 

and greatly change the irradiance at the focus [38]. 

Susceptibility 

to structural 

and chemical 

changes 

A multitude of structural and chemical changes have been observed in 

laser irradiated materials. These are generally dependent on the 

constituents of the material and the strength or stability of the bonds 

between them. Colour centres are known to form in some materials 

[39], but are not observed in others. Other strong photo chemical 

refractive index changes can occur, e.g. in GeO2 doped silica and H2 

loaded Silica [40]. 

Impurities Impurities provide real intermediate energy levels within the bandgap 

and can provide seed electrons for avalanche ionisation. Impurities 

typically have a more significant effect for longer pulses with lower 

peak powers [41]. 

Symmetry Some crystals have inherent asymmetries in their structure, either 

favouring absorption of one polarisation, or lowering the energy 

needed for waveguide fabrication for one axis of sample translation. 

This can also lead to a non-reciprocality with respect to stage 

translation direction [34]. 

Inhomogeneity If there is a variation in material properties across different regions of 

the substrate, then these regions will respond differently to ULI. For 

example, they may have different modification thresholds and also 

there is the possibility of different material changes. 
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2.5.3. Other inscription parameters 

Focussing 

objective 

High numerical aperture (NA) and low NA objectives have focal 

regions of a different size and shape. This changes the peak irradiance 

for a given peak power, and also changes the nonlinear propagation of 

the pulse. 

Inscription 

geometry 

Translation of the substrate parallel to the inscription laser propagation 

direction will result in a symmetrical waveguide cross section. 

However the waveguide length will be limited by the working distance 

of the objective. Sample translation perpendicular to the inscription 

laser propagation typically results in an asymmetric cross section. This 

will be discussed in greater detail later in this chapter. 

Spatio-

temporal pulse 

effects 

Pulse front tilt and spatial chirp have been shown to change the 

absorption within a substrate, as the bandwidth of the pulse at different 

positions within the material will vary. They can also lead to non-

reciprocality with respect to stage translation direction for transverse 

translation directions parallel and anti-parallel to the pulse front tilt 

[42]. 

Translation 

speed 

For fast translation speeds there is less overlap of subsequent pulses. If 

the translation speed is slow then an increased pulse overlap occurs 

[43]. If we operate in a low repetition rate regime, then by maintaining 

the product of the translation speed and the repetition rate, the 

inscribed waveguides will be identical. If we operate in a high 

repetition rate regime then the effect on the waveguides of varying the 

translation speed is more complicated [44]. 

Over scanning By repeatedly scanning over the same region (over scanning), or 

scanning over a slightly offset region (multiscan) it is possible to 

slowly build up a refractive index profile. This may allow a greater 

index change than would be possible for a single scan (over scanning) 

[45], or tailor the waveguide cross section (multiscan) [46]. 
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Clearly many parameters have a direct effect on the nature of the inscribed material 

modification. The links between some of these parameters have simple relationships in 

certain regimes, e.g. translation speed and repetition rate in a low repetition rate regime. 

But more generally they are coupled via complicated relationships. Given a parameter 

space of more than 16 dimensions, it is necessary to attempt to hold most of these 

constant while investigating the effects of independent changes to only a few. Typically 

many regions of the parameter space may be capable of creating acceptable waveguides 

for many applications. For example, both regeneratively amplified Ti:sapphire lasers 

with a repetition rate of 1 kHz and extended cavity Ti:sapphire oscillators with a 

repetition rate of 40 MHz are capable of producing acceptable waveguides, but other 

inscription parameters must be adjusted accordingly. For the work in this thesis many of 

these parameters will be held constant, either due to a requirement of the substrate for a 

particular application (leading to certain material properties), or the difficulty of varying 

them with the equipment available (a laser system is generally designed to operate at a 

fixed wavelength, repetition rate, pulse duration etc.). However, any investigation 

within a material will vary at least the pulse energy, polarisation and substrate 

translation speed. The subtleties of some of the parameters will be explained in more 

detail later in this chapter. 

2.6. Ultrafast laser inscription configurations 

Two fabrication setups were used for the work presented in this thesis, which will be 

referred to throughout the body of the text by the name of the company who 

manufactures the laser system. Both inscription setups are similar, but due to their 

importance in this work some details should be given on each fabrication setup. 

2.6.1. IMRA ® 

The laser is an IMRA® FCPA µJewel D400. The laser features a fibre oscillator and 

preamp followed by a pulse picker. The pulse picker can vary the repetition rate 

between 0.1 and 5 MHz before inputting the light into the power amplifier stage. An 

average power of more than 500 mW is available throughout the repetition rate range. 

The laser features an adjustable compressor, allowing the linear chirp on the pulse to be 

partially or fully removed. This allows pulses as short as 350 to 450 fs over the 

repetition rate range or for longer, chirped pulses, up to 2 ps. The laser output is centred 

on 1045 nm and has a bandwidth of 10 nm (FWHM). 
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2.6.2. Fianium® 

The laser is a custom built variable repetition rate master oscillator power amplifier 

ytterbium fibre laser system. The laser architecture is similar to the IMRA® but the 

compressor is factory set. The repetition rate range is from 200 to 700 kHz and the 

average power is about 700 mW. Without the adjustable compressor, pulse durations 

vary with the repetition rate, between 300 and 450 fs. The laser operates at 1064 nm 

with a 10 nm bandwidth (FWHM). 

2.6.3. Inscription configuration 

Both laser systems produce linearly polarised light which is attenuated by a half 

waveplate and polarising beam splitter combination. This light can then be rotated by a 

second half waveplate or made circularly polarised by a quarter waveplate if required. 

The rotation mounts for both half waveplates and the quarter waveplate are controlled 

via a computer. This same computer also controls a mechanical shutter and a set of high 

precision x-y-z air bearing translation stages made by Aerotech® (ABL1000), see Figure 

2.10. 

 

Figure 2.8. The IMRA inscription setup: laser and compressor. 
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Figure 2.9. The IMRA inscription setup: beam path including acousto-optic modulator 
(AOM), symmetric telescope (Lens 1, 2, 3 and 4), power control (λ/2 plate, 
polarising beam splitter, beam tap and power meter), polarisation control (λ/2 
plate and λ/4 plate) and mechanical shutter. 
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Figure 2.10. The IMRA inscription setup: beam path and focussing optics, including 
imaging system. 
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2.7. Further discussion of the fabrication parameters 

This section will look at some of the inscription parameters in greater detail, focussing 

on the waveguide inscription geometry and techniques for control of the waveguide 

cross section. 

2.7.1. Inscription geometry: Longitudinal vs. Transverse 

As previously mentioned, the inscription geometry can play a key role in the resulting 

waveguides. For a simple explanation we will make a few assumptions, this involves a 

significant simplification but is only intended to illustrate the role of the inscription 

geometry in the waveguide writing process. 

For this section we will employ the ray matrix method for Gaussian beam propagation, 

using Matlab®, to focus a laser that outputs 1 µm light with a typical inscription lens 

into a substrate with a refractive index of 1.5. The lens will be modelled using the thin 

lens formula, with spherical and all other aberrations ignored as well as nonlinear 

effects, thermal diffusion and heat accumulation. The input beam has a waist of 2.4 mm 

(radius to 1/e2) and the focal length of the lens is 4.5 mm. The 1 mm thick substrate is 

positioned 100 µm before the focus. 
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Figure 2.11 Propagation of the inscription laser beam, focussed 100 µm below the 
surface of a substrate with a refractive index of 1.5. 

 

Figure 2.12 Propagation of the inscription laser beam inside the substrate close to the 
focus. 
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If the pulse energy is selected such that the modification threshold is 1/e2

 
of the peak 

irradiance, and sufficient pulses are incident on the material to completely saturate any 

index change, then any region at which the irradiance is greater than I0/e
2, where I0 is 

the peak irradiance, will be modified. This gives a spot size at the focus of 1.2 µm and a 

distance on axis of 8 µm over which the beam remains at an irradiance greater than 

I0/e
2. Figure 2.13 presents this volume of modified material, or voxel, as viewed from 

along the laser propagation axis (z), and from the two axes orthogonal to this (x,y).  

 

Figure 2.13. The 1/e2 focal volume created by a beam of 2.4 mm radius focussed by a 
lens of f = 4.5 mm as viewed from 3 different positions: z is viewed along the laser 
propagation direction, x and y are orthogonal to this. 

 

Although ULI is a highly nonlinear process, so the linear focal volume is not directly 

relevant, it is clear that stage translations along the z axis (longitudinal inscription) will 
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result in a symmetrical cross section, while stage translations along either of the other 

axes (transverse inscription) will result in an asymmetry in the modified region. 

Furthermore, decreasing the NA of the focussing lens will result in an increase in the 

asymmetry. 

2.7.2. Longitudinal inscription geometry 

 The inherent symmetry in the cross section of waveguides inscribed along the laser 

propagation axis makes this inscription geometry seem preferable. However it has two 

main failings: 

1. Useful devices often require bends in the waveguide and therefore the structure 

will gain an asymmetry. This can be alleviated by minimising the angle between 

the waveguide axis and the laser propagation axis. 

2. The waveguide length is inherently limited to the distance you can translate the 

sample, in this geometry that is limited by the working distance of the lens. 

 

Figure 2.14. Longitudinal inscription geometry. Device length limited by the working 
distance of the focussing lens. 

 

Multi-element lens designs can allow for longer working distances than are attainable 

with single element lenses - for a 0.5 NA lens you are still in practice limited to about 

12 mm [47]. The other concern with this inscription geometry is that the degree of 

spherical aberration changes as the substrate is translated, this in turn alters the 

irradiance and therefore potentially the guiding properties of the waveguide along its 

length. For these reasons the majority of work has been concentrated on transverse 
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geometry waveguide inscription, despite the additional technical challenge required to 

eliminate waveguide asymmetry. 

Also of note is the inscription of waveguides where focussing is carried out with an 

axicon. An axicon is a conical lens which allows for the creation of a transverse 

intensity profile which follows a zero order Bessel function as it propagates close to the 

focus (a donut shaped beam). Bessel beams are known for their quasi-non-diffracting 

nature, keeping a sharp focal spot (a few microns wide) over long distances (a few cm). 

This allows for the inscription of 1cm long waveguides without stage translation, either 

with a single pulse of sufficient energy or with multiple pulses [48]. Despite the fast 

processing times attainable for single shot waveguide writing, this technique poses 

serious limitations on the geometry of the device, even simple curves are difficult to 

achieve. 

2.7.3. Transverse geometry 

Using a transverse geometry for inscription removes any limitations on the waveguide 

length, other than the travel of the translation stages. It also does not suffer from issues 

relating to changes in focussing from differing degrees of spherical aberration, as the 

focussing is always to the same depth within the material. Waveguide bends within the 

x-y plane (orthogonal to the laser propagation direction) also maintain a constant cross 

section, this is, however, generally asymmetric. 

  



31 
 

 

 

Figure 2.15. Transverse inscription geometry. Device length not limited by working 
distance of focussing lens. 

 

2.7.4. Waveguide cross section symmetry correction 

Several techniques exist for the correction of the cross sectional asymmetry present in 

waveguides inscribed using the transverse geometry of ULI. 

High NA Objective 

If the NA of the lens used is sufficiently high (~1.4 for a material with n = 1.4) then the 

focal volume is inherently almost spherical and as such the waveguide cross section is 

symmetrical. This holds for any inscription direction, allowing bends to be written and 

waveguide inscription to be carried out in arbitrary directions. The main issue with this 

technique is that the modified region may become very small, and due to the small 

index change commonly observed for ULI, small waveguide cross sections lead to high 

propagation losses, as the majority of the energy of the guided mode is guided in the 

cladding region. Given a material capable of sufficient index change this method would 

appear ideal for fabricating waveguide circuits. 
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Cylindrical telescope 

R. Osellame et al. demonstrated that by placing a pair of cylindrical lenses in the path of 

the inscription laser, prior to the focussing objective, an astigmatism in the beam could 

be generated [49]. This results in different focussing conditions for the two axes, 

parallel to and orthogonal to the sample translation direction. By changing the distance 

between the cylindrical lens pair, the degree of astigmatism can be varied to create an 

almost circular waveguide cross section. This technique corrects waveguide asymmetry 

for waveguides inscribed along one axis only, to write a waveguide along the other 

transverse axis the cylindrical telescope must be rotated. Practically this is of little 

importance for any bends which keep the waveguide axis near-parallel to the axis along 

which the asymmetry has been corrected for. 

 

Figure 2.16. Schematic of setup for astigmatic waveguide shaping taken from Osellame 
et al. [49]. 

 

Slit technique 

Shortly after the invention of the cylindrical telescope technique, M. Ams et al. 

proposed a technique to achieve a similarly shaped focal volume by placing a slit in 

front of the focussing lens [50]. Provided the slit is sufficiently close to the lens, then 
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the inscription laser under-fills the lens along one axis while properly filling it along the 

other. This results in a different NA for the two axes. This in turn means you can correct 

a waveguide asymmetry for inscription along an axis parallel to the slit with similar 

restrictions to the cylindrical telescope technique for writing bends in the waveguide. In 

comparison to the cylindrical telescope technique, this technique requires you to block 

some of the laser beam by obstructing it with the slit, reducing the laser power. 

However, it requires only one element, as opposed to two cylindrical lenses, and the 

slit’s position is only alignment critical in one axis; potentially making this a simpler 

technique. 

Deformable mirror 

Early in my PhD, I worked with R. Thomson et al. to show that by placing a deformable 

mirror before the focussing objective, a spatially dependent phase can be placed on the 

light focussed through the objective, and therefore alter the shape of the focal region 

[51]. Despite this technique’s technological complexity, the optical alignment is no 

more difficult than with a slit, and given sufficient investigation, could allow on the fly 

waveguide cross sectional correction. This technique should also allow for some control 

of the degree of spherical aberration caused to the beam, as it is focussed through 

different amounts of substrate. 

Multiscan 

Another technique for waveguide cross section control relies on the ability to stitch 

together regions of index change to create a near homogeneous modified area larger 

than any single region. Nasu et al. first demonstrated this technique in 2005 [46], the 

same year that Ams et al. first demonstrated the slit method of focal volume control. 

This technique differs from the other techniques described in this section, in that it uses 

the asymmetry to gain access to an additional control parameter. With the other 

techniques, fabrication of a waveguide requires a single scan of the substrate through 

the laser focus, for the multiscan technique this process creates the first ‘scan’ of 

modified material, the substrate is then moved a small amount in the direction 

orthogonal to both the laser propagation direction and the waveguide axis. The substrate 

is then translated through the focus again creating a second scan, slightly offset from the 

first. This process is repeated many times, often for 20 scans, until the cross section is 

symmetrical. Interestingly, this leads to an almost square cross section, as opposed to 
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the near circular cross section obtained by the other asymmetry compensation 

techniques. The waveguide height, which is parallel to the inscription laser propagation 

direction, is determined by the confocal parameter of the focussing objective, whereas 

the waveguide width is determined by the number of scans and the scan separation. In 

this way the multiscan technique decouples the waveguide height from the waveguide 

width. This technique can easily be implemented for curved waveguides or straight 

waveguides in any direction within the transverse plane. Since the multiple scans often 

have a large degree of overlap, it is not necessary to achieve the full index change 

required within one scan. This lowers the required pulse energy and can allow 

modification of materials where the damage threshold is close to the index modification 

threshold. The main disadvantage of this technique is the increased processing time - 

the waveguide must be built up from multiple scans, making this technique many times 

slower, assuming the translation speed used for a scan is the same as that used for single 

scan inscription. 

Also of note is the multiscan technique’s applicability to the selective chemical etching 

of fused silica. For fabrication of microfluidic channels, the multiscan technique can be 

used to ‘paint’ the material to be removed before the introduction of HF to etch the 

irradiated material [28]. 

 

Figure 2.17. The multiscan waveguide fabrication technique, the cross section of the 
waveguide on the left is built up from multiple asymmetric modified regions. 
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Heat accumulation 

All of the waveguide shaping techniques detailed up to this point have assumed we are 

operating in a low repetition rate regime, where each pulse is incident upon cold 

material and negligible thermal diffusion occurs. If the repetition rate is raised so that 

the inter-pulse time becomes comparable with the time required for heat to diffuse out 

of the focal volume, then the modified region ceases to bare resemblance to the shape of 

the focal volume of the inscription laser [37]. In a high repetition rate limit the laser can 

be viewed as providing a point source of heat inside the substrate, cumulative heating 

occurs over many pulses and the size of the melted region grows with each pulse. In this 

limit the modified region is dependent on the translation speed, as the size of the 

modified region is proportional to the number of pulses used to heat an element of 

material. Using heat accumulation to control the waveguide cross section has the benefit 

of producing inherently symmetrical cross sections, and the region’s size can be easily 

tailored. This regime does however have limitations - the modification mechanism is 

completely different to that of low repetition rate ULI, so waveguides may be produced 

with one regime but not with the other for a particular material. Some materials have a 

sufficiently high thermal conductivity that the pulse energies and repetition rates are 

high, leading to the requirement for high average power laser sources. 

2.8. Type I waveguide inscription 

In Section 2.4.2, waveguides inscribed relying on the smooth index change mechanism 

from comparatively low pulse energies were referred to as type I ULI waveguides. 

There is, however, another class of ULI waveguides. 

2.9. Type II waveguide inscription 

In 2004 type II waveguide inscription was proposed and demonstrated by Nolte et al.  

[52]. For this technique the role of the laser absorption is to create regions of 

catastrophic optical damage in the material. If the region of the substrate that absorbs 

the light expands, such as when amorphising an initially crystalline material, then the 

material near this region will become strained. The refractive index of a strained 

material is different from that of unstrained material due to the strain-optic effect [53], 

and hence it is possible to guide light down strained material close to the damaged 

regions. 
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Figure 2.18 Type II waveguide inscription. Energy is deposited in the focal volume 
causing material expansion. Surrounding material is strained and so changes its 
refractive index via the strain-optic effect. 

 

This technique is often used in crystals where type I direct index modification can be 

difficult and has the benefit that the material where the guiding takes place has not been 

exposed to the inscription laser and as such should possess properties nearly identical to 

unmodified material. Several possible disadvantages include the sometimes 

unpredictable nature of the guiding regions, they can be highly polarisation dependent 

and can be shaped by the interaction of the strain fields generated by more than one 

damage line. It is however an important class of ULI waveguide writing for work in 

crystals and hard glasses. This process has been most heavily utilised in doped crystals 

for laser applications [54-56], and nonlinear crystals for second harmonic generation [33, 

57, 58], although work in lithium niobate - due to it’s electro-optic properties - has also 

been undertaken using type II ULI [59]. 

2.10. ULI: previous successes and future developments 

Ultrafast laser inscription has been used successfully for the fabrication of waveguides 

in a wide range of glasses including silica [14], phosphate [49], bismuthate [60], 

chacogenide [38], microscope slides [32], and borosilicate [37]. It has also been applied 

to ceramics [61], polycrystals [35], and crystals, including Nd:YAG [62], Yb double 

tungstates [54], lithium niobate [33, 57, 63], and KTP [58]. However, it has several 

drawbacks in comparison to more established techniques. Propagation losses for ULI 
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waveguides are normally of the order of 0.1-1 dB/cm, and can be significantly higher in 

some materials. ULI is a serial process (as opposed to lithography which can produce 

many devices in parallel) and this limitation, in addition to the relatively high 

propagation losses and the number of variables that must be closely controlled, results 

in difficulties in its application to mass production. This also restricts ULI from 

competing with some, already commercialised, fabrication techniques for simple 

straight waveguide structures. It is therefore important to identify fields where ULI can 

accomplish what other technologies cannot, for example, through rapid prototyping a 

device before a commercial development, or low volume runs of devices (see Figure 

2.19) [64]. It can also be integrated with other technologies [65], or other facets of the 

same technology [66], and allow waveguides to be fabricated in new materials for 

which other waveguide fabrication techniques have not yet been developed [35]. 

Another key area is in the exploitation of the truly three dimensional nature of ULI (see 

Figure 2.20-Figure 2.22) [32, 67]. Some interest still remains in investigating new 

materials, as there may still be a perfect material for ULI, which would allow the 

consistent and rapid fabrication of high quality waveguides, at a price which makes this 

technology economically viable. 

 

 

Figure 2.19. Diagram of a monolithic, optically encoded displacement sensor 
fabricated by Bellouard et al. The device features fused silica flexures created by 
the selective removal of substrate material and a pair of waveguides which meet a 
waveguide array inscribed in the moving section of the sensor. Figure and labels 
taken from [64]. 
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Figure 2.20. Left: near field optical micrograph of the multicore fibre coupling end of 
an ultrafast laser inscribed fan out inscribed by Thomson et al. This side of the 
waveguide has a core geometry matched to a multicore fibre, the other side of the 
waveguide has a core geometry matched to a standard telecoms fibre v-groove 
array. Right: near field optical micrograph of the multicore fibre to which the 
waveguide couples. This figure has been taken from [32]. 

 

 

 

Figure 2.21. Left: sketch of a multimode to single mode integrated photonic lantern 
transition inscribed by Thomson et al. Right: sketch of a multimode to single mode 
to multimode transition created by inscribing two photonic lanterns. This figure 
has been taken from [67]. 
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Figure 2.22. Left: the modes from the single mode array end of the photonic lantern. 
Right: an image of the mode from the multimode end of the waveguide. This figure 
has been taken from [67] 

 

In this chapter we have considered light matter interactions, including the absorption of 

sub-bandgap radiation. We have qualitatively discussed the material changes that may 

manifest if sufficient energy is deposited within a small volume of the substrate and 

reviewed the role different inscription parameters can play in the resultant structures. 

Different waveguide writing geometries have been considered and methods of 

alleviating some weaknesses of these geometries have been stated. The waveguide 

fabrication setups used for the experimental part of this thesis have been presented and 

finally some devices highlighting the uniqueness of this technology have been 

discussed. 

In chapter 3, I will demonstrate how ULI can be used to create sensing elements by, 

firstly showing how in a single stage ULI can fabricate a side-polished fibre-like device 

that has the potential to be integrated into an evanescent field sensor. I will then show 

how ULI can be used to write waveguide Bragg gratings in planar fibre for bend 

sensing. 
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Chapter 3. Sensors 

Fibre sensing has become a major industry, despite the fact that optical fibres are 

designed to inherently limit the effect of the external environment upon the light 

propagating through them [68]. Consequentially, post fabrication adaption of the fibre 

structure is often undertaken to allow interaction of the light with the external 

environment. Light can then interact directly with the environment, or changes to the 

fibre can occur, which in turn change some property of the guided light. The two 

devices detailed in this chapter are based on two different classes of fibre sensor, but 

both benefit from the inherent simplicity of the ULI process - they can be fabricated in a 

single step - and could be built into networks with other components that have been 

developed with ULI. This would allow for the production of compact, single chip 

devices with the functionality of systems built out of many tens of fibre components, 

fusion spiced together. 

3.1. Fibre Sensors 

The first sensing element presented in this chapter is based on the design of a side-

polished fibre. These sensors allow the guided mode to directly interact with the 

environment around the fibre. The second waveguide sensor described is an array of 

waveguide Bragg gratings. Bragg gratings rely on a resonant reflection from the 

interference of multiple periods of high and low refractive index. This has the effect of 

the peak wavelength of the reflection from the grating being shifted by changes to the 

temperature of and strain on the fibre. 

3.1.1. Side-polished fibres 

By taking a piece of standard optical fibre and removing a section of cladding by 

chemical mechanical polishing, the evanescent field of the guided mode can be exposed 

to the environment over a defined length, see Figure 3.1. This piece of fibre can then be 

used as a sensor. If the sensing region is surrounded by an absorbing gas or liquid, then 

a loss of optical power in the guided mode occurs due to the absorption. Alternatively a 

change in the refractive index of the medium surrounding the polished section of fibre 

causes a change in the effective index of the guided mode. By placing this sensor in one 

arm of an interferometer, the change in the effective refractive index of the mode can be 

measured. Due to the complexity of their manufacture, side-polished fibres have been 
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largely superseded by taper methods for exposing the evanescent field of the guided 

mode to the environment.  

 

Figure 3.1. Schematic of a side-polished optical fibre, a section of the cladding (blue) 
has been removed by chemical mechanical etching to leave the core (red) in close 
proximity to the external environment. 

 

3.1.2. Fibre Bragg gratings 

Fibre Bragg gratings (FBGs) are among the most heavily utilized fibre sensors and have 

largely displaced their electrical counterpart, the strain gauge, for many applications 

[68]. Their mode of operation is similar to that of a dielectric mirror - through creation 

of a longitudinally periodic refractive index modulation, a highly reflective ‘mirror’ can 

be created, even with only a small modulation in the refractive index [69], see Figure 

3.2. The reflectivity of a Bragg structure is a function of the wavelength of light, with 

the wavelength resonant to the structure being highly reflected and other wavelengths 

transmitted. 

2d sin θ = nλ         (11) 

where d is the grating separation, θ is the angle to the grating plane (i.e. 90o for normal 

incidence), n is the refractive index and λ is the free space wavelength of the radiation. 

For normal incidence the Bragg condition is satisfied when 2d=n λ [70]. 

For a multimode fibre, different transverse modes have different propagation constants 

and therefore different effective refractive indices. Therefore the Bragg condition will 

be satisfied by a different wavelength for each transverse mode of the fibre. For this 

reason FBGs are generally only of use in single mode fibres. 
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Figure 3.2. Left: a dielectric mirror: by alternating layers of high and low index a 
structure highly reflective to a wavelength corresponding to the Bragg condition 
can be created. Right: a section of fibre Bragg grating: a longitudinal modulation 
of the core index allows coupling between the forward propagating fundamental 
core mode and the counter propagating fundamental core mode for a wavelength 
corresponding to the Bragg condition. Similar conditions also exist for higher 
order modes. 

 

The functionality of FBGs as sensors is derived from their sensitivity to strain 

(fractional change in length) parallel to the fibre axis, and temperature changes. This 

can be understood by considering the change in the wavelength satisfied by the Bragg 

condition if the fibre is uniformly strained. Extension of the fibre results in each high 

index region and low index region extending, thus shifting the Bragg condition to a 

longer wavelength. To a first approximation, the shift in the wavelength of the reflection 

peak of an FBG is expected to have a linear dependence on the strain on the device. The 

temperature relationship is more complicated, as temperature increases most materials 

expand, increasing the length of the high and low index regions. The refractive index 

also changes by an amount dictated by the thermo-optic coefficient of the material. For 

standard FBG’s fabricated in SMF-28 for a reflectivity around 1550 nm, a wavelength 

shift of the reflection peak of 9-12 pm/ ºC is expected when operating close to room 

temperature [71]. 

One limitation of FBGs is the inherent inability to discriminate between temperature 

and strain changes. This can be solved using several methods, most relying on mounting 

multiple FBGs in complex arrangements, see Figure 3.3 for one example. 
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Figure 3.3. An implementation of a temperature invariant FBG. Two FBGs with 
different reflection peaks are spliced together, one is bonded at both ends to a 
piece of invar and the other is left free. Both FBGs are susceptible to temperature 
changes but only FBG2 has strain exerted on it. By measuring the reflection peaks 
of both FBGs the strain on FBG2 can be extracted. 

 

Another limitation of FBGs is their one dimensionality, they only detect strain parallel 

to the core. This can also be solved with multiple FBGs in series, but other techniques 

also exist, for example inscribing a different period Bragg grating into each core of a 

multicore fibre, so the strain on each core can be measured - allowing bend direction to 

be calculated [72]. 

3.2. Side-polished fibre-like waveguide sensor 

ULI has previously been used to make an evanescent field sensor [73]; in this case a 

selective chemical etching stage was utilised to create a channel, allowing the 

measurand to be brought into sufficiently close proximity to the waveguide core for 

detection. Since surface ablation thresholds are generally lower than the bulk material 

modification threshold for waveguide fabrication, the direct inscription of waveguides 

sufficiently close to the substrate surface for sensing applications requires special 

considerations in terms of the processing parameters. 

3.2.1. Fabrication 

Fused silica was selected as the substrate material for its compatibility with a large 

range of thin film deposition and other functionalisation techniques. To allow 

waveguide fabrication close to the surface, the multiscan technique was used to lower 
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fabrication pulse energy for a given index change. A comparatively high NA focussing 

objective was also used to decrease the confocal parameter. Straight waveguides were 

fabricated for a range of pulse energies and translation speeds 75 µm below the 

substrate surface using the IMRA® system described in Chapter 2. The repetition rate 

was set to 500 kHz and the pulse duration was measured to be 450 fs. The laser 

polarisation was adjusted to be circular and focussing was performed by a 0.67 NA 

single element aspheric lens. Waveguides were built up from 15 elements with a 0.2 µm 

separation between each element. An element consisted of both an out and a back scan 

at the translation speed. Under these conditions a local minimum in the insertion loss to 

an SMF-28 transmission line at 1550 nm was found for an incident pulse energy of 

0.38 µJ and a translation speed of 4.0 mm·s-1. A measurement of the mode field 

diameter (MFD) of this waveguide yielded 7.8 µm in the horizontal axis and 8.0 µm in 

the vertical axis, slightly less than the MFD of SMF-28 = 10.4 µm. This implies that a 

smaller macroscopic bend radius can be achieved with this waveguide than with 

SMF-28 for a given bend loss. Based on this a bend radius of 30.0 mm was selected, 

since the expected loss for this radius of bend is negligible (<0.0005dB/turn) [74]. 

 

Figure 3.4. Schematic of the side-polished fibre-like ULI waveguide. Rc is the radius of 
curvature and d is the distance from the substrate surface to the centre of the 
waveguide in the interaction section. 

 

The device design was based on a side-polished fibre and was made up of 5 distinct 

sections along its length: a straight lead in section parallel to the substrate surface; an 

s-bend to approach the substrate surface; a straight interaction section parallel to the 

substrate surface; a second s-bend away from the surface and a straight lead out, see 

Figure 3.4. Thirty waveguides were fabricated, each separated by 100 µm from the 

previous one. Each waveguide started and terminated 75 µm below the substrate 
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surface, but the distance between the centre of the waveguide in the interaction section 

and the substrate surface was varied. The depth of the interaction section was 30 µm for 

the first waveguide (waveguide 1) and was decreased by 1.45 µm per waveguide for 

each subsequent waveguide. Inspection of the substrate, post fabrication, under an 

optical microscope showed that waveguides 1-18 had no signs of surface ablation, 

waveguides 19-25 exhibited ablation in the central interaction region and waveguides 

26-30 exhibited ablation in the s-bend sections and showed no signs of material 

modification in the interaction region. Waveguide 18, the waveguide with the smallest 

waveguide-to-surface parameter (‘d’ in Figure 3.4) and no signs of surface ablation was 

selected for characterization. This waveguide has a ‘d’ parameter of 6.0 ± 1.0 µm. 

Before characterisation the sample was ground and polished to expose the waveguide 

facets. 

3.2.2. Characterisation 

The output facet of the waveguide was imaged with a calibrated NIR camera while 

coupling the light from a fibre coupled 1550 nm distributed feed back (DFB) laser diode 

into the other end of the waveguide. This confirmed the MFD of the guided mode to be 

the same as in the earlier study of straight waveguides, see Figure 3.5. 

 

Figure 3.5. Left: false colour near field image of the 1550 nm guided mode. The 
intensity cross section is shown in dots with a Gaussian fit shown with a red line. 
Right: near field white light transmission micrograph of the waveguide facet. The 
field of view for both images is 20x20 µm. 
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The waveguide insertion loss (IL), coupling loss (CL) and propagation loss were 

obtained in the following manner, as shown in Figure 3.6. The light from the DFB laser 

was coupled via a polarisation controller into a short length of SMF-28, which was 

spliced to a piece of high NA, large core, multimode fibre and connected to a calibrated 

power meter. The reading from the power meter was taken as our reference. The 

SMF-28 fibre was then broken, cleaved and butt coupled to the waveguide, with index 

matching gel used to decrease losses due to Fresnel reflections. The difference between 

this and the reference is defined as the waveguide IL. Next the multimode fibre was 

broken, cleaved and butt coupled to the waveguide. This allows the CL to be measured, 

assuming that the multimode fibre collects all the light emerging as a result of it being 

of a higher numerical aperture and a greater core size. 

 

Figure 3.6. Schematic of the device test procedure for passive characterisation. The 
power emerging from the fibre is taken as a reference (A). By inserting the 
waveguide into the section of SMF-28 and measuring the power, an insertion loss 
is calculated (A-B). The coupling loss can be measured by assuming that since the 
multimode fibre is of a greater core size and numerical aperture, it will catch all 
light emerging from the SMF-28 or from the waveguide. Therefore the coupling 
loss to multimode fibre due to mode mismatch is zero so the coupling loss per 
facet can be calculated (C-B). 

 

The IL of the waveguide was measured to be 2.6 dB with a polarisation dependent loss 

(PDL) of 0.3 dB. The PDL was measured using the “all states method” - measuring the 

insertion loss of the device as the polarisation controller is scanned through all of the 
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possible polarisation states. The CL was measured to be 0.4 dB/facet, agreeing with the 

0.4 dB/facet predicted by a Gaussian mode overlap integral between the mode of the 

waveguide and the mode of SMF-28 fibre. Based on this CL we can infer a propagation 

loss of 1.8 dB for the device, including any losses due to increased scattering from the 

section close to the substrate surface. 

3.2.3. Changes to the external medium 

The suitability of the waveguide for sensing changes to the external medium was tested 

by placing a high index oil (Cargile refractive index liquid series A, nD=1.64), with a 

refractive index of 1.608 at 1550 nm [75], on the substrate surface over the interaction 

section of the waveguide. With air in contact with the substrate surface the device 

supports a guided mode with an evanescent field extending beyond the substrate 

surface. Since the oil is of a higher index than the waveguide core, when a thick layer of 

oil is placed on the surface the waveguide no longer supports a guided mode. Light 

input into one end of the waveguide can tunnel through the low index cladding into the 

oil and the waveguide mode can be defined as a leaky mode. This mode has an 

attenuation coefficient dependent on the waveguide properties, the distance the light 

must tunnel and the index of the oil [76], see Figure 3.7. 

 

Figure 3.7. Device operation: in the presence of a high index layer the waveguide mode 
become leaky. 

 

With the oil in uniform contact with the substrate surface, the device exhibited an 

increase in PDL of 1.0 dB and a polarisation averaged increase in IL of 3.7 dB. To test 

the temporal response of the sensor the polarisation controller was stopped from 

scanning - leaving a constant, arbitrary polarisation state input into the waveguide - and 

the output fibre was connected to a large area photo diode. The diode was connected to 
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an oscilloscope to monitor the voltage, Figure 3.8 shows the experimental 

configuration. 

 

Figure 3.8. Experimental configuration for temporal studies of the waveguide sensor. 
 

 

Figure 3.9. Sensor response as a function of time as the high index oil is introduced to 
the substrate surface, cleaned off with acetone and reintroduced for a constant 
arbitrary polarisation. 

 

Figure 3.9 shows the recorded photodiode voltage as oil is introduced to the substrate 

surface, cleaned off with acetone and reintroduced. As the oil is introduced an 

immediate decrease in transmission is observed, the oil droplet then spreads out to cover 

the interaction section over ≈ 10 seconds. After this a slow decrease in transmission is 

observed, which is probably thermal in nature due to cooling of the high volatility oil. 

When the oil is removed with acetone and a cotton bud the transmission is fully 
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restored, showing a fully reversible change. These results were published in IEEE 

Sensors Journal [77]. 

A strong interaction has been demonstrated between the waveguide mode and the 

species on the substrate surface. This implies the suitability of this fabrication technique 

to evanescent field sensors and sensing networks. Another potential application is for 

the interaction of the guided mode with single walled carbon nanotubes to make 

saturable absorbers for modelocking lasers [78]. Work towards this is reported in 

Chapter 7. 

3.3. Waveguide Bragg grating array 

Previous ULI Bragg grating waveguides have been fabricated from single scan 

waveguides for both high and low repetition rate inscription lasers. This was done by 

selecting a translation speed such that single laser pulses are offset sufficiently to 

produce a longitudinal refractive index modulation for low repetition rate lasers (~1 

kHz) [79, 80], or by external modulation of the inscription laser for high repetition rate 

inscription lasers (~1 MHz) [81]. The sensor described in this section features three 

waveguide Bragg gratings arranged in a triangular orientation to enable bend sensing 

through differential strain measurement. 

3.3.1. Flat fibre 

This work was undertaken in an experimental substrate obtained from the 

Optoelectronics Research Centre (ORC) at the University of Southampton. The 

substrate used is a ‘flat fibre’, which is an attempt to apply the mass production 

technology of fibres to the production of substrates for UV laser writing of planar 

lightwave circuits. More complete information on the planar fibre fabrication process is 

given by Webb et al. in [82], and details of one application is given by Holmes et al. in 

[83]. Briefly, however, a hollow preform is fabricated by the modified chemical vapour 

deposition (MCVD) of a heavily germanium doped silica layer inside a fused silica 

capillary. This leaves a hollow cylindrical tube featuring a germanium rich 

photosensitive high index layer surrounded by pure fused silica. By applying a vacuum 

during the drawing process the hollow tube can be collapsed into a planar structure, 

featuring a germanium rich core and silica cladding. Fabrication parameters from the 

previous sensor device, known to work in fused silica, were tested and found to produce 
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acceptable waveguides in the cladding of this flat fibre. Due to the nature of the cross 

section of the fibre, see Figure 3.10, identical waveguides could not be inscribed with 

the same parameters for all positions across the fibre. When writing directly over the 

curved sections, the cylindrical aberrations to the beam from the fibre were sufficient to 

lower the irradiance in the focal volume to below threshold, see Figure 3.10. From these 

studies a window of 500 µm around the centre was established where a fixed set of 

inscription parameters produced very similar waveguides. 

 

Figure 3.10. Left: flat fibre cross section, note the curvature. Right: waveguides written 
in the cladding region of the fibre. 

 

3.3.2. Multiscan ULI Bragg gratings 

Writing Bragg gratings using the multiscan technique poses several difficulties not 

encountered in other aspects of ULI. As with the rest of the waveguide, the grating 

section is built up of multiple scans, however each scan in the grating region contains a 

longitudinal index variation. A first order Bragg grating in fused silica designed to 

reflect 1550 nm light has a period of approximately 500 nm. For the grating to reflect, it 

is necessary to carefully control the phase of the index modulation of each scan, as any 

misalignment will result in a reduction in the reflectivity of the grating. From this it is 

clear that the position tolerance of the substrate relative to the laser focus is substantially 

less than 500 nm throughout all of the scans required for the waveguide inscription. For 

this reason the extremely low latency position sensitive output (PSO) of the Aerotech 

stages was used to trigger the acousto-optic modulator (AOM) used to modulate the 

inscription laser, this procedure is described by Brown et al. in [84]. The AOM was 

placed within a symmetric telescope, to reduce the beam size within the AOM, and to 

keep the effective NA of the objective the same as for the previous work. Since the 

amount of flat fibre was limited, device design and trouble shooting were carried out in 
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planar fused silica substrates, similar to those used for the side-polished fibre-like 

sensor described earlier. 

The Aerotech control software makes provision for virtual I/O register commands 

within the software, which can be used to trigger events outside the Aerotech software 

itself. Two of these are routinely used within our systems to pass the value of a variable 

to a Labview program used to control the waveplates for power and polarisation control 

of the inscription laser. Another command within the software was defined to pass the 

required modulation frequency for the AOM to the signal generator used to modulate 

the AOM driver. The AOM was aligned in a zero order configuration, such that when 

the AOM was inactive the laser light reached the lens to be focused inside the sample 

and when the AOM was active only ~20 % of the light remained in the zero order to be 

focused inside the sample. An iris was aligned after the AOM to allow the zero order to 

pass but block all higher orders. The AOM driver was set to trigger from the PSO of the 

Aerotech stage driver, defining a spatial window along one of the position axes for 

which the AOM would fire continuously at the defined frequency. Multiple waveguides 

were inscribed with Bragg waveguide sections within them, to confirm that passing of 

the modulation frequency was occurring between the Aerotech software and the signal 

generator. Once this was verified within the silica test samples, Bragg grating 

waveguides were inscribed within the flat fibre to confirm fabrication conditions. 

3.3.3. Y-Splitters 

To allow multiple Bragg gratings within separate waveguides to be interrogated, a 

method of splitting and recombining light from a single source was required. 3x3 

symmetric directional couplers have previously been demonstrated by ULI [85], but 

require careful control of inscription parameters and significant optimisation to achieve 

usable results. A far simpler, but less elegant, method is to use a Y-splitter [86]. Here 

the coupling between waveguides depends not on coupling of the evanescent field of the 

guided mode from one waveguide core to another, but upon the mode overlap between 

the waveguides at the splitting point, see Figure 3.11. A simple in-plane 3x3 Y-splitter 

was fabricated in fused silica. While energy transfer was not symmetric, sufficient 

energy was launched into each core to enable progression of the design to the next 

stage. 
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Figure 3.11. Left: a directional coupler. Within the interaction section energy passes 
from the guided mode of one waveguide to the guided mode of the other 
waveguide. If both waveguides have the same propagation constant, then 
complete energy transfer can occur, if the length of interaction section is correct. 
Right: a Y-splitter. Energy transfer occurs at an abrupt point and is based on the 
mode overlap between the input waveguide and each of the two output 
waveguides. 

 

3.3.4. Fabrication 

The intended device design aimed to mimic the Bragg gratings inscribed within 

multicore fibre [72]. The planar fibre would feature an in-plane 3x3 Y-splitter, a fan-out 

section to move the 3 waveguide cores out of a plane and 3 straight, parallel, waveguide 

sections, each featuring a Bragg grating. The three Bragg gratings would be designed to 

have different periods, so as to reflect different wavelengths. A device design schematic 

is presented in Figure 3.12. 
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Figure 3.12 Schematic of the Device. An in-plane 3x3 Y-splitter followed by a fan-out 
section to move the waveguides out-of-plane, each waveguide contains a Bragg 
grating section of a different period. 

 

 

Figure 3.13 Schematic of the device being tested. The device under test (DUT) is 
interrogated by an erbium doped fibre amplified spontaneous emission source 
(ASE) via a circulator (Arrow). The spectrally resolved reflection from the device 
is measured on an optical spectrum analyser (OSA) 
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The complete device was fabricated in a piece of fused silica and interrogated, via a 

fibre circulator, by an erbium doped fibre amplified spontaneous emission (ASE) 

source. The third port of the circulator was connected to an optical spectrum analyser 

(OSA), see Figure 3.13. The three reflection peaks from the waveguides could be 

clearly resolved when coupling into any of the three input cores, so the device was 

replicated within a piece of flat fibre. A fibre v-groove was fabricated by irradiating 

undesired regions of a piece of fused silica and chemically etching in 4% HF aqueous to 

leave a 5x5x1 mm fused silica cuboid, with a two stage v-groove in the top. The first 

2 mm long section made a tangent to a 125 µm circle (SMF-28 cladding diameter) and 

the 3 mm long section made a tangent to a 250 µm circle (SMF-28 buffer diameter). A 

partially stripped fibre section was placed in the v-groove, had optical adhesive 

(Norland Optical Adhesive 61) applied and a flat piece of fused silica placed over the 

fibre to sandwich it in place. The v-groove was clamped and exposed to light from a UV 

lamp for 5 minutes. The fibre was then cleaved and the fibre v-groove was polished at 

an angle of ~8º. The flat fibre was hand polished to an angle of ~8º and the fibre in the 

v-groove was aligned to each of the 3 cores in turn, while viewing the strength of the 

reflection peaks. The strongest peaks were visible for alignment into the central core, so 

the fibre v-groove was bonded to the flat fibre in this position using optical adhesive. 

Unfortunately some misalignment of the fibre to the waveguide occurred during the 

bonding process, lowering the reflectivity of the reflection peaks by ~ 4 dB, also, during 

this process the reflection outside of the reflection band of the gratings increased 

significantly. Since there was no simple method for realignment, the device 

characterisation was carried out under these unfavourable conditions. 

3.3.5. Device characterisation 

For temperature characterisation of the device, it was placed next to a thermocouple in 

an oven and the oven was heated to 80 ºC. The heating element of the oven was then 

switched off and a reading of the wavelength corresponding to the reflection peak for 

each grating, was taken for every degree drop in temperature, see Figure 3.15. A linear 

relationship is clearly visible, with the core in close proximity to the heavily dope 

central region (grating 2) of the fibre having a slightly higher gradient than the other 

two gratings. The three cores displayed temperature sensitivities of 10.5, 12.2 and 10.1 

pm/ ºC respectively. The full width at half maximum (FWHM) of the 3 peaks are ~250 

pm. 
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Figure 3.14, Device characteristics. Left: a false colour near field image of the flat fibre 
end facet when coupling into the central input waveguide. Right: the spectra 
measured by the OSA for coupling into the central waveguide. 

 

Figure 3.15, Device characteristics. the shift in reflection peak wavelength for changes 
in temperature for the three Bragg grating waveguides and linear fits to the data. 

 

3.3.6. Strain characterisation 

For the strain testing a sample holder and actuator were designed with the help of the 

Physics mechanical workshop staff at Heriot-Watt University. The holder was required 

to keep the bonded region and coupling section unstrained, but allow strain to be placed 

on the flat fibre section containing the Bragg gratings. The final design selected is 

shown in Figure 3.16. A metal rod is bonded to the device, the rod is supported at one 
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end by a metal block while the other end is left free to allow actuation. If one makes the 

assumption that the glass is thin and malleable, then the metal rod will bend uniformly 

along its free standing length see Figure 3.17. This is an oversimplification of the 

problem, but will provide an estimate of the radius of curvature of the flat fibre for each 

deflection of the metal rod. If we also assume that the device is aligned perfectly on axis 

to the rod in the horizontal plane, the strain in each core for any given deflection in the 

horizontal plane can be calculated using basic geometry. These estimates of the strain in 

each core are shown as the solid lines in the left panel of Figure 3.18. A similar 

assumption could be made for deflection in the vertical axis but requires knowledge of 

the distance between the centre of the rod and the position of the waveguides, the nature 

of the bonding process prevents this. 

 

Figure 3.16. Device holder design. A metal block provides a pivot for a metal rod, the 
rod is bonded to the sensor. 
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Figure 3.17. By actuating the rod, strain is placed upon the device, through measuring 

the difference in the shifts in the reflection peaks the strain and strain direction 
can be measured. 

 

After assembly of the holder and device, the end of the rod was deflected by a manual 

micro translation stage. For each deflection, the reflection peak of each of the gratings 

was measured. By recording the reflection peaks for a range of deflections, the device 

can be analysed. 

 

Figure 3.18 Wavelength shift with deflection for- Left: the horizontal plane and Right: 
the vertical plane. 

 

As Figure 3.18 shows, for the horizontal plane some agreement with theory is visible 

for small deflections. As the deflection increases some relaxation of the device occurs, 
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causing a plateau in the wavelength shift. This is likely to be due to the adhesive 

between the device and the metal rod and could possibly be remedied through better 

bonding. It is also likely that as the rod is actuated some twisting of the rod also occurs 

due to the glass above it, this is not accounted for by the simplified model. For the 

vertical direction significant distortion to the peak shape of grating one occurs, this 

renders the results inconclusive. The hysteresis loops visible in the reflection peak 

position for vertical strains also imply problems with the adhesive used. 

The device shows strong potential for future development, but in its current form is not 

ready for the intended application as a 2D strain sensor. Further optimisation of 

inscription parameters may stop distortions of the reflection peaks, but most crucially 

for improved results is better bonding between the flat fibre and the metal rod. 

3.4. Conclusions 

This chapter has presented details on the fabrication and characterisation of two sensors 

fabricated using ULI. The side-polished fibre-like sensing element shows significant 

potential for environmental sensing. Integration with Y-splitters, as used for the flat 

fibre strain sensor, could allow for single chip Mach-Zehnder interferometers to detect 

changes in the guided mode’s effective index. Another method of detecting changes to 

the mode’s effective index would be via the inscription of a Bragg grating section in the 

region close to the surface. The geometry of a single sensing element would allow for 

them to be spatially multiplexed, allowing 1 dimensionally spatially-resolved sensing 

within a single substrate. This spatial resolution is limited by the proximity of the 

waveguides before evanescent coupling between them starts to occur, this is of the order 

of 20 µm, a typical spacing for linear image sensors. One end of the array could feature 

cascaded Y-splitters for coupling from a single light source, and the other could be 

directly bonded to a linear image sensor, to allow spatially resolved absorption 

measurements, in an integrated device. The waveguide Bragg grating array shows 

potential for its intended application, but was limited in usability by the quality of the 

bond to the rod whose strain it was intended to measure. The flat fibre proved to be a 

suitable substrate for ULI and could be utilised for a variety of other applications. One 

possibility would be to write waveguides in the cladding region which are coupled to 

UV written waveguides within the core of the fibre. This would allow UV written 

waveguide circuits to probe the surface at selected positions. Ultimately the strength of 

ULI as a sensing technology is in the diversity of components that can be fabricated in a 
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single substrate, and in the ability to arrange them in three dimensions. The flat fibre 

work has provided a step towards this goal. 

One attractive aspect of ULI is in the diversity of materials that can be processed. The 

next chapter investigates waveguides inscribed in the nonlinear crystal monoclinic 

bismuth borate for SHG. The index change responsible for the guiding occurs due to 

strain induced in the material and a novel approach is taken to increase the overlap 

between the orthogonally polarised modes which are required for birefringently phase 

matched SHG.  
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Chapter 4. Waveguides in monoclinic bismuth borate for nonlinear 

applications 

4.1. Waveguides for nonlinear applications 

Under certain conditions, a guided mode geometry has several benefits over free space 

propagation for nonlinear interactions. Perhaps the most notable example of this is 

photonic crystal fibre (PCF) [11], which allows significant spectral broadening of ~1 

octave from relatively low pulse energies, due to its ability to control chromatic 

dispersion and preserve high irradiances over long distances. Another significant 

application of guided mode nonlinear optics is in SHG, which relies on the second 

order, or χ(2), nonlinearity. For this reason SHG requires a noncentrosymmetric medium, 

normally requiring the long range order of a crystal with an appropriate lattice system, 

although some work on SHG has been done in periodically poled silica PCF [87], most 

waveguide SHG work has been performed in periodically poled lithium niobate 

(PPLN), with waveguides fabricated by annealed proton exchange [88], or with titanium 

or zinc indiffusion [89, 90]. Cutting techniques have also been used to remove material, 

increasing the waveguide index contrast [91]. 

The use of a waveguide allows the light to be confined to a high irradiance for 

interaction lengths longer than would normally be permitted with free space focussing. 

Waveguide SHG is of most use for CW sources, where the limited peak powers do not 

allow efficient SHG with conventional focussing and where the spectral bandwidth of 

the source is small enough to allow for the use of long crystals, see Section 2.2.2. 

 
4.2. Monoclinic bismuth borate (BiBO) 

Monoclinic bismuth borate has a large nonlinearity, is transparent throughout the visible 

and NIR and can be grown in large optical quality crystals [92]. Phase matching for χ(2) 

and χ(3) processes can be achieved through birefringent phase matching. The crystal used 

for this study was cut and polished for normal incidence along an internal propagation 

direction of θ = 168.8°, φ=90°. This internal propagation angle enables type I phase 

matching in the optical yz-plane for SHG for a pump wavelength near 1047 nm at room 

temperature. The linear optical properties for BiBO are well reported in the literature 
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[93], based on this data, Professor Derryck Reid (Ultrafast Optics Group) from Heriot-

Watt University wrote a Matlab® program to model the efficiency of SHG for different 

pump wavelengths, at various internal propagation directions within the BiBO crystal, 

see Figure 4.1. 

 

Figure 4.1 The predicted angle tuning of BiBO for type I SHG. The x-axis describes a 
fundamental wavelength and the y-axis an internal propagation direction. The 
false colour shows the normalised efficiency of the process, for a 10mm long 
crystal, (red shows the highest efficiency and blue the lowest). 

 
 

4.3. Type II ULI waveguides 

The waveguides described in this chapter are type II ULI waveguides, introduced in 

Section 2.9. Most type II waveguides feature two damage lines separated by 10 – 

20 µm’s. These structures aim to have a positive interaction between the strain fields 

generated by each of the damage lines, resulting in the region under most strain being 

between the two damage lines. This design can lead to a greater index change than can 

be achieved for a single damage line and so increase the modes separation from the 

regions of damage. It can also result in an almost symmetrical mode profile for the 

correct fabrication conditions. The position of the guiding region relative to the damage 
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lines is dependent on the substrate; different crystal structures behave differently and 

often the two orthogonal linear polarisations (OLP) are guided in spatially separated 

regions. 

4.4. Pre-inscription measurements 

The intention was to use the BiBO waveguide for the efficient frequency doubling of a 

home built, diode pumped, Yb:KYW laser, constructed by D. Reid. The laser could be 

operated in two configurations: modelocked by a semiconductor saturable absorbing 

mirror (SESAM); or wavelength tunable CW by the addition of a prism in front of the 

SESAM and an additional cavity end mirror. When modelocked the laser produced a 

spectrum of ~ 5 nm (FWHM) centred at about 1060 nm. A similar oscillator to this is 

presented in [94]. The laser was weakly focussed with a 10 cm focal length lens and the 

crystal was secured in an angle adjustment mount, placed at the focus of the laser. The 

crystal was angled and the optical power of the second harmonic was measured. For the 

angle corresponding to a maximum conversion, the reflection from the front facet of the 

crystal was traced back to level with the laser source. The external angle to the crystal 

for phase matching of the 1060 nm pumped SHG was then calculated. The crystal was 

removed from the angle mount and mounted onto the Aerotech translation stages, used 

to translate the substrate during waveguide inscription. 

 

4.5. Two damage line structures 

Waveguide inscription was carried out using the Fianium® laser inscription system, see 

2.6.2. The laser was set to a repetition rate of 500 kHz and the pulse duration was 

measured at 350 fs pulses (FWHM). A 0.4 NA aspheric lens was used for focussing and 

the polarisation was set to be circular. An initial study of two line structures, with the 

two damage lines inscribed in the same direction on different passes of the crystal 

through the laser focus, was undertaken. Waveguides were inscribed for line separations 

of 10, 15 and 20 µm at pulse energies of 680, 560, 470, 390, 320, 270, 220 and180 nJ at 

a translation speed of 6 mm⋅s-1. Previous reports have shown some inscription direction 

dependence in low symmetry crystals [34], so all inscription parameters were repeated 

for both substrate translation directions. 
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After inscription the polarisation dependent guiding characteristics of the structures 

were investigated by imaging the output facet of the waveguide, through a linear 

polariser, onto a silicon CCD. The polarisation of the light entering the waveguide was 

varied with a polarisation controller, see Figure 4.2. 

 

Figure 4.2. Experimental configuration for investigating the polarisation dependent 
guiding characteristics. 

 

Images of the guided mode for the horizontal polarisation (H-pol), orthogonal to the 

inscription laser propagation direction, and vertical polarisation (V-pol), parallel to the 

inscription laser propagation direction, were captured. The fibre was then removed and 

the white light from a lamp was used to capture another image, allowing the positions of 

the guided modes relative to the damage lines to be established. For each waveguide 

there were several regions which exhibited guiding for either H-pol or V-pol light, but 

no region was found for any of the waveguides which supported both H-pol and V-pol 

modes. Figure 4.3 shows a superimposition of both the H-pol and V-pol modes over the 

white light illuminated image. This waveguide exhibited the best confined V-pol mode 

but the image is typical of all of the 48 waveguides inscribed and measured. 



64 
 

 

Figure 4.3. The polarisation dependent guiding characteristics for one of the two line 
structures. Left: a white light transmission micrograph of the waveguide facet. 
Right: the same micrograph but with the guided 980 nm modes superimposed on 
top. The H-pol mode is shown in green and the V-pol mode in red. 

 

All the waveguides had an H-pol mode between the two damage lines and a V-pol mode 

above and between the two lines. Efficient birefringent phase matching requires a high 

degree of spatial overlap between the three fields, this could not be achieved using this 

type of waveguide. A new design of waveguide was proposed, it would feature two 

pairs of damage lines, vertically offset from one another. The aim of this four damage 

line structure was to attempt, through control of the vertical offset, to bring into 

alignment the H-pol mode from one pair of lines with the V-pol mode from the other 

pair of lines, see Figure 4.4. 
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Figure 4.4. The proposed design for the four line structure. The H-pol mode (B) of 
waveguide 1 (WG1) is overlapped with the V-pol mode (C) of waveguide 2 (WG2) 
to achieve the guiding of both polarisations (B+C) (WG1+2) 

 

4.6. Four damage line structures 

Due to the large number of parameters for this new structure, the separation of the 

bottom two lines was fixed at 20 µm and the inscription pulse energy for all the damage 

lines was fixed at 680 nJ. The top pair of lines were inscribed with separations of 22.5, 

25 and 27.5 µm, and the vertical offset between the bottom pair of lines and the top pair 

of lines was varied between 0 and 37.5 µm, in steps of 2.5 µm, for each of the three 

horizontal separations. By imaging the output of the waveguides in the same method as 

for the two line structures, the effect of the vertical separation between the two pairs of 

lines was investigated. Figure 4.5 presents the vertical separation between the OLP 

modes (B and C in Figure 4.4) for different vertical separations between the two pairs of 

damage lines. The solid line in this plot is the expected offset of the OLP modes if the 

two pairs of damage lines acted independently, based on the two line structure in Figure 

4.3. The right pane of Figure 4.5 shows the waveguide with the best mode overlap 

between the H and V mode. It can be seen that the degree of spatial overlap for the four 

line structure is far higher than for the two line structure. The structure with the highest 

degree of overlap between the OLP modes was selected for nonlinear characterisation. 
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Figure 4.5. Left: the vertical offset of the modes as a function of depth offset between 
the pairs of damage lines. This is for upper lines with a 25 µm separation and 
lower lines with a 20 µm separation. The points show experimentally measured 
differences in mode position between the H-pol and V-pol modes. The line shows 
a prediction of the vertical mode offset assuming each damage line pair has no 
effect on the strain fields caused by the other pair of damage lines, based on the 
work in two lines structure (see Figure 4.3). Right: the H-pol and V-pol modes for 
the waveguide which exhibits the best vertical mode overlap between the H-pol 
and V-pol modes. 

 

4.7. Nonlinear characterisation 

An initial investigation was carried out by coupling the light from the Yb:KYW 

oscillator, operating in CW mode, into the waveguide using a 0.07 NA aspheric lens. 

Light was collected from the other side of the waveguide by a 0.25 NA lens. The light 

was then spectrally filtered with a Schott BG39 coloured glass filter to remove the 

fundamental wavelength and the power of the second harmonic was measured by a 

Newport 1930C power meter with a 918-UV detector head. The spectrum of the laser 

was tuned by angling the end mirror after the prism. The spectrum of the laser was 

captured using an OSA, the power of the laser was measured and then the power of the 

second harmonic emerging from the waveguide was measured. Wavelength tuning the 

laser in this manner was not ideal - as the laser was spectrally tuned both the spectral 

width of the laser and the average power of the laser changed substantially. Since the 

efficiency of the SHG is dependent on the square of the intensity, the second harmonic 

power was divided by the square of the fundamental power for plotting. This value is 

shown for each input wavelength in Figure 4.6. 
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Figure 4.6. Wavelength tuning SHG in the BiBO waveguide. The efficiency plotted on 
the y-axis is the power of the SHG divided by the square of the fundamental power, 
these values are then normalised to the highest value. 

 

In spite of the difficulty in finely tuning the laser, it was clear that something was not 

functioning as expected. The lasers power tailed off around 1018 nm, so tuning to 

shorter wavelengths was difficult and unstable, but from the pre-inscription 

measurements the maximum conversion efficiency was expected to be close to 1060 nm. 

It appeared that between the measurement of the optimum angle for the crystal, and the 

crystal being mounted on the stages for the first inscription run, the crystal had been 

inverted. Thus the waveguides were inscribed at a different angle from that desired and 

this pushed the phase matching to a shorter wavelength than for normal incidence, 

instead of to the longer wavelength than for normal incidence which was intended. This 

is in keeping with the model plotted on Figure 4.1, if the waveguides were inscribed 

close to 166° instead of the intended 169°. Normal incidence for the crystal was 167.8°, 

this is about half way in between the inscribed waveguide angle and the intended 

waveguide angle. 1020 nm is not a common laser wavelength, it can be emitted by a 

correctly designed Yb:fiber laser, but no sources were immediately available at this 

wavelength. Consequently, temperature tuning of the BiBO crystal was investigated 
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using the phase matching code written D. Reid, but adapted to include the thermo-optic 

coefficients for BiBO from [95]. The two available sources with the closest wavelengths 

to the required 1020 nm were a 980 nm fibre coupled laser diode and a 1047 nm CW 

Nd:YLF, diode pumped solid state laser. The result of temperature tuning the BiBO 

crystal for these pump wavelengths is shown in Figure 4.7-Figure 4.9. 

 

Figure 4.7. Modelling of temperature tuning for a fundamental wavelength of 1017 nm 
for an internal propagation direction of 166°. 
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Figure 4.8. Modelling of temperature tuning for a fundamental wavelength of 980 nm 
for an internal propagation direction of 166°. 

 

Figure 4.9. Modelling of temperature tuning for a fundamental wavelength of 1047 nm 
for an internal propagation direction of 166°. 
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Based on this analysis the crystal would need to be cooled to -88° for phase matched 

SHG with a pump wavelength of 980 nm, or heated to 109° for phase matched SHG 

using a pump wavelength of 1047 nm. It was deemed easier to heat the crystal than to 

cool it, so the 1047 nm pump source was selected. The crystal was mounted on a stack 

of microscope slides bonded together with super glue. This was stuck to the top of a 

micro-translation stage with nail varnish, the multiple microscope slides were intended 

to insulate the sample from the micro-translation stage, slowing down conductive 

cooling of the crystal. A metal piece with a gap for the crystal and a resistor screw fixed 

to the top (with thermal paste at the interface) was used as a heat source. A 

thermocouple was mounted in a hole in the metal piece, as close to the crystal as 

possible, for accurate temperature measurement. A cardboard box was placed over the 

waveguide, metal oven and micro-translation stage, to reduce air currents which may 

cause rapid temperature changes. The crystal was heated, and measurements of power 

of the second harmonic were taken. Figure 4.6 presents the results of temperature tuning 

the BiBO crystal for a 1047 nm pump wavelength.  

 

Figure 4.10. Temperature tuning the BiBO crystal for a pump wavelength of 1047 nm. 
Left: the experimental and theoretical phase matching curves for an internal 
propagation direction of 165.9°. Right: the conversion efficiency of the process. 

 

Strong agreement can be seen between the theoretical and experimental phase matching 

curves for the temperature tuning, see Figure 4.10. Both theoretical and experimental 

data show a temperature acceptance bandwidth of ~ 3.3 °C (FWHM) for the 8 mm 

crystal. This shows that the crystal was indeed inverted between the pre-inscription 

measurements and the inscription of the waveguides. The SHG power measured shows 

the expected quadratic dependence on pump power (an efficiency is shown here, this is 

expected to increase linearly with power), but the efficiency is far lower than expected. 
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To understand this a propagation loss measurement for the waveguide was taken using 

the streak method [96]. For this measurement the top of the waveguide is imaged onto a 

calibrated CCD while light is coupled into the waveguide. By fitting an exponential 

decay to the ‘streak’ of light scattered out of the waveguide, the propagation loss of the 

waveguide can be measured. This measurement yielded a propagation loss of 5.0 dB/cm 

for the pump. The loss for the second harmonic was not measured, but is likely to be 

higher due to the shorter wavelength, leading to increased Rayleigh and Mie scattering, 

and the increased overlap of this polarisation mode with the regions of catastrophic 

optical damage, see Figure 4.5. This work has been published in Optics Letters [97]. 

The code used to plot Figure 2.1-Figure 2.3 was adapted to add a loss term to the 

coupled wave equations, to investigate the effect of a 4 dB propagation loss (for the 

8mm sample length) on the efficiency of the process. The constants at the beginning of 

the coupled wave equations have been simplified into a single constant. This constant is 

back-calculated to give the observed conversion efficiency for 0.3 W of pump, a 

propagation loss for the pump of 4.0 dB and a propagation loss of 6.0 dB for the second 

harmonic. While this is not scientifically rigorous, it aids in understanding the role of 

the high propagation losses for nonlinear processes. 

 

Figure 4.11. Conversion efficiency for a pump loss of 4.0 dB and a second harmonic 
loss of 6.0 dB, the gain term (ie d) has been fitted to the experimental data for 
0.3W of pump. 
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Figure 4.12. Conversion efficiency for a pump loss of 1.0 dB and a second harmonic 
loss of 1.0 dB, the gain term (ie d) is the same as for the earlier plots. These 
propagation losses are considered realistic for high quality type II ULI 
waveguides and typical for many waveguides fabricated by the Ti indiffusion 
technique. 

 

Figure 4.13. Conversion efficiency with no losses. The gain term (ie d) is the same as 
for the earlier plots. 
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By decreasing the propagation losses the efficiency increases, but not by anything like 

the amount required to bring this in line with the normalised conversion efficiencies 

quoted for other waveguide fabrication techniques. This implies that there are other 

significant limitations in the design, some of these are readily identified: 

1. The effective nonlinearity of BiBO is less than the d33 nonlinearity for lithium 

niobate used for quasi-phase matched processes including SHG. 

2. The mode size is relatively large in comparison to some other techniques; the 

limitation of ULI to relative index changes of ~ 10-3 limits the irradiances that 

can be guided, for a given power. Air clad structures produced by techniques 

such as wafer bonding and dicing can obtain far higher index contrasts, and 

hence field strengths, significantly increasing the normalized efficiency. 

3. The pump and second harmonic modes are not perfectly overlapped. This mode 

mismatch between the pump and second harmonic waves decreases the 

efficiency. 

 

4.8. Conclusions 

While this chapter has not presented a successful demonstration of efficient SHG, it has 

shown that there is scope for the tailoring of type II ULI structures beyond the classic 

two line design. This work’s greatest benefit could come in applications where 

polarisation combining or splitting is required. By control of the offset of the modes 

over a distance, it should be possible to construct integrated polarisation dependent 

components through ULI. With type II ULI waveguides for phase matched nonlinear 

optical processes, birefringent phase matching will always pose more difficulties than 

quasi-phase matching. Providing good mode overlap between OLP modes causes 

significant difficulties and can be avoided entirely for quasi-phase matched materials 

such a periodically poled lithium niobate. For integration into compact laser sources 

these materials would be preferable, however not all materials can be easily poled. For 

this reason further optimisation of damage line placement and the inscription parameters 

will be required in order to increase the quality of birefringently phase matched 

nonlinear processes in type II ULI waveguides. 
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The next chapter presents waveguide inscription in an erbium doped bismuthate glass to 

make a high gain, compact, optical amplifier for the telecommunication C-band. The 

high erbium solubility in bismuthate glass allows high gains per unit length to be 

realised. This gain element is built into a travelling wave fibre laser cavity and a Rigrod 

type analysis is undertaken. 
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Chapter 5. Continuous wave erbium doped bismuthate waveguide 

laser 

In the 1990’s optical fibre based communications started being used to connect most 

major towns and cities. At this time it was natural to think that fibre optics would 

become pervasive at a local metropolitan network level and then, home level (fibre to 

the home). Optical fibre communication is based largely in the optical C-band (1530-

1565 nm) due to this region being a low loss window for optical fibre and this 

wavelength range being compatible with erbium doped fibre amplifiers (EDFAs). The 

gain per unit length from EDFAs at this time was limited by the low erbium ion 

solubility in silica. This problem, coupled with the prospect of fibre to the home, lead to 

research interest in compact, guided mode amplifiers for this spectral region, capable of 

higher gains per unit length than attainable from fibre. It was therefore deemed of great 

importance to find glass hosts with high erbium ion solubility, within which high 

quality optical waveguides could be fabricated. Ultimately, fibre technology has 

allowed for glasses other than silicates to be used for erbium doped fibres, but erbium 

doped waveguides are still of interest for applications requiring small footprints and for 

laser applications. 

5.1. The trivalent erbium ion 

 

Figure 5.1. Energy levels of the Er3+ ions. For EDFAs, pumping between the 4I15/2 and 
the 4I11/2 manifolds is most commonly employed using 980 nm laser diodes, 
although pumping between the 4I15/2 and the 4I13/2 manifolds can be employed with 
1480 nm laser diodes (in-band pumping). Gain, centred around 1540 nm, occurs 
from the 4I13/2 to 4I15/2 radiative transition. Figure taken from [98]. 
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Trivalent erbium ions (Er3+) do not have a simple electronic structure. For 

telecommunication applications, the emission between the quasi stable 4I13/2 manifold 

and the ground state, 4I15/2, is used, making erbium a three level system. This emission is 

centred at around 1550 nm, and in glasses can span multiple 10s of nm. EDFA’s and 

erbium doped fibre lasers are most commonly pumped using high brightness, single 

transverse mode, 980 nm laser diodes to pump between the ground state, 4I15/2 and the 

short lived 4I11/2 energy level. In-band pumping between the 4I15/2 and 4I13/2 can also be 

used, but results in less population inversion. The doping concentration is limited by the 

need to avoid concentration-dependent quenching effects, such as pair induced 

quenching [99]. The ion concentrations at which these quenching effects start to occur 

are dependent on the host glass. 

5.2. Erbium doped waveguide amplifier 

During the second year of my PhD. R. Thomson was working on an ultrafast laser 

inscribed erbium doped waveguide amplifier (EDWA) in a bismuthate glass host. To 

learn the techniques necessary for characterisation of active waveguides I shadowed 

him for the duration of this work. This subsection highlights the amplifier results for the 

optimum waveguide from this investigation. This waveguide was later used as the gain 

element in a guided mode laser. The following work is described more completely in a 

publication in Optics Express [60]. 

The waveguide was fabricated in an erbium doped bismuthate glass containing 

> 70 wt.% Bi2O3 and doped with 0.63 wt.% Er, available commercially from the Asahi 

Glass Company, Japan. A glass of a similar composition had previously been used for 

an Er3+ doped waveguide amplifier [100], but no previous ULI investigation in high 

bismuth oxide content glasses had been published. 

After inscription parameter optimisation, high quality waveguides were realised. The 

sample end facets were ground and polished at an angle of 8 ° from normal to the 

waveguide axis and amplifier characterisation was carried out. The waveguide was 

found to exhibit a significant net fibre-to-fibre gain across the whole of the optical 

communications C-band (>9 dB gain) and also over some of the L-band (1565-

1625 nm), see Figure 5.2. Following amplifier characterisation, the waveguide was 

investigated for laser applications. 
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Figure 5.2. Net fibre-to-fibre gain for different pump powers. The gain peak of 16 dB is 
at 1533 nm. Figure adapted from data presented in [60]. 

 

5.3. Laser cavity construction 

The waveguide was built into a travelling wave fibre cavity, to provide the feedback 

necessary to achieve oscillation. An intra-cavity fibre isolator was used to achieve 

unidirectionality and output coupling was accomplished using a fused fibre directional 

coupler, see Figure 5.3. The efficiency of energy extraction from an oscillator featuring 

high intra-cavity losses is dependent on the order of the intra-cavity elements. For this 

reason output coupling is carried out as soon after the gain element as possible. Due to 

mode mismatch between the waveguide and the coupler fibre used for the wavelength 

division multiplexers (WDMs) and the refractive index difference between these two 

media, a coupling loss at this interface of 0.9 dB occurs. There is a further loss of 0.45 

dB due to mode mismatch between the coupler fibre and the SMF-28 used for the 

directional coupler. The light that is not output coupled then experiences an additional 

loss of ~0.5 dB, the IL for the isolator. There is a further loss of 0.45 dB, due to mode 



 

mismatch after the polarisation controller

to the waveguide. The propagation loss for the waveguide was previously inferred from 

insertion loss and coupling loss measurements to be ~2.0

Figure 5.3. The laser cavity design
laser diodes. WDMs are 1550/980
multiplexors, Output coupler is a fused 

 

The fibre cavity elements were fusion splice

waveguide and the pump diodes were switched on. The output power was measured

then a new directional coupler was fusion spliced into the cavity

multiple directional couplers 

should be noted that this is a travelling wave laser cavity so the appropriate 

formulisation is different 

Appendix A looks at the applicability of a conventional Rigrod analysis to waveguide 

lasers, and investigates through modelling the 

where the assumptions
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mismatch after the polarisation controller, and of 0.9 dB when the light is reintroduced 

to the waveguide. The propagation loss for the waveguide was previously inferred from 

on loss and coupling loss measurements to be ~2.0 dB or 0.2

. The laser cavity design: pump diodes are ~600 mW
laser diodes. WDMs are 1550/980 nm fused fibre 
multiplexors, Output coupler is a fused fibre directional coupler.

cavity elements were fusion spliced together, the fibres

waveguide and the pump diodes were switched on. The output power was measured

a new directional coupler was fusion spliced into the cavity. 

multiple directional couplers to allow a Rigrod type analysis to be undertaken

should be noted that this is a travelling wave laser cavity so the appropriate 

formulisation is different from the original paper by Rigrod and can be found in 

looks at the applicability of a conventional Rigrod analysis to waveguide 

and investigates through modelling the cases where good agreement exists 

where the assumptions made break down. For this system a Rigrod

dB when the light is reintroduced 

to the waveguide. The propagation loss for the waveguide was previously inferred from 

dB or 0.2 dB/cm. 

 

mW, 980 nm single mode 
 wavelength division 

directional coupler. 

fibres were aligned to the 

waveguide and the pump diodes were switched on. The output power was measured, 

 This was repeated for 

to allow a Rigrod type analysis to be undertaken [101], it 

should be noted that this is a travelling wave laser cavity so the appropriate 

Rigrod and can be found in [102]. 

looks at the applicability of a conventional Rigrod analysis to waveguide 

good agreement exists and 

a Rigrod type analysis is valid. 
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Figure 5.4. The Laser performance with 50% output coupling. The slope efficiency is 
14%. 

 

The best performance from the laser was attained for output coupling of between 50% 

and 60%, and the laser still oscillated with 80% output coupling. The peak optical to 

optical efficiency is fairly modest at ~9% but this would likely be substantially higher if 

the intra-cavity losses for the signal and the coupling losses for the pump could be 

reduced. The simplest route to accomplishing this would be by moving to a standing 

wave cavity design. Feedback could then be provided by dielectric mirrors, either 

directly coated on to the waveguide facets, or coated onto a conventional substrate and 

butt-coupled to the waveguide facets as reported in [103]. Feedback could also be 

provided by two Bragg reflectors inscribed into either end of the waveguide or a 

distributed Bragg reflector (DBR) structure as described by Marshall et al. [104]. 
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Component/interface Loss (dB) Source 

WG to Fibre CL 0.9 Experimentally measured 

Fibre to fibre CL 0.45 Calculated from MOI 

Isolator IL 0.5 Taken from spec sheet 

Fibre to fibre CL 0.45 Calculated from MOI 

Fibre to WG CL 0.9 Experimentally measured 

Waveguide propagation loss 2.0 Inferred from measured IL and CL 

Total parasitic loss for round trip 5.2 Calculated from values above 

Figure 5.5. Table of cavity losses for components: WG is waveguide, CL is coupling 
loss, IL is insertion loss, MOI is Gaussian mode overlap integral. 

 

Figure 5.6. The output coupled power from the laser for 1 W of pump power. The red 
line shows a fit using the function from [102], with the small signal gain, cavity 
loss and saturation power left as free variables, values of 1.55, 0.6 and 175 
respectively, are found to be the best fit values. This yields a parasitic loss lower 
than the total parasitic loss calculated in Figure 5.5. The green line uses the same 
fitting function but fixes the loss variable to the value calculated in Figure 5.5, 
0.698. The best fit values for small signal gain and saturation power are then 
found to be 1.62 and 200, respectively. 
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Rigrod analysis is sometimes used instead of independent techniques for measuring the 

loss, small signal gain and saturation intensity of a waveguide laser system. For bulk 

solid state systems this type of analysis may be sufficient to extract this information, 

however in this case it was found that the results extracted had large uncertainties, and 

the loss, measured via an independent technique sat outside these bounds. Taking 

independent measurements by as many techniques as possible should always be 

undertaken if accurate results are required from any investigation. This can be seen by 

how close the red and green lines in Figure 5.6 are, despite the large difference between 

the loss values used to plot them. 

5.4. Conclusions 

A high gain waveguide was fabricated in an erbium doped bismuthate glass and this 

waveguide was shown to be suitable for use as the gain element in a fibre laser cavity. 

With optimal output coupling, an optical to optical efficiency of 9% was demonstrated. 

Further design to reduce coupling losses throughout the cavity, or reducing the number 

of cavity elements by moving to a standing wave configuration, would result in a 

substantial output power increase for the same pump power. 

The next chapter looks at adapting this cavity design to incorporate a saturable absorber. 

By increasing the cavity round trip losses for CW operation, this element makes it more 

energetically feasible for the laser to run in pulsed operation. Pulses of 320 fs are 

extracted from the laser cavity.  
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Chapter 6. Modelocked erbium doped bismuthate glass waveguide 

laser 

In the previous chapter CW operation of an Er doped bismuthate glass waveguide laser 

was demonstrated. In this chapter we will introduce a saturable absorber to the laser 

cavity to initiate modelocked operation. 

6.1. Modelocking 

Through control of the phases of adjacent longitudinal modes, temporal interference 

effects can lead to a laser producing a pulsed output with an inter-pulse spacing of the 

cavity round trip time [105]. This ‘locking’ of the phase of longitudinal cavity modes is 

referred to as modelocking. Modelocking can be achieved by an intracavity element 

with a loss which varies, either temporally at the cavity repetition rate (active 

modelocking), or with incident power so as to favour the high intensities produced by a 

pulsed source in comparison to a CW source (passive modelocking). 

6.1.1. The role of dispersion 

By Fourier analysis it can be shown that a short pulse must consist of a range of spectral 

frequencies. To decrease pulse durations, the spectral bandwidth of the pulse must 

increase. A pulse of the shortest duration for a given spectral bandwidth is called 

bandwidth limited. The different spectral components of a polychromatic wave 

travelling through a dispersive medium travel with different velocities and consequently 

a bandwidth limited pulse will spread out in time and acquire a chirp (a time dependent 

spectrum). In the absence of other effects a bandwidth limited pulse, injected into a laser 

cavity will temporally spread out over the course of many cavity round trips. This 

increase in pulse duration, coupled to the spectral narrowing of a gain medium, will lead 

to a narrow bandwidth CW laser output. 

6.1.2. The role of nonlinearities 

As explained in Section 2.2, at sufficiently high intensities, for example at the focus of a 

modelocked laser cavity, nonlinear optical effects can occur. Of particular importance 

for modelocked lasers is the χ(3) based optical Kerr effect. This manifests as an intensity 

dependent refractive index, capable of providing spectral broadening for a time varying 
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electric field. By increasing the bandwidth of a short pulse, coupling light into adjacent 

longitudinal modes, while maintaining the phase difference between the adjacent modes, 

it can potentially decrease the pulse duration. A pulse propagating in a medium with 

Kerr nonlinearity also sees a chromatic dispersion from this effect, for this reason most 

short pulse solid state lasers are constructed such that the cold cavity dispersion is 

anomalous for media with a positive Kerr nonlinearity. This anomalous dispersion, in 

addition to the intensity dependent positive dispersion from the optical Kerr effect, can 

lead to a zero round trip dispersion for a pulse of a certain duration and pulse energy. 

This balancing of the linear dispersion and nonlinear dispersion leads to a “wave of 

translation”, a pulse envelope which does not change as the pulse propagates, this is 

called a soliton. The optical Kerr effect also has significance for modelocked lasers 

because its lensing effect can be used, through appropriate cavity design, as a saturable 

absorber (Kerr lens modelocking).  

6.1.3. The role of the saturable absorber 

Passive modelocking is often preferable to active modelocking. Passive modelocking 

typically produces shorter pulses than active modelocking and does not require any 

electronic external modulation, which must be carefully synchronised to the cavity 

round trip time. Three different regimes exist for achieving short pulses through 

modelocking with a passive saturable absorber [106]. 

1. Fast saturable absorber: for this regime the loss from the saturable absorber is 

dependent on the instantaneous power, see Figure 6.1 (a). This effect is very fast 

and can lead to the shortest pulses directly from an oscillator. Examples of this 

regime include the Kerr lens modelocked Ti:Sapphire laser and the nonlinear 

polarisation evolution (NPE) fibre laser. 

2. Slow saturable absorber and a gain medium which experiences dynamic gain 

saturation: this system has a slow saturable absorber, whose loss is dependent on 

the energy absorbed by the saturable absorber from earlier in the pulse. This 

leaves a window of reduced loss open for a long period after the pulse has 

finished. The reason the pulse does not build up a tail behind it is because the 

gain medium has been depleted of its population inversion, so the gain 

experienced is significantly reduced for the final part of the pulse, see Figure 6.1 

(b). Examples of this include a dye laser with gain provided by a dye and 
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another dye used as a saturable absorber and a semiconductor laser with a 

semiconducting saturable absorbing mirror (SESAM). 

3. Slow saturable absorber and a gain medium with steady state gain saturation: as 

in point 2 (above), a window of low loss is left after the pulse has finished, 

however in this case there is still gain available. The laser output can remain 

pulsed if the tail the pulse grows behind it increases at the same rate as the 

leading edge of the pulse is absorbed by the saturable absorber, see Figure 6.1 

(c). Examples of this include a SESAM modelocked solid state laser and a 

carbon nanotube modelocked fibre laser. 

 
Figure 6.1. The role of time dependent loss and gain as pulse shaping mechanisms. (a) 

A fast saturable absorber and temporally flat gain. (b)A slow saturable absorber 
and dynamic gain saturation. (c) A slow saturable absorber and temporally flat 
gain. Figure taken from [106].  

 

6.1.4. Ultrafast fibre lasers 

In most free space, solid state, modelocked lasers the round trip gain is relatively low 

and spectral broadening occurs over a short length relative to the length of the cavity 

(typically a few hundred microns of the meter long cavity). The pulse duration and 

spectral width remain relatively constant over a round trip, however this is not the case 

for all designs of guided mode ultrafast oscillators. Described below are two 

fundamentally different designs of ultrafast fibre oscillator. The first design has two 

different examples given. For illustrative purposes a Matlab® simulation of each has 

been carried out based on the split step Fourier method popularised by G. Agrawal 

[107]. The code used is based on the generalised nonlinear Schrödinger equation 
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(GNLSE) code distributed by Professor John Dudley at the Scottish University Summer 

School in Physics (SUSSP 66) in the summer of 2010. The code has been adapted to 

add a spectrally dependent gain, including steady state gain saturation. The cavities are 

constructed from different segments of fibre, output couplers and saturable absorbers. 

The simulation is run for multiple round trips of the laser cavity. The simulations have 

not been run to their conclusion and include the initial build up before a steady state has 

been reached. These figures are for illustrative purposes only. By request of Professor 

Dudley the code is not included as an appendix. 

Conventional soliton modelocking 

 

Figure 6.2. 10 round trips of a soliton fibre laser cavity while the laser approaches 
steady state operation. At steady state roundtrip changes in spectral width and 
pulse duration are minimal. 

 

The 1 m fibre cavity has a uniform, anomalous dispersion map. The pulse maintains a 

duration close to bandwidth limit throughout the cavity, allowing output coupling of a 

bandwidth limited pulse from any cavity position. Soliton area theorem limits the peak 

power and pulse duration of stable modelocking for a given fibre type. The dominant 

shaping mechanism for the pulse is the soliton (dependent on the dispersion of the fibre, 
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the nonlinearity of the fibre and the energy of the pulse), as the saturable absorber only 

acts to initiate modelocking and to stabilise it by reducing ASE. 

 

Dispersion managed soliton (breathing soliton) 

 

Figure 6.3. One cavity round trip of a dispersion managed soliton fibre laser 
approaching steady state. At steady state round trip changes to the bandwidth are 
minimal but the pulse duration ‘breathes’, this means the pulse is only bandwidth 
limited for a small distance on each round trip. 

 

The cavity has two fibre segments with different dispersions, one is positive and the 

other is negative. The lengths of these two fibres are selected such that the net cavity 

dispersion is anomalous. The breathing of the soliton decreases the average intensity of 

the pulse over its round trip, allowing higher peak powers for the pulse when at 

bandwidth limit than attainable for a conventional soliton laser. The spectrum does not 

change substantially throughout the cavity but pulse duration does. Output coupling 

must occur at the correct position to achieve bandwidth limited pulses, but can occur 

anywhere if compensation for the pulse’s chirp is to be used. 
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All normal dispersion (ANDi) laser 

 

Figure 6.4. All normal dispersion (ANDi) fibre laser approaching equilibrium. Both the 
spectral width and the pulse duration change by large amounts on each round trip. 
The pulse is never at bandwidth limit. 

 

For the all normal dispersion fibre laser, the cavity only consists of normally dispersive 

fibre making soliton propagation impossible. At no point in the cavity is the pulse at 

bandwidth limit, but instead it has a strong linear chirp. The pulse is at its shortest when 

its bandwidth is smallest, typically a few nm FWHM. It is then amplified in a section of 

gain fibre before spectral broadening occurs in a passive fibre. Output coupling then 

occurs, followed by spectral filtering of the pulse. Since the pulse has a linear chirp 

removing the spectral wings also removes the temporal wings from the pulse. Here the 

dominant shaping mechanism is the spectral filter, the saturable absorber acts only to 

initiate and stabilise the modelocking. Output coupling can only occur at one point and 

external compression of the chirp is required for femtosecond pulse durations. 
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6.2. Laser design 

6.2.1. Cavity design 

The waveguide was built into a fibre cavity similar to that described in Chapter 5, but 

featuring a single walled carbon nanotube (SWNT) saturable absorber, see Figure 6.5. 

The saturable absorber was obtained through a collaboration with the Nanomaterials 

and Spectroscopy Group in the Department of Engineering at The University of 

Cambridge. The cavity contained 239 cm of Corning® SMF-28, 112 cm of Corning® 

Flexcore 1060, 152 cm of OFS Clearlite® 980-16 and the 87 mm Er-doped bismuthate 

waveguide. The linear dispersions of these components at 1560 nm are estimated by 

their manufacturers to be 17.9 ps/nm·km, 8.0 ps/nm·km, -1.0 ps/nm·km and -120 

ps/nm·km respectively, resulting in a net cavity dispersion of 40 ± 2 fs/nm (-0.051 ps2). 

This anomalous net cavity dispersion enables soliton modelocking. 

 

 

Figure 6.5. Cavity diagram: SWNT modelocker is the single walled carbon nanotube 
saturable absorber. WDM is 980/1550 nm wavelength division multiplexer. Fibre 
types for the different sections are shown in blue. 
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6.2.2. The saturable absorber 

Our collaborators at The University of Cambridge fabricated a fibre coupled SWNT 

saturable absorber for use close to 1550 nm, see Figure 6.6. The SWNTs are exfoliated 

through strong ultrasonification in ortho-dichlorobenzene (O-DCB). The dispersed 

SWNTs are then centrifuged to remove large unexfoliated bundles which would 

otherwise act as scattering centres. The upper 90% of the supernatant is then collected 

and filtered through a 1 µm glass filter and sonicated with polycarbonate pellet for 1 

hour. The mixture is drop cast in a petri dish and left in a vacuum chamber at room 

temperature. Slow evaporation of the O-DCB results in a 30 µm thick SWNT polymer. 

The absorption peak of the SWNT polymer is ~1600 nm, corresponding to the first 

optical transition in the semiconducting tubes. The thin film polymer was then 

sandwiched between two FC/PC fibre connectors in a fibre bulkhead. The connectorised 

device had a small signal transmission of ~ 80% and was expected from previous 

experiments to have a modulation depth of ~9% (this value was not measure for the 

device used but is expected based on measurements of other devices fabricated under 

the same conditions by the group). 

Although the transparency of polycarbonate at 1550 nm is high, some absorption still 

occurs. For this reason the average power incident upon the saturable absorber must be 

limited to avoid thermal issues that ultimately lead to catastrophic failure of the device. 

An average power of 5 mW had previously been shown to cause no degradation over 

extended periods (many months), so this value was chosen as an initial limit to the 

intracavity average power. 

 

Figure 6.6. The linear absorbance of the single walled carbon nanotube saturable 
absorber under low intensity irradiation. The dotted line shows 1550 nm. 
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6.3. Laser performance 

The pump diodes were turned on and ramped up while observing the average power 

coupled out of the cavity until 1.25 mW was reached (corresponding to 5 mW of 

average power at the SWNTs). This occurred for 130 mW of co-propagating and 

220 mW of counter-propagating 980 nm pump light. A fast photodiode and RF 

spectrum analyser confirmed a 40 MHz pulse repetition frequency, corresponding to the 

fundamental repetition frequency of the cavity. No Q-switching instabilities were 

observed. The output coupled laser light was collimated by a connectorised singlet lens 

and input into a home built nonlinear, Michelson type, collinear autocorrelator. The 

interferometer was constructed from a wedged plate beamsplitter, a loud speaker with a 

gold mirror glued to its centre and another identical gold mirror mounted on a manual 

micrometer screw gauge. For the nonlinear detector a singlet aspheric lens focussed the 

output from the interferometer onto a silicon photodiode. The bandgap of silicon 

corresponds to a photon with a wavelength of ~1 µm making it transparent to 1550 nm 

radiation. Two photon absorption in silicon can occur for high intensity 1550 nm 

irradiation making silicon a suitable, readily available, nonlinear detector for use in an 

autocorrelator. The voltage from the silicon photodiode was viewed on an oscilloscope 

while a sine wave from a signal generator was used to translate the mirror mounted on 

the loud speaker. The amplitude of the speaker movement was selected so that the 

autocorrelation trace occurred over a small section of the speaker’s movement, close to 

the equilibrium position. This ensures that the speaker’s movement can be well 

approximated as linear over the range of interest. The intracavity polarisation controller 

was adjusted to minimise pulse duration and then the oscilloscope trace was captured. 

The laser was left for 30 minutes and another oscilloscope trace was captured to check 

stability of the system. 

The captured traces were loaded into a graphing program (Origin®) and the time spacing 

(in scope time) between fringes was used to calibrate the time base of the autocorrelator, 

based on the knowledge that the laser was operating at 1560 nm and that the speed of 

light is 2.998 x 108 m/s. The interferometric autocorrelation was then smoothed by 

applying adjacent averaging across the entire waveform to remove the fringes and leave 

an intensity autocorrelation. The FWHM pulse duration from this intensity 

autocorrelation was then measured to be 490 fs. This corresponds to a pulse duration of 

320 fs, assuming a deconvolution factor of 0.65 for a sech2 temporal pulse profile, 
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consistent with soliton modelocking stabilised by a slow saturable absorber. Figure 

6.7 presents the autocorrelation of the laser output, no measurable difference was 

observed between the autocorrelations taken 30 minutes apart. 

 

Figure 6.7. A nonlinear autocorrelation of the laser output. Blue: the interferometric 
autocorrelation, Red: the inferred intensity autocorrelation. 

 

The laser output was then coupled into an OSA, see Figure 6.8. The laser had a FWHM 

spectral bandwidth of 8.9 nm, yielding a time bandwidth product of 0.351, close to the 

bandwidth limit of 0.315. This small discrepancy can be accounted for by the 0.8 m 

length of SMF-28 between the cavity and the autocorrelator. 

Strong spectral sidebands are visible in the optical spectrum produced by the laser. 

These result from phase matching between the soliton-like pulse and the dispersive 

waves shed by the soliton-like pulse as it experiences the loss, gain and different 

dispersion characteristics of the cavity components [108]. Over multiple round trips the 

components of the dispersive wave resonant with the soliton-like pulse can be enhanced, 

allowing us to estimate the total cavity dispersion from the offset of the spectral 

sidebands, see Figure 6.9 [109]. Assuming the pulse is bandwidth limited within the 
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cavity and neglecting all dispersive terms above the 2nd order, the total cavity dispersion 

is estimated to be 42 ± 2 fs/nm (0.054 ps2), in excellent agreement with the cavity 

dispersion calculated from the characteristics of the optical fibres and substrate given by 

the manufacturers. These results were published in Applied Physics Letters [110]. 

 

Figure 6.8. The optical spectrum of the modelocked laser. Blue shows a logarithmic 
scale. Black shows a linear scale with red a sech2 fit to the linear scaled spectrum 
with the resonant sidebands masked. 
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Figure 6.9. Cavity dispersion calculation. The square of the offset of the central 
position of the sidebands are plotted and a linear fit applied. 

 

6.4. Conclusions 

In conclusion the applicability of ULI waveguides to femtosecond pulse generation has 

been demonstrated. Self starting, single pulse modelocking was demonstrated with a 

pulse duration of 320 fs. While the specifications of this laser could be more simply 

achieved using a commercial erbium doped fibre as the gain element, the performance 

would be difficult to achieve using a piece of only 83 mm. Further work should 

concentrate on the integration of cavity components to decrease the cavity length, 

leading to higher repetition rates - hopefully reaching the 1 GHz level. For dispersion 

managed NPE lasers, repetition rate limits are often the direct result of the gain fibre 

length (typically in excess of 0.4 m), so high gain ULI waveguides could be of real use 

for increasing the repetition rate of these lasers. Other work should concentrate on the 

amplification of ultrafast laser pulses within these waveguides, the strong spectral 

dispersion should allow high peak powers (for a given core size) before wavebreaking 

effects are observed. Chapter 8 numerically investigates parabolic pulse amplification of 

femtosecond pulses within the waveguide used as the gain element for this study. 
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In this chapter we demonstrated that a ULI device could be used as the gain element in a 

femtosecond laser. The repetition rate was limited by the length of the fibre components 

required. In Chapter 7 we will look at working towards the integration of the SWNT 

saturable absorber with ULI technology to allow for higher repetition rates. 
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Chapter 7. Towards the integration of single walled carbon nanotube 

polymer composites with ULI waveguides 

7.1. High repetition rate modelocked lasers 

From the last chapter it should be clear that one of the major obstacles in achieving 

fundamental, high repetition rate (>200MHz) modelocking from a guided mode laser is 

reducing the fibre length between components. ULI has shown applicability to the 

fabrication of most of the fibre coupled components in Figure 6.5, including directional 

couplers [111], and WDMs. This leaves two components to address: the optical isolator 

and the integrated saturable absorber. Optical isolators are most normally based on the 

Faraday rotation of light in a strong magnetic field. Commercial fibre isolators are 

micro-optic devices, collimating the fibre input, before having small bulk optics to 

polarise and rotate the light. Due to the difficulties in the device manufacture of 

isolators, the saturable absorber was selected as the first of these components to attempt 

to fabricate by ULI. 

Two schemes were investigated for their applicability to this problem. The first relied 

on the ability of ULI to accurately align waveguides and regions for removal by 

selective chemical etching. The second relied on an evanescent interaction from a 

device of similar design to that described in Section 3.2. 

7.2. Slotted waveguides 

7.2.1. Design and fabrication 

This device was designed to operate in the same manner as the existing connectorised 

SWNT device. A waveguide would intersect a narrow channel, which could be filled 

with a solution similar to that drop cast into the petri dishes for SWNT modelocker 

fabrication. 

Straight waveguides were inscribed in the fused silica sample with the same parameters 

described in Chapter 3. A waveguide was written, commencing and terminating inside 

the substrate. After this, another waveguide was written such that the two waveguide 

axes were aligned, this allowed coupling from one waveguide into the other. This was 

repeated and the distance between the waveguide pairs was varied. An initial distance of 
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0 µm was used (the waveguides ends met) and this distance was increased by 0.5 µm for 

each waveguide pair. After a complete set were inscribed, the laser parameters were 

changed. The pulse energy was increased to 800 nJ and the polarisation was changed to 

be linear, perpendicular to the translation direction and then a channel was inscribed. 

The channel was one scan wide and started 300 µm below the substrate surface, another 

scan occurred, parallel to the first but with the substrate lowered by 4 µm. This was 

repeated until the substrate was below the laser focus. The sample was then etched in 

dilute HF in an ultrasonic bath at room temperature for 1 hour, at which point the 

sample was rinsed in deionised water and inspected under the microscope. A schematic 

of the device is shown in Figure 7.1. 

 

Figure 7.1. Slotted waveguide schematic. Waveguides are inscribed with a gap between 
them, a channel is then inscribed and etched out. 

 

The waveguides which terminated close to the channel showed signs of etching, 

implying that the sample had been etched for long enough that the material in the 

channel would be removed. Figure 7.2 shows the channel before and after etching.  
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Figure 7.2. Top: the sample before etching, this image is a collage of three microscope 

images, the left image shows the end with the smallest spacing between the 
waveguides and the right image the end with the largest spacing between the 
waveguides. Bottom: the sample after etching, this image is a collage of two 
microscope images, showing the decrease in the length of the etched region in the 
waveguides as the distance between the waveguide pairs was increased. 

 

With the central region etched, the sample was sent to our collaborators at The 

University of Cambridge for deposition of the SWNT polymer. The SWNT polymer 

was prepared as described in Section 6.2.2, and drop cast into the channel. The sample 

was then returned to our labs for characterisation. 

To avoid etching the outer waveguide facets, the waveguides had been terminated inside 

the sample. The waveguide ends were cut off with a diamond band saw by Neil Ross, 

Heriot-Watt University, to leave waveguides 16 mm long, this did not leave a well 

polished face but further polishing was deemed unwise for fear of delaminating the 

SWNT polymer from the fused silica substrate. In the future, polishing of the sample 

should be carried out prior to SWNT polymer deposition. 

7.2.2. Nonlinear characterisation 

For nonlinear characterisation, Keith Serrels from the Ultrafast Optics Group, 

Heriot-Watt University, kindly allowed me to use an NPE, dispersion managed soliton, 

erbium doped fibre laser that he had built. The laser was turned on, the waveplates 

adjusted to give stable modelocking and the pulse duration was measured with a 

nonlinear autocorrelator, similar to that used to measure the duration of the laser 

described in Chapter 6. The pulse duration was measure to be ~100 fs. The NPE laser 

had a linearly polarised free space output, this was coupled via an isolator, two mirrors 
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and a variable attenuator (reflection type) into a single element aspheric lens for 

coupling into the waveguide. The waveguide output was imaged onto a phosphor coated 

CCD to allow the waveguide pair with the smallest separation and no signs of etching to 

be located. The light emerging from the waveguide was then imaged onto a calibrated 

power meter. An input/output measurement for the waveguide was conducted with the 

setup shown in Figure 7.3. 

 
Figure 7.3. Schematic of the setup for input/output experiments. By flipping the flip 

mirror, the path that the beam takes is selectable. The variable attenuator allows 
the pulse energy to be controlled. 

 

The transmission of a saturable absorber should increase as the pulse energy of the input 

light is increased, until it approaches a point where only the nonsaturable loss remains. 

Figure 7.4 presents the results of the input/output experiment for the slotted waveguide. 

The green line shows a fit to the theoretical behaviour of a saturable absorber, with the 

third data point (an outlier) masked. The blue line shows a theoretical fit with all the 

data points included. The device shows the expected shape for a saturable absorber, best 

fitted using a modulation depth of ~9% and a saturation pulse energy of ~0.18 nJ. These 

values are close to ideal for the modelocking of fibre lasers. Unfortunately the 

nonsaturable losses of this device are of the order of 60%, substantially higher than for 

the device this aimed to replace.  
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Figure 7.4. Input/output measurements on the slotted waveguide device. The green line 
is a fit with all the points used, yielding values of 0.593, 0.089 and 0.178 nJ for 
the nonsaturable losses, modulation depth and saturation energy. The blue line is 
the same fit but with the red point, an outlier, masked. This yields best fit values of 
0.595, 0.098 and 0.14 nJ respectively. 

 

A fibre laser cavity was constructed, similar to that shown in Figure 6.5 but with a 

0.5 m length of LeikkiTM Er doped fibre replacing the gain element and the fibre 

coupled saturable absorber replaced with the slotted waveguide device developed in this 

section. Considerable time was spent optimising the alignment into the waveguide, 

adjusting the polarisation controllers and varying the pump power. However no 

modelocking was obtained. It was concluded that no successful result was likely to be 

obtained with this setup. This is probably due to the high nonsaturable losses, although 

other devices with similar performance characteristics have previously successfully 

been used to modelock fibre lasers. 

7.3. Evanescent field waveguides 

The side-polished fibre-like waveguide fabricated in Section 3.2 was sent to our 

collaborators at the University of Cambridge for the deposition of SWNT polymer onto 
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the top surface. The host polymer used for deposition was polyvinylalcohol (PVA) due 

to the ability to make larger homogenous areas than for the polycarbonate used for the 

other SWNT devices [112]. Characterisation of the device upon it’s returned showed a 

significant increase in the device insertion loss. Nonlinear characterisation, as described 

in the previous section, showed no saturation for pulse energies up to 1.1 nJ. Literature 

on the subject showed that the polymer used for the deposition has a refractive index 

higher than that of the waveguide core (~1.45) , so the thick film above the waveguide 

would cause loss in the same manner as the high index oil used in Section 3.2.3, [113]. 

In response to this, two new glasses, N-SSK5 and N-LAK (Schott®) were selected for 

the investigation of evanescent devices. These glasses were selected due to their 

refractive indices being slightly higher than that of the host polymer, allowing effective 

penetration of the evanescent field. Neither of these glasses, to the best of the author’s 

knowledge, had previous reported studies of ULI within them, so a full parameter 

investigation was necessary. Based on successful inscription of waveguides sufficiently 

close to the substrates surface for interaction between the mode and an external medium 

in fused silica, the parameters for this work were used as a starting point for waveguide 

inscription in the N-SSK5 and LAK-14 glasses.  

7.3.1. Waveguides in N-SSK5 

Inscription using a 0.67 NA objective and the multiscan technique described in Section 

2.7.4, for 500 kHz repetition rate, circular polarisation and scan speeds of 1, 2, 4 and 

8 mm/s for pulse energies between 575 and 95 nJ resulted  in no positive index change. 

Negative index change was seen for the higher pulse energies, but no guiding was 

observed for the multiscan structures. 

A cladding-written structure was investigated, this structure was fabricated by 

modifying the region surrounding the unmodified waveguide core, see Figure 7.5. 

Guiding was demonstrated, but only for large modes, ~20 µm diameter, inhibiting the 

possibility of low loss coupling to SMF-28. However, with development this structure 

may be of use for integration with large mode area fibre oscillators. 
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Figure 7.5. Microscope image of one of the cladding written waveguides inscribed in N-
SSK5. 

 

7.3.2. Waveguides in LAK-14 

The same parameters were investigated for inscription in LAK-14. After inscription, 

viewing of the sample with a transmission microscope showed structures which 

appeared to be peppered with inhomogeneous damage, however the structures guided 

light. 

Initial observations with a phosphor coated CCD showed the waveguides inscribed with 

pulse energies between 575 and 400 nJ all supported multiple transverse modes. The 

waveguides inscribed at lower pulse energies were single mode, until ~ 200 nJ, at which 

point the structures became very weakly guiding. The insertion losses to an SMF-28 

transmission line for 1550 nm light are shown in Figure 7.6, the region of lowest 

insertion loss is highlighted in green. 
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Figure 7.6. The insertion loss to an SMF-28 transmission line for waveguides inscribed 
in LAK-14. The lowest insertion loss waveguides are highlighted in green. 

 

None of the waveguides inscribed in LAK-14 were of a sufficiently low loss for 

development into evanescent, SWNT polymer composite coated, saturable absorbers. 

Investigation of a greater parameter space is necessary to reduce the losses of 

waveguides in this substrate. 

7.4. Conclusions and scope for further work 

ULI may be applicable to the fabrication of guided mode structures that can be 

integrated into saturable absorbers. Multiple different schemes exist which may provide 

benefits over the sandwiched patchcord device described in Section 6.2.2. The slotted 

waveguide device, which closely emulates the sandwiched patchcord, showed saturation 

of absorption under illumination from a moderate pulse energy modelocked Er fibre 

laser. This device provides the advantage of tailoring the mode field diameter at the 

waveguide to SWNT polymer interface, through a longitudinal tapering of the 

waveguide. This can be achieved by either changing pulse energy, translation speed, or 
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mulitscan separation. This, coupled with the ability to vary the width of the slot, could 

make this sufficiently useful to justify the processing time (waveguide inscription, 

selective etching, grinding, polishing and alignment). The other possible use of this 

design would be for speciality fibres, which do not splice to SMF-28 (either due to 

losses from mode mismatch or difficulties in alignment due to microstructures e.g. air 

holes). This class of device could be integrated into an oscillator based on a large mode 

area active fibre to allow for higher pulse energies. 

While no proof of principal demonstration of the evanescent device is reported here, it 

is predicted that sufficient inscription parameter investigation for the two glasses and 

potentially increasing the number of glasses, with refractive indices close to 1.65 

investigated, is likely to result in a functioning device. Saturable absorbers relying on 

the interaction of the evanescent field of the guided mode have several advantages over 

the more conventional devices. One advantage is that the pump may not have to be 

separated from the signal with a WDM, because the mode field diameter of the pump 

mode will be substantially smaller, resulting in less energy overlapping the SWNT 

composite region. Another advantage is that the three parameters: saturation fluence, 

modulation depth and nonsaturable loss, can all be relatively independently tailored by 

varying the distance between the waveguide and the surface, the length of the 

interaction section, the concentration of SWNTs in the polymer and the thickness of the 

polymer layer. This should allow for saturable absorbers to be optimised for a large 

range of fibre oscillators, from high repetition rates at multiple GHz to ultralow 

repetition rate of 100s kHz. The cladding written structure could be one attractive route 

towards this, by changing the position of the cladding scans along the length of the 

waveguide, the mode can be brought into overlap with the SWNTs for the required 

distance. 

In this chapter we have identified methods of integrating SWNTs into ULI waveguides 

for modelocking compact ultrafast lasers. In Chapter 8 we will look at a method of 

increasing the power available from these devices, while preserving their performance. 

This will involve exploiting the strong linear dispersion within the erbium doped 

bismuthate waveguide amplifier presented in Chapter 5 and Chapter 6, in combination 

with the waveguide’s high gain for the amplification of short pulses. 
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Chapter 8. The use of erbium doped waveguide amplifiers for 

ultrafast pulse amplification 

8.1. Introduction 

In Chapter 6 a modelocked laser featuring a ULI gain element was presented. Chapter 7 

shows investigations into methods of integrating one of the fibre elements from this, the 

SWNT modelocker, into ULI compatible technology. In this chapter the applicability of 

the Er doped bismuthate to the amplification of short pulses is investigated, to allow for 

power scaling of the outputs from ultrafast ULI oscillators. Numerical modelling is 

performed using Matlab® to establish the feasibility of using the Er doped bismuthate 

glass waveguide presented in Chapter 5 and Chapter 6 for the parabolic pulse 

amplification of short pulses. A regime is identified in which this gain medium can be 

used to achieve significant amplification and a decrease in pulse duration of nearly a 

factor of 10 from input pulse to linearly compressed output pulse is shown. 

As detailed in Chapter 6, several different designs exist for ultrafast fibre laser 

oscillators. Ultimately, the pulse energy is limited by the degree of nonlinear phase shift 

within a cavity round trip. This is dependent on the pulse energy, the pulse duration and 

the mode size. Increasing the mode size while maintaining single mode performance 

leads to low numerical apertures. Thus large bend radii are required for acceptable 

losses and the fibres used for high energy pulse amplification are often rods that cannot 

be bent. For scaling to higher pulse energies, a master oscillator power amplifier 

(MOPA) architecture is often employed; this has the advantage of allowing for greater 

nonlinear phase shifts while still remaining stable. Further reductions in the nonlinear 

phase shift can then be achieved by increasing the pulse duration by chirping the pulse, 

amplifying and then recompressing - this is known as chirped pulse amplification 

(CPA). CPA is commonly employed in solid state lasers, where the distance the light 

travels through the gain medium is small and therefore the dispersion experienced by 

the pulse is also small.  In guided mode configurations the propagation distance can be 

much greater, allowing a different amplification technique to be exploited, parabolic 

pulse amplification, although fibre CPA is still used extensively. 

Parabolic pulse amplification relies on using nonlinearity to shape the pulse as it 

propagates through a normally dispersive gain medium. As the pulse propagates it 
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experiences dispersion, thus becoming chirped, however the pulse also experiences 

amplification and spectral broadening from the gain medium. This can, under the 

correct conditions, lead to the pulse acquiring a parabolic temporal profile. After 

amplification, the linear chirp on the pulse can be compensated for by a grating pair, or 

pair of prisms. Due to the spectral broadening it is possible, under the correct 

conditions, to compress the output pulse to a duration shorter than the bandwidth limit 

of the input pulse. 

The Er doped bismuthate waveguide used as the gain element for the work presented in 

Chapter 5 and Chapter 6, has some interesting properties, both linear and nonlinear, 

which are attractive for parabolic pulse amplification. The strong linear dispersion of 

the bismuthate glass, coupled to the high gain per unit length, should allow for high 

gain, short pulse parabolic amplification within shorter lengths than are permitted with 

conventional fibre. This is important for high pulse energy work where the large mode 

field diameters required lead to a large, inflexible length of gain medium being used. 

In the next section the basis for a model of the parabolic pulse amplification of short 

pulses in the Er doped bismuthate glass waveguide is detailed. The results for the 

simulation of the waveguide detailed in Chapter 5 and Chapter 6 are then presented, 

identifying a regime in which this gain medium can be used to achieve significant 

amplification. 

8.2. The model 

Short pulse propagation in optical fibres can be well explained using the generalised 

nonlinear Schrödinger equation [107]  
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where A is the slowly varying pulse envelope, α is the propagation loss of the field, β is 

the group velocity dispersion, γ represents the nonlinearity, z is distance and T is time.  

For amplification, the second term of this equation, which represents a loss, can have its 

sign changed to represent a gain (g). This gain is in general a function of optical 

frequency.  
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This equation can then be rearranged into the form of 

�
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��

= ��� + ����																																																																																																																(14) 

where D is a differential operator that accounts for the dispersion and gain within the 

fibre and N is a nonlinear operator which governs the effect of the fibre nonlinearity on 

the pulse propagation. 

The dispersion, gain and nonlinearity act together along the length of the fibre to govern 

the propagation of a pulse and this equation is, in general, not analytically solvable. The 

split-step Fourier technique approximates this problem by splitting the fibre into small 

sections and assuming that over a small distance the dispersive (and gain) effects can be 

considered to act independently of the nonlinear effects, and vice versa. 

The code provided by Professor Dudley at SUSSP 66 was adapted to include the gain 

term from equation (13) and tested for accuracy by comparison with the results 

described in [114]. This paper models results using a simplified, spectrally flat gain 

function. The results published in [114] are shown in Figure 8.1, and bare strong 

resemblance to those acquired from this model, shown in Figure 8.2, confirming the 

validity of the model. 
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Figure 8.1.  Results of a simulation of parabolic pulse amplification within a large 
mode area Yb doped optical fibre by Limpert et al. Figure taken from [114]. 

 

 

Figure 8.2. Results of the simulation using data from Limpert et al. [114]. Figure 
calculated using a code distributed by Professor Dudley at SUSSP66, modified to 
incorporate gain. 

 

8.3. Modelling the erbium doped bismuthate waveguide amplifier 

An estimate for the nonlinearity of the waveguide (gamma in equation (13)) was made 

based on the n2 of the material, provided by the Asahi Glass Company, and the 

measured mode field diameter. The group velocity dispersion was also provided by the 

Asahi Glass Company. The spectrum of the gain was simplified by assuming it to be 

parabolic in frequency space. The measured and simulated gain spectra are shown in 

Figure 8.3. For seeding the amplifier, a 500 fs bandwidth limited sech2 pulse was 

chosen. For a pulse energy of 1 nJ the performance from two passes of the amplifier is 

shown in Figure 8.4. Spectral broadening of the pulse occurs beyond the spectral width 

of the modelled gain. 
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Figure 8.3. The small signal gain of the erbium doped bismuthate waveguide. Blue 

circles show the experimentally measured gain values at different wavelengths 
and the red line shows a simplified gain spectrum used for the model. 

 

 

Figure 8.4. A simulation of pulse amplification in the erbium doped bismuthate glass 
waveguide amplifier. The seed pulse is a bandwidth limited 500 fs, 1 nJ pulse 
centred at 1550 nm. 
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8.4. Results 

Under these conditions spectral broadening of the pulse occurs in the waveguide, but no 

pulse break up is observed. Figure 8.5. presents the temporal profile of the pulse at the 

end of the waveguide, and the same pulse once it has had the linear dispersion 

compensated for. As can be seen from the recompressed pulse, a 10 fold decrease in 

pulse duration has occurred between the seed pulse and the compressed amplified pulse. 

The peak power has increased from 2 kW for the seed pulse to over 100 kW. Similar 

behaviour could be attained for higher pulse energies by increasing the mode size and 

thus decreasing the nonlinearity of the waveguide. 

 

Figure 8.5. The temporal profile of the pulse. Top: the pulse emerging from the 
waveguide. Bottom: the pulse emerging from the waveguide after -0.0187 ps2 of 
2nd order dispersion (linear chirp). 
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8.5. Conclusions 

This amplification scheme could be an attractive alternative to fibre CPA for the 

production of pulse energies in the 10’s of nJ range for mode sizes similar to SMF-28 

and up to 1 µJ for mode sizes of 50 µm. The high gain per unit length of the waveguide, 

in addition to the strong chromatic dispersion, make it an ideal choice for high gain 

parabolic pulse amplification within a short length. This short length is of importance 

for large mode sizes, as with the low NAs necessary for single mode performance even 

slight bends can result in significant losses. This limits low NA fibre technology to large 

footprint devices. In contrast, the footprint of a device utilising this waveguide could be 

extremely small. It is hoped that this simulation will be experimentally verified. 

In this chapter I have presented a model demonstrating the potential application of ULI 

waveguides to parabolic pulse amplification. This could be used to amplify pulses from 

modelocked ULI waveguide lasers, such as that investigated in Chapter 6, or 

modelocked fibre lasers. In Chapter 9 conclusions will be drawn from the results 

presented in this thesis and further work increasing the versatility of ULI will be 

considered. 
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Chapter 9. Conclusions and further work 

9.1. Conclusions 

The work reported in this thesis has focussed on three distinct applications and presents 

work in a range of different materials, from amorphous glass to a highly ordered single 

crystal. Chapter 3 presents work on two different sensors inscribed into different 

substrates. Chapter 4 presents work within the nonlinear crystal monoclinic bismuth 

borate. Chapters 5 and 6 report upon the continuous wave and modelocked operation of 

an erbium doped bismuthate glass waveguide laser, while Chapter 7 presents initial 

attempts to integrate a saturable absorber with ULI technology, enabling modelocking 

in a compact system. The following provides a summary of the work presented in each 

chapter. 

Chapter 3: Two classes of fibre sensor are replicated by ULI. A side-polished fibre-like 

waveguide is demonstrated. This waveguide is fabricated in a single step and shows a 

significant reduction in transmission when a high index oil is placed on the substrate 

surface. This shows potential for evanescent sensing applications. A Bragg grating array 

is fabricated in a flat fibre. This device features a 3x3 Y-splitter allowing a single fibre 

input to interrogate three waveguide Bragg gratings. The gratings are arranged in a 

triangular orientation permitting athermal directional strain sensing via analysis of the 

spectrum reflected by the device.  

Chapter 4: Waveguides are inscribed in the nonlinear crystal monoclinic bismuth borate. 

A novel inscription geometry is employed to increase the mode overlap of OLP modes. 

The waveguide design features four damage lines arranged as two pairs. Each pair of 

damage line has the ability to independently control one of the linear polarisations 

guided by the device. By control of the relative positions of the two pairs of damage 

lines, mode overlap between the two OLP modes is improved. Type I phase matched 

SHG is demonstrated in the waveguide using this OLP mode control and modelling of 

the nonlinear interaction is carried out. 

Chapter 5: A ULI erbium doped bismuthate glass waveguide is built into a fibre 

travelling wave cavity for use as a laser. Rigrod analysis is employed to extract 

information about the waveguide’s properties. For a pump power of 1050 mW, an 

output power of 95 mW is reached. An optical to optical efficiency of 9% is 
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demonstrated. The efficiency of this device could be substantially improved by 

decreasing the high cavity losses. 

Chapter 6: The erbium doped bismuthate glass laser from the previous chapter is 

adapted to include an SWNT saturable absorber. This saturable absorber initiates and 

stabilizes CW modelocking of the system. The laser is run with an anomalous net cavity 

dispersion allowing for soliton shaping of the intracavity pulse. This laser produces near 

bandwidth limited pulses of 320 fs duration at 1560 nm. 

Chapter 7: An investigation into the integration of the SWNT saturable absorber with 

ULI devices is undertaken. Two geometries are explored: a slotted waveguide featuring 

a channel full of SWNT polymer and a side-polished fibre-like waveguide aiming to 

exploit an evanescent interaction between the guided mode and the SWNT polymer. 

Nonlinear characterisation of the slotted waveguide shows saturable absorption 

occurring, but the device could not initiate the modelocking of a fibre laser. The 

evanescent device requires further optimisation to reach the required specifications. 

Chapter 8: Modelling is performed to establish the potential of using the erbium doped 

bismuthate glass waveguide presented in Chapter 5 and Chapter 6 as an amplifier for 

ultrafast pulses. The strong normal dispersion and high gain per unit length permit high 

gain parabolic pulse amplification in shorter lengths than is achievable with 

conventional fibre technology. 

9.2. Further work 

The side-polished fibre-like sensor developed in chapter 3 was demonstrated with the 

guided mode becoming a leaky mode when a thick high index layer was placed onto the 

substrate surface. This permitted the presence of the liquid to be measured based on the 

transmission of the device. For sensing of the refractive index of the overlay, a few 

simple changes could be made to the device. The first would be to inscribe a Bragg 

grating section into the side-polished-like section of the waveguide, a change in the 

refractive index of the overlay would result in a change to the effective index of the 

mode and therefore a shift of the reflection peak of the grating. The other possible 

change would be to place the side-polished-like section in one arm of a Mach-Zehnder 

interferometer. This could be constructed with either 2 Y-splitters or directional 

couplers. A change in the refractive index of the overlay would then result in a shift in 
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the interference fringes observed at the output. Since this geometry is well suited to thin 

film processing, functionalisation of the top of the device should be trivial, e.g. coating 

with palladium for hydrogen sensing. A 1D array of these elements could be written in a 

single substrate, interrogated by a single source, to give spatially resolved 

measurements. This design of device could also be used as a saturable absorber by 

coating the surface with SWNTs, as was attempted in Chapter 7. 

The Bragg grating array showed the possibility of working in substrates differing from 

the planar substrates normally employed for ULI. The potential to integrate ULI with 

UV writing is of promise, as most of the fabrication equipment, other than the laser, is 

identical. It could be that ULI would be used for modifying material to be removed by 

selective etching, or for writing waveguides which move out of the plane to which UV 

writing is inherently limited. ULI of waveguides has since been demonstrated in 

conventional single mode fibre [115], this opens many new avenues for ULI with the 

potential to modify existing fibre devices from their 1D properties to 3D. 

The waveguides in BiBO were, in their current form, of little use for SHG. While 

further optimisation of parameters would lead to substantially better waveguides, it is 

my strong belief that efficient SHG in this wavelength range is more easily and 

consistently achieved in PPLN, either with type I or conventional type II waveguides. 

For wavelengths outside of the transparency range of PPLN other crystals, which may 

not be quasi-phase matched, may have to be used, for example BBO for blue/UV. For 

these birefringently phase matched materials this four damage line approach may have 

to be used. I consider the more significant result from this work to be the ability to 

demonstrate independent control of the linear polarisations in ULI waveguides. If the 

losses can be reduced sufficiently then devices based on this work could be an enabling 

technology for quantum information processing [116]. 

The erbium doped bismuthate substrate shows great promise for CW lasers, amplifiers 

and pulsed laser and amplifier applications. The optical to optical efficiencies quoted in 

the CW work could be vastly improved by moving to a different cavity design. The 

amplifier characteristics (both linear and nonlinear) could be tailored by changing mode 

size throughout the device. Ultimately ULI can compete favourably with other 

technologies anywhere where a longitudinal change in the waveguide properties is 

required. Be this for DBR lasers, tapered waveguide amplifiers or single chip passively 

q-switched master oscillator power amplifier devices featuring a Bragg grating output 
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coupler. Another interesting use of this waveguide would be as the gain element in an 

NPE fibre laser cavity. There is strong anecdotal evidence of a length law between the 

length of the fibre oscillator and the pulse durations attainable from the oscillator [117]. 

If this is the case, the erbium doped bismuthate glass waveguide could be capable of 

taking the record for the shortest pulses generated by a guided mode erbium doped laser.  

The work on the integration of SWNTs with ULI technology requires more time to 

develop usable devices. Ultimately, for high repetition rate modelocked oscillators, I 

consider this to be the wrong design to use and standing wave cavities, featuring fewer 

components, are far more favourable for this application. SWNT integration into this 

geometry could easily be accomplished, for example by coating the output coupler with 

SWNTs. The modelocker designs presented do however have merit, but must exploit 

the strengths of ULI. The slotted waveguide design could be used to fulfil the role of the 

connectorised SWNT device for fibres not readily available pigtailed, for example large 

mode area fibre. The evanescent device is potentially of great use for its ability to 

independently tailor the SWNT modelocker’s properties, saturation fluence and 

modulation depth, over a large range. This makes it an attractive prospect for a range of 

fibre laser designs, perhaps most importantly low repetition rate oscillators, with their 

high pulse energies. 

The modelling performed on pulse amplification in the erbium doped bismuthate 

waveguide should be tested experimentally to establish the feasibility of power scaling 

the output from ULI waveguide lasers in this manner. This will hopefully allow for 

simple, integrated sources producing short pulses of 10’s of nJ at high repetition rates. 

After 15 years, ULI is still finding new applications, increasing the versatility of 

substrates that can be processed and the complexity of the devices that can be fabricated. 

It is only now that it is starting to be more than a research curiosity. In the last few years 

two companies have been founded, commercialising products fabricated by ULI [118, 

119]. As inscription lasers become more affordable this trend is set to continue, 

hopefully leading to the use of ULI devices in a range of scientific fields from photonics, 

where they started, through to microfluidics in biology. 
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Appendix A. The applicability of Rigrod type laser analysis to 

waveguide lasers. 

A.1. Introduction 

The Rigrod analysis of laser oscillators with large output coupling makes several 

assumptions about the system. It assumes a homogenously saturable gain medium, with 

no distributed losses. In a standing wave cavity it is assumed that the intensity of both of 

the counter propagating waves contribute to the saturation of the gain at any position 

within the cavity, for the travelling wave treatment only the intensity in one direction 

must be taken into account. The following model is based on the standing wave case, 

primarily because the derivation of Rigrod analysis for this case is well described in 

Lasers by Seigman [120], a book most of the readers of this thesis will have access to, 

while the travelling wave case is often badly explained. Primarily we will investigate 

how Rigrod analysis behaves when one of the major assumptions, no distributed loss, is 

not met. This is often the case for waveguide lasers, where distributed losses along the 

waveguide make up a substantial part of the total losses of the system. 

A.2. The model 

 

Figure A.1. Concept of Rigrod analysis, the intracavity circulating intensity sees the 
gain medium, the lumped cavity parasitic losses, the gain medium again and then 
the output coupler. Saturation of the gain is contributed to by the intensity from 
both propagation directions. 

 

The variables within Rigrod analysis are small signal gain, Gss, Saturation intensity, 

Isat, and parasitic losses, Loss. Gss is the single pass gain experienced by an infinitely 
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small signal, Isat is the intensity at which the gain drops to Gss/e, Loss is the total loss 

of the system, excluding the output coupler. A Matlab® model was made to simulate a 

waveguide laser, see figure A.2. for the concept. A value was input into the loop to 

represent an average intracavity power. Based on the given values of Gss and Isat, the 

amount of gain for a small step through the gain medium was calculated and the new 

power was input into the next step through the gain medium. The power at each point in 

the cavity was kept in a look up table so the sum of both the forward propagating and 

counter propagating power could be used for any position in the cavity. When the end 

of the gain medium was reached, output coupling occurred and this value was stored for 

later comparison. The power then started counter propagating through the gain medium 

until it reached the discrete loss section, when the discrete loss was applied. The power 

then started forward propagating again. 

 

Figure A.2. Concept of the Matlab® program used to investigate the effect of distributed 
losses within the gain medium and how this affects Rigrod analysis. The power 
stored is the power which would come through the output coupler. 

 

The program ran until it reached stability (less than 0.001 relative variation from round 

trip to round trip) and then the output coupling was changed and the program was 

repeated. The resultant output coupling curve was fitted to with a conventional standing 

wave Rigrod analysis. The expectation was that for no distributed losses the fitting 

would be perfect and the Rigrod analysis would yield the correct values for Gss, Isat 

and Loss. For cases with distributed losses built into the steps through the gain medium 

it was expected to underestimate both Gss and Isat. 
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A.3. Results with no distributed losses 

 

Figure A.3. A comparison between the simulation and Rigrod analysis for no 
distributed losses. Dots are the values calculated by the stepwise simulation and 
the line is the analytical solution for the same values of Gss, Isat and Loss. 
Perfect agreement is found. Small signal gain is 3 per pass, Isat is set to unity and 
the reflectivity of the nonoutput coupler mirror is set to 0.9 (ie Loss = 0.1). 

 

 

Figure A.4. A comparison between the simulation and Rigrod analysis for no 
distributed losses. Dots are the values calculated by the stepwise simulation and 
the line is the analytical solution for the same values of Gss, Isat and Loss. 
Perfect agreement is found. Small signal gain is 5 per pass, Isat is set to unity and 
the reflectivity of the nonoutput coupler mirror is set to 0.9 (ie Loss = 0.1). 
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Figure A.5. A comparison between the simulation and Rigrod analysis for no 
distributed losses. Dots are the values calculated by the stepwise simulation and 
the line is the analytical solution for the same values of Gss, Isat and Loss. 
Perfect agreement is found. Small signal gain is 5 per pass, Isat is set to unity and 
the reflectivity of the nonoutput coupler mirror is set to 0.5 (ie Loss = 0.1). 

 

The simulation was deemed to work well for a wide range of gains and discrete losses, 

so distributed loss was added to the system. 

A.4. Results with distributed losses 

The same simulation was used but a small propagation loss was included in each step 

through the gain medium, obviously the line calculated from the analytical solution 

would no longer fit since this has no scope for distributed loss. Rigrod analysis is 

commonly used to extract useful information about the laser cavity from experimental 

results, so the simulation was fitted to as if the data were from a real experiment. For 

this part, fitting was performed in Origin because more user control of the fitting is 

readily attainable than using the ‘fminsearch’ command in Matlab®. Figure A.6. 

presents the results for a Gss of 3, an Isat of unity and discrete losses of 0.1 for different 

values of propagation loss. The propagation losses are from top to bottom, 0, 0.1, 1, and 

3dB for the Black, Red, Blue and Pink o’s respectively. The Olive line shows the 

analytical solution for a Gss of 3, Isat of unity and discrete loss of 0.1. The Black, Red, 

Blue and Pink line are best fits to the data sets allowing Gss, Isat and Loss to vary. 
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Figure A.6. The effect of distributed losses. All plotted data points have a Gss of 3, an 
Isat of 1 and a discrete loss of 0.1. Propagation losses of 0 dB, 0.1 dB, 1 dB and 
3 dB per pass are plotted. These data are then fitted to using a Rigrod analysis, 
shown as lines. 

 

A.5. Conclusions 

The fitting line still fits well in these cases due to the 3 degrees of freedom in the fitting 

function, however the values yielded deviate from the real values for large propagation 

losses. 

Propagation loss, dB, 

for simulation 

Isat, from Rigrod 

analysis 

Loss, from Rigrod 

analysis 

Gss, from Rigrod 

analysis 

0 1 0.1 3 

0.1 1.00 0.14 2.992 

1 1.02 0.42 2.916 

3 0.973 0.72 2.824 

 

We will concentrate primarily on loss, as Rigrod analysis is often used as an alternative 

to an independent measurement of loss for waveguides in gain media. 
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Propagation loss, 

dB, for simulation 

Real total loss 

per round trip 

(discrete + 2x 

prop loss), linear 

Predicted loss, 

linear, from 

Rigrod 

Difference (Real – 

Rigrod fit), linear 

Difference 

(Real – 

Rigrod fit), 

dB 

0 0.1 0.1 0 0 

0.1 0.141 0.140 0.000377 0.00164 

1 0.432 0.421 0.010598 0.04627 

3 0.774 0.723 0.05095 0.2271 

 

As the propagation losses increase, the value gained by Rigrod analysis starts to 

underestimate the losses of the system. 

The same simulation was carried out for a highly reflective mirror at the nonoutput side 

of the waveguide (99% reflective). 

Propagation loss, 

dB, for simulation 

Real total loss 

per round trip 

(discrete + 2x 

prop loss), linear 

Predicted loss, 

linear, from 

Rigrod 

Difference (Real – 

Rigrod fit), linear 

Difference 

(Real – 

Rigrod fit), 

dB 

0 0.01 0.01 0 0 

0.1 0.054557 0.5439 0.000167 0.000727 

1 0.375352 0.36617 0.009182 0.040062 

3 0.751323 0.70058 0.050743 0.226163 

 

We can see Rigrod consistently under predicts losses but only by a small amount, 

probably not of great significance for the majority of studies where this analysis is used. 
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