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Abstract 

In this thesis the ferntosecond laser machining of a wide range of materials is reported 
for several different applications in the fields of ferntosecond laser micromachining and 

of nonlinear optical device development. 

A repeatable, reliable, automated technique for correctly placing the focus of a 

machining beam upon the surface of a sample is demonstrated. The results and effects 

of misplacing the focus, both into and in front of the sample for single pulse machining 

are catalogued. Careful control of the focal position produced feature sizes which were 

smaller than the diffraction-limited beam diameter of a beam of 800nm wavelength 
focused with a lens of numerical aperture 0.1. The results were analysed to find the 

threshold of BK7 glass to be 5.6J cm-'. 

GaAs semiconductor wafers were machined in an attempt to produce a quasi- 

phasernatched nonlinear conversion crystal. The resulting comb shapes were 3mm long 

by 350ýtm deep and had tapered teeth with a half width of 137ýtm. The optimisation of 
the machining parameters demonstrated that the ideal method of machining a 

semiconductor wafer was to focus the beam into the centre of the crystal, using linear 

polarisation in the direction of the cut. The direction of the cut with respect to the 

crystal major and minor axes was irrelevant to cut quality. 

The first ever femtosecond laser inscribed waveguides in potassium titanyl phosphate is 

reported, and the subsequent generation of the second harmonic frequency of a 

continuous wave titanium sapphire laser is reported with an efficiency of 0.22% W-1 

Adaptive optics in the form of two computer controlled deformable minors have been 

incorporated into a fenitosecond micromachining facility and control over the shape and 

size of ablated features in a thin chromium film was demonstrated. Altering the pulse 

duration with aI dimensional minor reduced the feature diameter by 25%. Using a 

simulated annealing algorithm to modify the beam profile with a2 dimensional mirror 

produced corrections in the feature shape sufficient to produce a circular profiled hole, 

and allow the creation of 2: 1 aspect ratio horizontal and vertical elliptical holes. 

Analysing the diameters of features produced at different laser fluences, the machining 

threshold in chromium was calculated to be 0.996J CM-2. 
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Common abbreviations 
J- joules 

s- seconds 
W- Watts 

m- metres 
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V- volts 
CW - continuous wave 
K- temperature in Kelvin 

Constants 

Common symbols 
X- wavelength 
AX - wavelength spread 
Av - frequency spread (in Hertz) 

Aco - frequency spread (in radians) Aco=2nAv 

6v - cavity interrnode spacing 
ATp 

- pulse duration 

f- repetition rate 

c- speed of light in a vacuum 2.9979x 1 08 m S-1 

h- Planks constant 6.6256x 10-34 j_S (4.1354 XIO-15 eV-s) 

e- elementary charge 1.602IOxIO-19 C 

eV - electron volt 1.60209xlO-19 J 

F-0 - Pennittivity of the vacuum 8.854xl 0-12 F m-1 

ýto - Permeability of the vacuum 47rx 1 0-7 H m-1 

7r - 3.1415 

Laser names, named for the gain medium. 

Nd: YAG - Neodymium doped Yttriurn Aluminium Garnett 

Nd: YLF - Neodymium doped Yttrium Lithium Flouride 

Nd: glass - Neodymiurn doped glass 

Ti: sapphire - Titanium doped sapphire crystal 

Cr: LiSAF - Chromium doped lithium strontium aluminiurn fluoride 
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Chapter 1: Introduction 

1.1 Introduction 

1. ]. 1 Motivation 

A new laser processing paradigm was introduced in 1994 [1-4] when it was shown that 
an amplified ferntosecond laser could be used to cut and ablate material with minimal 
thermal effects and collateral damage. It is well known that material processing using 
widely available long-pulse lasers can encounter difficulties when such lasers are used 
for creating unusually small, high resolution features, or for processing materials too 
delicate to withstand the thermal shock of conventional laser machining. Since then 
numerous studies have been carried out comparing femtosecond machining with that 
implemented using pico, nano, and microsecond lasers. Useful as these comparison 
studies are, it is not the intention of this research to further these studies. The research 
presented in this thesis aims to explore the potential of ferntosecond laser processing for 

creating unique features and devices using both ablation and refractive index 

modification effects. 

Primarily, the project aimed to investigate the effectiveness of a 5kHz amplified 

ultrafast Ti: sapphire laser for machining at high resolution, large depth and importantly, 

high efficiency, with deterministic machining results and minimal debris production. 
Secondarily the aim was to demonstrate high quality machining in materials not 

previously machined. The materials investigated are normally difficult or impossible to 

machine conventionally or with long-pulse lasers, either due to their delicate nature or 

structure, their very high melting point or optical absorption characteristics. 

As the laser used in the experiments described in this thesis was an amplified Titanium 

doped sapphire laser the emphasis of this thesis is heavily upon the Ti: sapphire laser 

and amplifier. The operation of the amplifier and of Ti: sapphire lasers in general will 

be described in detail later in this chapter. 

1.1.2 Review of lasers for material processing 

The idea that atoms could exist in discrete energy states and could radiate light of well 

defined frequencies while making transitions between these states was proposed by 

Bohr in 1913. The ideas for stimulated emission and absorption were formed in 1917 

by Einstein in his study of black body radiation. The reality of a device was shown first 
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in 1953 with the MASER by Gordon, Zeiger and Townes [5]. The "optical maser", a 
ruby laser was first displayed in 1960 by TH Maiman [6]. It was not until after it was 
actually demonstrated was the term "Laser" coined, the term finally defeating "Optical 
Maser" throughout the remaining years of the 1960s 

The maser began as a comparatively low power device, Townes estimated his first 
device to have an output power of something like 10-8w. Maiman's Ruby laser was a 
different story, being a pulsed system with a peak power of approximately 5kW. Laser 
machining began as soon as the laser did, shortly after the invention of the ruby laser, it 
was used to drill precious stones [7]. 

The advent of the HeNe laser [8] did nothing to improve device power and continuous 
power levels were measured in milliwatts at the most. Four years later however, there 
was the development of theC02 laser by Patel [9], who recorded a modest continuous 
wave (CW) power of ImW at the time. This soon rose steeply to 8.8kW CW by 1976 
[10]. The Nd doped crystal lattice lasers were first demonstrated in 1961 [11] but were 
slow to take off as a viable laser source due to difficulties of finding a suitable crystal 
host until the yttrium aluminium. garnet (YAG) host was demonstrated in 1964 [12]. 

Lasers for welding and vaporisation were first demonstrated in 1965 [13] and it would 
be safe to say that as soon as a laser was capable of producing the necessary power for 

machining a material it was being machined. The primary lasers of industrial 

machining are theC02 laser and the neodymium doped glass and crystal rod lasers. 

TheC02 laser produces the highest average powers in a continuous beam and Nd-doped 

laser the highest peak power pulses. 

It is important to consider the similarities and differences of laser machining using 

ultrafast pulse lasers and those producing longer pulses. In this thesis lasers will 

primarily be classed by their pulse length: C02, Nd and excimer lasers will be referred 

to as "long-pulse lasers", generally accepted to be >10ps, whereas ultrafast lasers will 

be referred to as "short-pulse lasers", <10ps but typically <500fs. 

It would be incorrect to classify all machining lasers of pulse length longer than 10ps as 
"thermal", ns and ps lasers can be made to machine features with results not appearing 

to be thennal in nature [14] and a high peak power Q-switched pulsed Nd: YAG laser 
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machines materials very differently to a high average power CWC02 laser, but the 

process by which material is removed on the atomic scale is the same: thermal. Short- 

pulse lasers in the ferntosecond regime remove material differently, by nonlinear 
ionisation leading to the non-thermal creation of plasma. For the purpose of this 

overview the two groups have been created and will be thought of as two separate 
methods of laser processing. 

Before examining ultrafast laser systems in detail it is necessary to understand and 

compare the relative merits of such lasers to alternative systems, noting the 
disadvantages of the ultrashort-pulse laser and drawing some conclusions about the 

competing technologies. There are numerous lasers currently used for machining as 

well as the ultrafast laser: most commonly C02, Nd: YAG, excimer and the fast 

developing high power diode laser systems. Figures 1-3 show the differences in laser 

beam properties of these lasers; the data were taken from the product ranges offered by 

several companies manufacturing machining lasers or laser systems. The sources of 
information for all of these graphs are from: I Coherent, 2 Spectra Physics, 3 GSI 

Lumonics, 4 Trumpf, 5 Bystronic, 6 Rofin, 7 Nuvonyx, 8 Powerlase, 9 Laser lines, and 

10 Clark MXR. Along the time scale of Figures 1-3 the five types of lasers arrange 

themselves into three groups: the ultrafast lasers; oscillators and amplifiers, the 

CW/quasi-CW lasers, C02and diode modules; and the medium to short-pulse Nd based 

lasers and excimer lasers. 
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commercially available laser sources in terms ofpulse length vs pulse energy 
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As Figure I shows, the Ti: sapphire lasers have by far the smallest available pulse 
energy; as all their energy has to be extracted from the gain medium in a short 
timescale, it is impossible to excite the gain crystals with enough energy to amplify the 
pulses much beyond ImJ in a typical commercial system. In contrast, Figure I shows 
that the diode andC02 lasers produce the largest pulse energies, up to I MJ for CO-), due 
to their long-pulse durations and low repetition rates. The Nd-doped lasers are the most 
flexible systems, producing a wide trade-off region allowing for precision features while 
producing a high machining throughput. 
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14,5,61 Fxcimer 

7,91, 
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16-15 10-- 12 10 -9 10 -6 10 -3 Cw 

Pulse length (s) 
Figure 2 An illustration of the differences and similarities between thefive main 

commercially available laser sources in terms of pulse length vs peak power 

It is established in Figure 2 that the peak powers of ultrafast laser amplifiers can be in 

excess of four orders of magnitude greater than the most powerful excimer or Nd based 

laser; even the peak powers of ultrafast oscillators rival all other lasers described here. 

This is due to the dramatically shorter time in which the pulse's energy is delivered. 

This has many desirable effects for Ti: sapphire machining, including multiphoton 

absorption which enables machining independent of material hardness, 

transparency/reflectivity, and laser wavelength. Ti: sapphire lasers produce a plasma 

while machining, however, this is not a problem for machining quality or speed of 

machining as the plasma is not produced until after the pulse has been fully absorbed by 

the material and it has dispersed by the time the next pulse arrives. Diode lasers do not 

have sufficient peak power to produce plasma effects, and these lasers have difficulty 

machining transparent materials due to their small peak power. A notable disadvantage 

arises for intermediate pulse-duration lasers, whose peak powers are sufficient to 
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generate a plasma but whose pulse durations are too long to avoid Interacting with the 
plasma. The plasma thatC02, excimer and Nd-doped lasers can create is excited before 
the pulse has been fully absorbed into the workpiece, and the plasma plume absorbs the 
trailing edge of the pulse causing less efficient machining. 
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phire Amplifiers I 
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16-15 10-12 10 -9 1o -6 10-1 cW' 

Pulse length (s) 
Figure 3 An illustration of the differences and similarities between thefive main 

commercially available laser sources in terms of laser pulse length vs average power 

Figure 3 reveals the low average power of Ti: sapphire lasers, which restricts the volume 

of material that they are able to remove, limiting them to small volume applications. 
C02 lasers have the largest available average powers, making them ideal for large scale 

or high speed machining jobs, for example cutting thick (10s of cm) steel. Nd-doped 

and excimer lasers produce a sufficient average power to be useful tools for high 

through put processing. 

Below is a summary of the abilities, advantages and disadvantages of the most 

commonly used machining lasers, a detailed description of all can be found in [ 15]. 

In either CW or pulsed (ms) mode, C02 lasers are a fast, high volume machining tool, 

of suitable for non-metallic materials like polymers, wood-based products and ceramics 

(including glass). All of these materials have a high absorptivity0f C02 laser light and 

can be cut by the melt shearing process. They can cut these materials at 10s of metres 

per minute, depending upon thickness. The restrictions on cutting withCO2 appear 

when metals are considered, for mild steel an assist gas is necessary and with all metals, 
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as the reflectivity, melting point, density, specific heat and thermal diffusion rise, the 
machining rate decreases. 

Pulsed Nd lasers (gs) are generally slower at cutting thanC02 lasers, as they are lower 
repetition rate systems. The shorter wavelength of Nd lasers gives three advantages and 
one disadvantage overC02. Firstly, a smaller spot size can be achieved, and therefore 
finer detail cuts can be made, secondly, the beams can be delivered to the workpiece a 
large distance from the laser by fibre optics. Finally, Nd lasers are more suitable for 
cutting reflective surfaces, the shorter wavelength is less easily reflected by metal 
surfaces. The disadvantage is that many of the non-metals that the C02 is able to 
machine are transparent at Nd wavelength and therefore very difficult to cut. With 
metals, again with an assist gas, the cut speed is slow, generally fractions of a metre per 
minute for like-for- like cuts. 

As the pulse length reduces further (ns, ps) direct comparisons with the first two lasers 
become difficult as we are now in the territory of micromachining. Here, material 
thicknesses are reduced to of the order of a millimetre, and often smaller as for a fixed 
intensity the drilling depth is directly affected by pulse duration. Ablation rates are kept 
low, 10s of centimetres per minute due to the need to reduce power to keep the laser 
beam quality high. While there is still often a need for assist gasses, there are results 
demonstrated where the remaining non-irradiated material is thermally unaffected due 

to the speed at which the heated material is removed. 

Ultrafast laser machining ffs), with the further reduction in pulse energy and the low 

average power reduce the material thickness to fractions of a millimetre. The short 

wavelength and the non-thermal material removal process can allow drilling of holes on 

the order of I ýim diameter. The type of material is now irrelevant, all materials can be 

successfully machined by ultrafast lasers, regardless of reflectivity, transparency or heat 

diffusion properties. There are also few processing steps associated with ultrafast laser 

machining. 

The ultrafast Ti: saphire laser can be categorised into three types of laser, the amplifier 

(high pulse energy, low repetition rate) oscillators (low pulse energy high repetition 

rate) and high energy oscillators (intermediate pulse energy and repetition rate). The 

possible applications of these three types of lasers is shown in Figure 4. 
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Figure 4 The possible applications of the three different types of Ti. -sapphire 
laser. The laser is more suitablefor the purpose when the boxes are heavier 

The commercial applications of short-pulse laser systems are many, the heavily shaded 
regions in Figure 4 are where the laser is very suitable for the application and the lighter 

shaded areas are where the laser is able to complete the task but is not ideal for the 

application. Not surprisingly, as can be seen from Figure 4, amplifiers are ideal for 

cutting, drilling and marking materials. The low repetition rate of the amplifier makes 
waveguide inscribing a time consuming application due to the necessarily high spatial 
and temporal overlap of successive pulses during the inscribing process. The high pulse 
energy of the amplifier precludes it Erom the applications of photo-initiator 

polymerisation and laser microscopy. Figure 4 reports upon the suitability of the high 

energy oscillator for waveguide inscribing, having sufficient pulse energy to modify 

materials and a sufficient repetition rate to be able to do so at reasonable speed. The 

oscillator is suitable for a multitude of non-linear applications, but in Figure 4 it is 

identified as the most suitable type of Ti: sapphire laser for both microscopy and two- 

photon-polymerisation. 

The most common commercially available ultrafast machining laser is the amplified 

Ti: sapphire system, costing typically f250,000. Add to this the necessary motion 

control stages, diagnostic equipment and a suitable working environment for the laser 

and the set-up costs of a ferntosecond laser machining facility are somewhat prohibitive. 

Due to their cost, ferntosecond lasers are often a last resort, only purchased when the 

alternative systems are unable to carry out a particular machining task they are seldom 
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introduced to provide an incremental improvement in the status quo. The femtosecond 
laser has been found to be useful in machining a wide variety of materials, including 

metals, ceramics, semiconductors, composites and polymers. There are many 
commercial uses for ferntosecond laser machining and a small selection of the most 
common is: machining diesel fuel injectors for the automotive industry; creating inkjet 

printer nozzles [ 16]; semiconductor wafer cutting [ 17]; in medicine, machining of stents 
and catheters [161; in ophthalmology, surgical retinal correction [18,19] and LASIK 

eye surgery [20]. Ferntosecond laser processing also has a part to play in manufacturing 
micro-electrical-mechanical systems (MEMS) [21]. 

There are several advantages of using the long-pulse laser systems for material 

processing. The technology is long established and mature and therefore the systems 

are cheaper to purchase, and easier to maintain than their ultrafast counterparts. The 

large average powers of long-pulse lasers imply that they are able to remove a large 

volume of material, cutting steel tens of centimetres thick. As a result of the thermal 

nature of the material removal process, the surrounding material melts due to the 

thermal transport in the heat affected zone. This melting often results in a smooth 

channel left behind after the machining, which can be advantageous in a number of 

situations. The disadvantages of short-pulse machining are exactly where long-pulse 

machining lasers are strong. The small pulse energy and low average power of 

ferntosecond amplifiers produce machining of small volumes of material only. Also the 

technology of ultrafast laser systems is relatively complex, expensive to purchase and 

often technically difficult and expensive to repair and maintain. The non-thermal nature 

of ferntosecond micromachining can also be a disadvantage in some instances. A 

thermal machining process can heat the surface of the workpiece smoothing out the 

machined edge but femtosecond micromachining can leave a micro-roughness on the 

machined work area. 

1.1.3 Ultrashort-pulse oscillators and amplifiers 

The shortest pulses that could be produced in the earlier years of the laser were achieved 

by modelocking (explanation to follow). The first recorded modelocked laser was a 

HeNe laser in 1964 [22] with equivalent findings in the ruby [23] and Nd laser [24] 

soon afterwards. All of these demonstrations of modelocking are what is described as 

"Q-switched modelocking" where the very short-pulses are produced in bursts occurring 

at a low repetition rate (-kHz). With the demonstration of sub-picosecond dye lasers 
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[25] and of the sub-100fs dye laser [26] by colliding pulse modelocking (CPM), interest 
was largely diverted away from short-pulse solid state lasers until the self modelocked 
Ti: sapphire laser, demonstrated in 1990 [27]. 

The titanium-doped sapphire crystal was first reported to be a useful laser gain medium 
by Moulton [28] who noted its broad gain bandwidth and large tuning range. The 
Ti: sapphire laser was shown to be capable of generating sub-picosecond pulses by 
Spence et al [27] who demonstrated 60 femtosecond pulses with a peak power of 90kW 
by the technique of Kerr lens modelocking (KLM). This was the first solid state laser 
capable of producing ultrashort-pulses without the need for cryogenic cooling. The 
Ti: sapphire laser was quickly followed by the self starting modelocking of the Nd: glass 
laser [29]. 

The ultrafast Ti: sapphire amplifier is the tool with which the vast majority of ultrashort- 
pulse machining is carried out with today. The amplifier works by a process of chirped 
pulse amplification (CPA). CPA was first developed as a method of improving radar 
range [30] and was first demonstrated optically in Nd: glass amplifiers by Strickland 
[3 1] and Maine [32]. These amplifiers were large and were complicated by non-optical 
components, gas cylinders, heating elements and fluidised baths. They were also 
limited to low picosecond final pulse length by the amplifier material's narrow gain 
bandwidth. The first ultrafast Ti: sapphire amplifier was demonstrated in 1991 by 

Squier [33] producing millijoule pulses at 100 ferntoseconds duration. The system was 

more powerful and more reliable than the established dye lasers, had ultrashort-pulse 
durations and was instantly recognised as having "the potential of becoming the 

workhorse for both ferntosecond spectroscopy and high intensity physics". 

Short-pulse laser amplifiers have three main properties by which their performance is 

judged; pulse energy, pulse duration and repetition rate are the factors that 

manufacturers offer compromises upon. Beam quality is an extremely important factor 

in choosing a machining system and the systems on offer today all have similar beam 

quality figures. These are the three areas of development sought by researchers wishing 

to produce better amplifiers. In the case of the commercial Ti: sapphire amplifier the 

pulse duration is close to its practical limit, the sub 30fs amplifier commercially 

produced by the Femto Laser company being an indication of how far the technology 

has advanced since its inception. For the sake of this discussion the shortest achievable 
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pulse durations are -4fs, which is close to the Fourier-bandwidth limited duration for 
Ti: sapphire. In the case of amplifiers the shortest pulses demonstrated are 5fs [34] and 
4.5fs [35], and sub 5fs, 5fs and sub lOfs in systems employing a Neon filled hollow- 
core photonic crystal fibre to provide spectral broadening [36-38]. 

Ti: sapphire ampliflers can be pumped using either CW or Q-switched lasers. High 
repetition rate systems are associated with CW pumping and produce lower pulse 
energies than the Q-switched-pumped low-repetition-rate systems. Recently a lOOkHz 
system was reported with pulse length 39fs and pulse energy 28ýLJ [39]. Studies of high 
repetition rate systems tend to be in materials other than Ti: sapphire [40,41] but high 
repetition rate Ti: sapphire systems have been built that are tuneable [42] and that have 
high beam quality for machining [43]. 

The high pulse energy systems are often a chain of amplifiers linked together to 
produce pulses of enormous peak power, the highest of which was produced by a 4- 

stage amplifier some 28J in a 33fs pulse of peak power 850TW [44]. Other high energy 
systems have been developed that also have short-pulse durations, sub-30fs [45,46]. 
These systems are too large and complex to be of much use as cutting lasers but are 
essential for the development of the science. 

A large area of research is devoted to producing ultrafast amplifiers in materials other 
than Ti: sapphire, for example the chromium-doped crystals, Cr: forsterite, Cr: LiSAF and 
Cr: LiSAF [47-49]. These systems tend to produce much lower pulse energies (10s of 

ýtJ) and are restricted to longer pulse lengths than Ti: sapphire (-200fs) but have the 

advantage of being directly diode pumped systems, and so are smaller and simpler to 

build. Work also continues on Nd: glass based systems, which are often high repetition 

rate but have only recently been shown to produce femtosecond pulses [50,5 1 ]. 

1.1.4 Machining 

The first reports of ultrashort-pulse laser machining concerned ultra-violet (UV) 

excimer lasers [52,531, which were demonstrated to have an advantage over long-pulse 

excimer lasers which "photochernically and thermally degraded" 

polytrtrafluoroethylene (Teflon) during machining [54]. Early ultrafast laser processing 

of materials was also demonstrated by Watanabe [55], Stem [56] and Shank [57] using 
CPM dye lasers. After the demonstration of the Ti: sapphire amplifier in 1991 several 
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research groups in America and Germany developed their own systems and carried out 
machining on initially, fused silica, calcium fluoride and gold [1-4,58]. This was the 
beginning of the genre, research and consequently publications exploding in numbers 
thereafter, as systems became cheaper to build and the technology became available to 
more and more scientists. 

In a short space of time the immense peak powers (intensity levels in the focal region 
similar to the core of a nuclear reaction) coupled with the extremely low collateral 
damage to surrounding structures led the research to hard, high melting point materials, 
molybdenum, titanium, [59,60] and diamond [61,62], and also to delicate materials, 
foams, aerogels, photonic structures and hollow polythene microspheres [61,63,64]. 
Recent ferntosecond machining studies are demonstrating the wide variety of 
applications of the science. The micromachining of a large variety of materials is seen 
in modem publications. The three dominant material groups utilised in these 
experiments are fused silica (and glasses) [65-67], semiconductors (primarily silicon but 
importantly in GaAs and GaN) [68-70] and metals, commonly nickel, copper, 
alurninium, gold and steel [71-78] and also iron [79]. 

Development of MEMS technology is still aided with ultrafast machining lasers [21]. 

Medical applications are numerous, with the common use of femtosecond lasers in laser 

eye surgery and more recently in dentistry [80] with dentists recognising that 

"ferntosecond laser pulses provide us with today's optimal tool to treat dental decay". 

The micromachining of thin film materials used for solar cell construction [81] is 

another example of the wide variety of applications open to the discipline. It was noted 

that "Only sub-picosecond laser pulses provided selective or complete ablation of the 

thin layers without a relevant change in the photoelectrical properties" of the cell 

materials. The low repetition rate of ferntosecond amplifiers (-1-5kHz) is a problem for 

mass production of any product and, as such, investigations are being made into 

producing multiple spot arrays for parallel processing of samples [82]. 

In addition to material studies, the physical processes involved in ultrafast laser 

machining are still not fully understood, with work analysing many of the different 

aspects which affect laser material processing. There have been papers studying the 

stress involved with laser machining [73,83,84], concluding that there is a reduced 

stress associated with ferntosecond laser machining compared to nanosecond duration 
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pulses and when altering the polarisation of the ferntosecond beam to circular the stress 
is further reduced. The debris produced by femtosecond laser machining has been 

examined [85], reporting that to minimise debris, work should be carried out in a 
vacuum and that gravity has no bearing upon the direction of accumulation of the 
debris. The extent and the very existence of thermal effects in the machining [86] 

suggests that for ferntosecond machining, there is a critical pulse width that separates 
thermal and non-thermal ablation regimes and that it monotonically reduces with the 
increasing laser fluence. The effects of beam shape [87] and sample focal position [61] 

will be discussed later in this thesis. Studies upon the morphology of the structural 
changes in materials modified by ferntosecond pulses have been carried out [88], 

cataloguing the shape and size, density and refractive index of modifications in 

transparent materials. The amplitude stability of most commercial laser amplifiers is 

very good (typically <1% RMS stability) but still not perfect, so studies have been 

carried out upon the effect of fluence fluctuation during ablation [89]. 

There is a large field of work which compares the ferntosecond process with longer 

pulse laser [59,83,90-95] with the aim of investigating how the threshold fluence 

changes depending upon pulse duration and the influence of pulse duration to the 

material processing time in a frame of ferntosecond to picoseconds. These papers 
demonstrate eloquently the differences in machining process and quality mentioned 

earlier in this chapter, describing the melting of samples that can occur in the long-pulse 

regime and the reduced to nonexistent molten phase observed in short-pulse machining. 

The effect of altering the polarisation of the machining beam has been studied widely 

[96-99]. The significance of circular compared to linear polarisation is studied along 

with the differences of s and p polarised light when machining a linear trench. A novel 

technique "polarisation trepanning" is discussed in [97], where the linear polarisation is 

rotated during the drilling of a hole with many pulses, achieved by rotating a half wave 

plate in the path of the unfocused beam. This process eliminates the polarisation- 

dependant anisotropy of the holes by changing the polarisation of the machining beam 

in between pulses and results in much improved results. Both the entrance and exit 

holes were shown to be of much higher quality when drilling a 0.1 mm diameter hole 

through a I. Omm thick steel sample. 
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Work continues in increasing the machining resolution, and femtosecond-created 
nanostructures have found numerous applications in optics, optoelectronics, chemical 
catalysis and optical biosensing. Many papers have been published discussing and 
demonstrating sub-micron feature sizes [100-104]. The aim is to develop the ability to 
produce two and three dimensional structures of several hundred nanometres in 
diameter. 

At the opposite end of the scale there has been a significant amount of work carried out 
on increasing the depth and volume of material removed during the machining process 
[89,105-108]. For the deep drilling of metals, necessary in many of the industrial 

applications mentioned previously, the most important qualities of the holes are 
geometry and quality, criteria against which fenitosecond lasers can deliver high quality 
results. In these studies, it was found that femtosecond lasers could be used at high 
fluences, well above the ablation threshold to be able to drill deep, high quality holes in 

metals without the need of a special atmosphere, gas assist or any post processing. 

Due to the extremely high intensities of ultrafast machining systems it is possible for the 
beams to interact with the medium that they are delivered through, as well as with the 
intended target. Most machining reports only consider beam delivery in air, however 

there have been studies on what the beam interactions during propagation are likely to 
be and how to reduce them [ 109,110] 

1.2 Laser interaction with matter 
1.2.1 Long-pulse laser interaction with matter 
In machining a sample with a long-pulse laser, the aim of the process is to remove 

material from the workpiece by rendering the material liquid then continuing to heat the 

liquid until it becomes a vapour, a process called ablation. This melting/vaporisation is 

achieved by depositing as much energy as possible into the sample to heat a volume of 

material to be removed. A two temperature model is used to describe ablation, where 

electrons and their lattice are characterised by their temperatures. Three characteristic 

timescales areTe the electron cooling time (-Ips) [I 11], Tithe lattice heating time andTp 

the laser pulse duration. Both T, and Tj are proportional to the heat capacity of the 

electrons and the lattice respectively. The heat capacity is much less for the electrons 

than the latticeSO Te << Ti. 
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Consider the case where T is of the order of 50 nanoseconds a typical pulse duration of P 
an ablating Nd: YAG Q-switched laser. The characteristic times are , in this case related 
by TP >> Ti >>Te- In this timescale material typically is first melted, then evaporated 
from the liquid state. A 50ns pulse is 50,000 times as long as the time for energy 
transfer from the electrons to the lattice (T. ). At this pulse length absorbed laser energy 
has enough time to be transferred to the lattice and for the lattice and electrons to reach 

thermal equilibrium while the pulse is being absorbed by the material. If the material is 

not removed faster than the heat transfer time, there is significant heat transfer to the 

surrounding material, particularly if the material is a metal. The numerous heat related 
processes that occur in the machining of a material with a long laser pulse are 
highlighted in Figure 5. 

Ejected 
molten 
material 

Surface 
ripples from 
shockwave 

Recast layer 

'V icrocracks from 
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Long pulse 

Melt zone 
'F 

laser beam Surface Heat transfer 
debris to surrounding 

material 
Figure 5 Effects upon a material machined by a long-pulse laser 

Melting and evaporation of the sample can lead to many problems which degrade the 

quality of a cut, from contamination of the surrounding area with surface debris, 

damage to nearby structures from the thermal shockwave and formation of recast 

material along the edge of the cut. The debris that falls back to the surface is likely to 

be chemically different to the sample and is strongly bound to the surface of the sample 

due to the high temperature of the debris. This makes cleaning of the debris difficult, 

extensive post-processing is often needed to clean the sample. 

As the laser pulse duration is longer than the heat diffusion time the efficiency of the 

micromachining process is reduced, energy that should remove material is drained away 
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from the work spot to the surrounding area, resulting in further energy being needed to 
remove any one unit volume of material. The accuracy of the machining is also reduced 
by heat diffusion, typically a volume much larger than the focal spot size is melted due 
to heat travelling into the surrounding volume, so while the spot size may be of the 
order of a micron the smallest achievable feature may be of the order of a few tens of 
microns. 

The heat diffusion produces a heat affected zone (HAZ) and the waves of heating and 
subsequent cooling that propagate through the HAZ result in mechanical stress giving 
way to the creation of microcracks which remain in the material after cooling. These 

microcracks have the possibility of developing into macrocracks if the workpiece is 

under stress often causing terminal damage to the structure. 

When machining with very high fluences long-pulse machining is also prone to suffer 
from plasma shielding. With very high energy pulses the vapour of material being 

removed can be further excited to the plasma regime, which will absorb the remainder 
of the incoming pulse to the detriment of the quality of the machining. 

1.2.2 Short-pulse laser interaction with matter 
The primary difference between long and short-pulse laser machining is that the thermal 

processes are much less significant during short-pulse interaction with matter. The 

pulse duration of an ultrafast laser, Tp, typically 100fs, leaves Tp << Te<< Ti. This pulse 

duration is far shorter than any material's characteristic thermal conduction time, >>Ips 

[III]. Consequently, all of the energy from any one pulse is deposited into the 

material's atomic lattice before any energy is converted to heat in the workpiece. There 

is now insufficient time for energy transfer to the lattice surrounding the ablation zone 

and thermal damage to the sample is minimal. 

When an intense laser pulse is incident upon a material, the electrons in the material will 

oscillate and become energetically excited due to the wave nature (electric field) of the 

light. Excited electrons will in turn excite other electrons, and those will excite others 

to create an avalanche process. These excited, free electrons are then heated by their 

energy, the inverse Bremsstrahlung process (Coulomb explosion) followed by fast 

energy relaxation within the electron subsystem. The electrons in the subsystem are 

heated up to very high transient temperatures and heating occurs very fast, within the 
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duration of an incident pulse, while the lattice remains largely thermally unaffected for 
the duration of the pulse. The thermal equilibrium between the lattice and the electrons 
is strongly imbalanced during absorption of the pulse, contrasting with long-pulse 

machining where the electrons and the lattice remain in thermal equilibrium. After the 
pulse has been fully absorbed, energy is transferred from the electrons to the lattice, 

causing bond breaking in the lattice, after which the ions are free and material 
expansion will take place, forming a plasma. 

The temperature and pressure created within the plasma cause the material to explode 

outward from the surface in a highly energetic plume. The electrons are lighter and 

more energetic than the ions, "boiling" off the material first, then followed by the 

positively charged ions. The positive charge of the ions left in the plasma by the exodus 

of the light electrons results in no condensation of material on the surrounding sample 

area as the ions are repellent to one another. The femtosecond machining process does 

of course leave debris, the ejected material reforms on the surrounding area as a fine 

dust which does not carry heat, and so does not adhere to the surface of the material, 

therefore is trivial to remove. Despite the constant creation of plasma, plasma shielding 
does not occur for ultrafast machining as there exists a temporal separation between the 

energy deposition and the ablation process. The pulse has been fully absorbed before 

any plasma is present. Figure 6 highlights the differences compared to long-pulse 

machining shown in Figure 5. 
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Plasma 
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Figure 6 Effects upon a material machined by a short-pulse laser 

The lack of thermal diffusion in the machining process makes it very efficient, and no 

energy is lost to the volume surrounding the focal spot resulting in the disappearance of 

the HAL This results in no micro-cracking, no shockwave, no melt zone, no melt layer 
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and consequently no recast layer and no splattering of melted material onto the 
surrounding area. 

Further abilities of the ultrafast laser for pulse material processing are the high shot-to- 
shot repeatability, the ability to create sub-di ffracti on- limit size features and the 
capability to machine inside transparent materials. These characteristics are not solely 
due to the non-thermal nature of short-pulse machining, but due to the avalanche 
ionisation process, the threshold nature of plasma creation and the multiphoton 
ý11 absorption and processes. 

1.2.2.1 Shot-to-shot repeatability 
Electrons in a material can be classed as either free electrons, those loosely associated 
with an atom in the lattice, or bound electrons, which are strongly associated with the 
lattice. Under laser excitation free electrons will oscillate much more readily than the 
bound electrons. To ablate a sample a laser must excite electrons to either heat the 
lattice (long-pulse) or create a plasma (short-pulse). The excited electrons will begin 
the multi-photon avalanche ionisation process and machining will occur. Bound 

electrons are too strongly associated with their atoms to be freed by low intensity long 
duration pulses, long-pulses only have an effect upon free electrons. Short-pulse lasers 

are very high intensity pulses, therefore have very large electric fields. This allows an 
ultrashort-pulse to dissociate (free) strongly bound electrons from their lattice atoms, as 

well as exciting free electrons, immediately producing a ready supply of free electrons 

and ionising the material. 

The number of free electrons available to contribute to the ionisation is material- 
dependent. Metals have a large number of free electrons, while semi-conductors and 
dielectrics have few. For metals, the pulse length of laser is less important to the 

machining process, there are always free electrons to absorb the pulse and so there will 

always be an immediate start to the avalanche process and therefore a repeatable 

volume of material removed. 

In the case of semi-conductors and dielectrics, the small number of electrons that are 
free at the beginning of the absorption process leads to poor consistency of machining 
for long-pulse lasers, as a variable portion of the incoming pulse is lost due to the small 

number of electrons present to absorb the light and begin the avalanche process. As a 
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result, the features machined vary on a shot-to-shot basis according to when the 
avalanche process began. Breakdown early in the arrival of the pulse results in larger 

volume features, later breakdown produces smaller volume features. Due to the 
instantaneously available supply of electrons for short-pulses the avalanche process 
begins at the same time for every pulse incident upon the material and produces 
consistent size features from shot-to-shot. 

1.2.2.2 Sub-diffraction limit machining 
Previously it was mentioned that ultrafast lasers can produce much smaller feature sizes 
than long-pulse lasers due to the lack of thermal diffusion into the workpiece. Ultrafast 
lasers can in fact breech the diffraction limit and produce features smaller than the laser 

spot size. Ultrafast-pulse ablation is a thresholded event, a certain intensity is needed to 

create the ablation plasma and remove the material. By tightly focusing the beam from 

an ultrafast laser and by then carefully controlling the intensity of the beam the portion 

of the beam above the ablation threshold can be made to be significantly smaller than 

the diffraction limited diameter of the focal spot. The schematic illustration in Figure 7 

shows how this is carried out. 
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Figure 7 (a) "normal" fluence machining (b) 

machining withfluence slightly above threshold 

Reducing the beam intensity close to the machining threshold is a simple matter, careful 

control of the power of the beam with a polarising beam splitter and half waveplate 

combination or a series of neutral density filters is standard practice. Such control can 

produce the necessary beam intensity, and sub-micron machining of chromium has been 

demonstrated, with a tightly focused beam of wavelength 780nm. creating features of 

200nm. diameter [ 102]. Microstructures with sub-micron spatial resolution have been 

produced by two-photon polymerisation [ 104] again with a78 Onm laser. 
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1.2.2.3 Machining in transparent media 
The absorption process in transparent material is a multi-photon process for light of a 
wavelength of 800nm. Single photon absorption is the most common process, where 
the energy of an incoming photon (Ep) matches or exceeds the band-gap energy (Ebg) Of 
the material it is incident upon and is absorbed by an electron to excite the electron from 

the lower, ground state (Eg) to the upper energy level. In contrast, multi-photon 

absorption relies on a number of photons to excite a single electron from the ground to 

the upper energy state with a series of virtual energy states temporarily created in the 
bandgap. Multi-photon absorption is a highly non-linear process with a very low 

probability of occurring. 

The band gap of fused silica for example is -9eV [112,113], corresponding to the 

energy of one photon at a wavelength of 138nm, two photons at 276nm or 6 photons of 
800nm (each 1.55eV) wavelength light. Single photon, two photon and the multi- 

photon absorption process is show illustrated in Figure 8. 
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Figure 8 Illustration of single, two and multi-photon absorption process 

The example in Figure 5 is based around the bandgap of fused silica, Ebg:: --9eV, matched 

by a UV photon of wavelength 138nm (dark blue), two UV photons of 276nm (light 

blue) or six visible spectrum photons of 800nm (red), the wavelength of a typical 

amplified ultrafast Ti: sapphire laser. A tightly focused ultrashort laser pulse is able to 

produce a photon density high enough to achieve high efficiency multi-photon 

absorption. Due to their enormous pulse peak powers (typically 2GW) and short-pulse 

durations (100fs), amplified ultrafast lasers when tightly focused (e. g. a 5ýim radius 
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spot) can have intensities of up to 1015W/Cm 2. At this level of intensity amplified laser 

pulses are not only capable of becoming absorbed by transparent materials but are 
capable of machining with relative ease. 

If an intensity is chosen so that absorption but not ablation will occur and the focus of 
the beam is positioned inside the transparent media the refractive index of the absorbed 
region can be modified. If the focus of the beam is translated with respect to the sample 
a waveguide can be created within the material. Chapter 4 provides a further 
description of waveguide creation using this effect. 

1.2.3 Theory of laser machining in metals and dielectrics 

1.2.3.1 Mathematical descriptions ofshort-pulse and long-pulse machining 
In metals, the dynamic behaviour of the ablation process can be simulated using a 

molecular dynamics (MD) approach [ 114], where interactions of single molecules are 

considered, but the MD approach has the drawback of using such a large amount of 

computer resources to simulate the process that only impractically small ablation 
dimensions can be considered. The spatial and temporal evolution of the electron 

temperature, Teand lattice temperatures, Ti, in a surface layer with subsequent material 

expansion is described by the equations (1) - (5). The heat capacity of the electron 

subsystem, C, is given by 

C aQ(X) 
. 
ýT 

AT -T -P 
au 

eei)+Se dt ax ax 

where t is time and the heat flux Q is, 

Q(x) = -ke 
(T 

aTe 
(2) 

e) ax 

Here, x is the direction perpendicular to the target surface, the parametery characterises 

the electron-lattice coupling, u is the velocity of the evaporated material, P, is the 

thermal electron pressure, where ke is the electron thermal conductivity. S, the laser 

heating source term is: 

S= I(t)A a exp(-m) (3) 

A is the surface absorptivity and a is the material absorption coefficient. Where: 

du au au 
dt at ax 

The heat capacity of the lattice subsystem, Ci, is given by, 
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ci -ýT-i = AT -T 
au 

dt eD- 
(pi 

- 
PC) 

ax 

where P, is the elastic (or "cold") pressure (positive for compression) and Pi is the 
thermal ion pressure where p is the density of the evaporated material and is related to 
the pressure by, 

du a- 
dt ax (6) 

Equations (1) and (5) are energy conservation equations for the electron and ion 
subsystems. Equation (6) expresses Newton's law and equation (7) describes the 
conservation of mass. 

ap + apu 
at ax (7) 

The electron, ion and cold pressures are insufficiently catalogued to satisfactorily 
describe their evolution. 

A simplification of the above equations can be achieved by neglecting the material 
expansion and declaring that a certain amount of energy is needed to initiate ablation. 
In this case terms containing au / ax can be omitted from equations (1) and (5) and they 

reduce to a one dimensional two-temperature diffusion model proposed by Anisimov 

[115]: 
aT 

Ce e aQ(x) 
- r(T, - Ti) +s at ax 

and 

ci 
aTi 

= AT, - T) 
at 

For long-pulses, when the pulse duration, T,,,, is longer than the lattice heating time 

('ri=Cj/y), the electron subsystem thermalises the lattice during the laser pulse. In this 

case the electrons and the lattice can be characterised by a common temperature, 

T=T, =Ti. Using this relationship (8) and (9) reduce to a term for the lattice subsystem 

heat capacity (per unit volume), 

ci 
aT 

=a ke 
aT 

+I(t)Aaexp(-coc) 
at ax ax 

(10) 

This equation is a heat diffusion equation, as defined by Prokhorov etal. [116]proving 

that whenTp>, ri there is an escape of energy from the volume of ablated material out 

into the lattice by means of heat diffusion. 

21 



For short-pulses, when rp<<, rj, a strong overheating of the electronic subsystem occurs 

(T, >>Ti). In this regime the electron relaxation time is determined by the electron- 

electron collisionsý -c-Te -2 and the dependencies of the thermal conductivity, ke-T, -' and 
the thermal diffusivity, D=k, /C, -T '-2 are valid. This corresponds to a rapid decrease in 
thermal diffusivity and in the electron thermal losses with increasing electron 
temperature. Since an increase in electron temperature (during laser irradiation) comes 
about by an increase in laser fluence, it is therefore true that increasing the laser fluence 

reduces the thermal diffusivity within the workpiece. This is the effect responsible for 

the reduced influence of heat diffusion when processing metals with ultrashort laser 

pulses. 

1.2.3.2 Mathematical description ofshot-to-shot repeatability in dielectrics 

The physics of the ablation process is essentially the same for metals and dielectrics, but 

as discussed previously, the source of free electrons is different and so shot-to-shot 

repeatability varies for long-pulse machining in dielectrics, but does not for short-pulse 

machining. In metals, the electron density is considered constant during interaction 

with an ultrashort-pulse. In dielectrics the electron density changes due to interband 

transitions and multiphoton and avalanche ionisation. To describe the temporal 

evolution of the free electron density in non-metallic samples, consider the rate equation 
for multiphoton and avalanche ionisation [ 117] 

aNe (n) No I (t) n+ 81 (t) N, 
at (11) 

N, is the time dependent electron density, No is the initial atomic density, 04ý') is the n- 

photon ionisation cross section, I(t) is the laser intensity and 8 is the avalanche 

coefficient. The first term in Equation (11) describes the n-photon ionisation, the 

smallest value satisfying nhco >Eg, where h(o is the photon energy and Eg is the band gap 

of the material. The second term in the equation corresponds to avalanche ionisation 

and is therefore proportional to the number of free electrons. The material becomes 

opaque to the laser radiation when the density of free electrons reaches a critical value, 

cr EOMO), 
- 1.11xioll Ne 

e2 
A2 

(12) 

in units Of CM-3 . where m and e are mass and charge of an electron. Initially free 

electrons are generated by multiphoton ionisation, which then provides seed electrons 

for the avalanche process. In long-pulse machining, the intensity is not high enough to 

generate a significant number of free electrons by multiphoton ionisation, instead 
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relying upon the presence of free electrons from defects to start the avalanche process 
and thus the machining. 

1.2.4 Examples of contrasting results 

The long and short-pulse machining regimes are noticeably different when considering 
single shot and a multi-pulse ablation. The examples shown in Figure 9 (a) and (b) and 
10 (a) and (b) show the comparison. 
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Figure 9 (a) parallel trenches machined in glass with many 

picosecondpulses and (b) many fem tosecondpulses 

The four trenches seen in the optical micrographs in Figure 9 were machined using 20ý0 

pulses focused with a 25mm focal length bi-convex fused silica lens, the scan speed of 

the beam across the sample was l0mms-1 and the laser repetition rate was 5kHz. The 

trenches in (a) were machined by pulses of duration 12ps and in (b) by pulses of 

duration 130fs 
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The features shown in the SEM micrographs in Figure 10 were machined using single 
5gJ pulses focused by a 10x microscope objective of numerical aperture 0.1. The 
features were machined by pulses of duration (a) 12ps and (b) 130S. 

As can be seen in both of these examples, the sizes of the features are far larger in the 
case of the long-pulse examples by a factor of two. The accuracy of the machining is 

reduced by the fact that the intensity of the ps pulse is not ideally chosen and as a result 
heat diffusion occurs and a volume much larger than the focal spot size is melted due to 
heat travelling into the surrounding volume, producing the larger features seen here. 
The structures in the long-pulse examples are also much poorer quality with a low 

resolution in the edge quality of the trenches and a large amount of recast visible in the 

case of the single pulse features. 

1.3 Lasers forfemtosecond machining and material processing 
1.3.1 Technical overview of thefundamentals of ultrafast lasers 

To produce pulses on the ferntosecond scale a unique approach to designing and 
building a laser needs to be considered. Designing a laser that favours pulsed operation 
is insufficient to produce ultrashort-pulses, as these lasers will not necessarily 

spontaneously modelock, the process by which the short-pulses are created. 

1.3. LI Laser modelocking 
Almost without exception, ultrashort-pulses are created by modelocked lasers. When a 

laser is modelocked, many axial cavity modes are supported and oscillate coherently. 

When the individual modes are in phase the mode amplitudes interfere constructively, 

but only at certain times occurring with the period of the round trip of the cavity. The 

power is negligibly small in between these constructively interfered pulses. 

To define the term "in-phase" consider a resonator cavity of length 1. The only 

frequencies that can operate in this cavity are the resonant frequencies, detennined by 

the requirement that the resonator length be equal to an integer number of half 

wavelengths, making it possible for a standing wave pattern to establish itself. The 

modes exist at frequency separations of, 

A0) = 
i7c 

1 

The individual oscillating mode n has the electric field 
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E(t) =En exp (i I(COo + nA co) t+ nA (p, ]) (14) 
Where E, is the amplitude of the n th longitudinal mode. Consider the total electric field 
resulting from multimode (N modes) oscillation at some arbitrary point at time t 

N 

E(t)= I: E, exp(i[(ct)o+nAct))t+nA(, o, ]) 
n=-N 

The summation is extended over the oscillating modes, and O)o is chosen as a reference 
frequency. nAýo is the phase of the n th mode. To achieve modelockIng the phases of the 
adjacent modes must be evenly spaced, i. e. all A(p=constant. This is the condition of 
the modes being in-phase. 

To give a simple illustrative example of modelocking, consider three modes of equal 
frequency spacing added together when they are out of phase, Figure II (a) and when 
they are in phase, (b). 
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Figure II (a) 3 out ofphase modes and (b) 3 modelocked 

modes and the resulting amplitude and intensities 

From Figure II it is evident that in the modelocked case the pulses in the cavity build to 

a high intensity short-pulse while suppressing the radiation between the short-pulses. A 

more accurate picture can be drawn from several optical (100s of THz) modes 

oscillating with only small differences in frequency. The diagram in Figure 12(a) 

shows the amplitude and intensity resulting from the addition of twelve modes (at 

optical frequencies) that are out of phase. The diagram in Figure 12(b) shows the 

amplitude and intensity of the same twelve modes that are now in phase: modelocking. 
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Figure 12 The total amplitude and field intensity of (a) 12 

optical modes out ofphase and (b) the same 12 modes in phase 

0 

There are two different methods of forcing a cavity with multiple axial modes to 

modelock, and these are described in the sections that follow. 

1.3.1.2 Active modelocking 
Active modelocking is sometimes called phase-locking as active modelocking forces 

the phase difference of any two adjacent modes to match the phase difference of any 
two other adjacent modes. There are two different types of active modelocking, 

amplitude modulation (AM) and frequency modulation (FM), each using a different 

intra-cavity element to create frequency sidebands to each cavity mode which will 

overlap with the adjacent cavity modes setting up energy transfer to achieve 

modelocking. 

To achieve modelocking the first step is to introduce a modulation into the intra-cavity 

laser beam which will create frequency sidebands (at a frequency difference 0f fmod) 

either side of a cavity mode of frequency (v,, ), see Figure 13. 

Figure 13 Longitudinal mode with sidebands. 

ic 

26 

Un u 

un- fmod un+ fmod 

20- 



If we consider that there are many modes operating within the cavity and that each 
mode has its own two sidebands then there is a multiplicity of modes and sidebands 
operating adjacent to each other. See Figure 14. 

X)n on+' 

1)n - fmod I)n+ fmod 1)n+l - fmod 1)n+l + fmod 

Figure 14 Two adjacent modes with sidehands. 

If the modulation frequency is then matched to the longitudinal mode spacing (ie 
fmod`::::: C/2L) then the side bands will have the same frequency as the adjacent longitudinal 

modes, see Figure 15. 

Figure 15 Modulation ftequency matches intermode 

spacing leading to modes and sidebands overlapping 

This condition results in coherent energy exchange between each adjacent pair of modes 

which forces the modes to oscillate in phase with one another and therefore achieving 

modelocking. 

AM-modelocking is simply modulating the intra-cavity loss, often described as 

introducing a weak shutter to the cavity. It is achieved with the use of an acousto-optic 

modulator (AOM), see Figure 16. 
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Figure 16 An A OM in a cavity to (amplitude) modulate the gain/loss. 

The AOM is an electrically driven piezoelectric transducer mounted upon a piece of 
quartz which, when driven by a sinusoidal electric field (at a frequency of half the 
intermode spacing) will set up a standing wave of refractive index variation the intensity 
of which oscillates at the intermode spacing frequency. This refractive index grating 
will act as a Bragg cell diffracting the beam and creating loss with the frequency of the 

intermode spacing. 

If the unmodulated field of mode n is E(t)=E,, exp(icont) and this field is (amplitude) 

modulated by a modulation depth m and a frequency Q then the modulated field is 

given by: 

E(t) = En exp(i co, t) x (I +m cos Qt) 

By simple mathematic substitution: 

(16) 

E(t) = E, exp(iwt) I+M (e i(a + e-'a-Y 
12 

which expands to: 

E(t) = E, exp(icot) + E, m 
exp(i(co, + Q)t) + E, m 

exp(i(co, - Q)t) (18) 
22 

This explains the creation of two sidebands of amplitude Enm/2 at frequencies of Q 

above and below the original mode. We therefore choose n to be the spacing of the 

modes (Aco) to overlap the sidebands with the cavity modes. 

FM Modelocking is phase modulation of the intra-cavity beam, achieved by placing an 

electro-optic modulator (EOM) close to one of the end mirrors of the cavity, see Figure 

17. 
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Figure 17 An EOMplaced in a cavity to produce FMmodelocking 

An electro-optic cell is made of a crystal lacking a centre of symmetry, commonly 
lithium niobate (LiNbOA with electrodes attached transverse to the direction of the 
beam travel. Frequency modulation of the beam occurs when an AC voltage is applied 
to the EOM cell which will change the phase of the beam, this is the electro-optic or 
Pockels effect. If no voltage is applied the EOM is passive. The phase change, J0, is 

given by, 

M3 r VI 
0 

Ad 
(19) 

where V is the applied voltage, I is the length of the crystal, r is the electro-optic 

constant and d is the electrode separation. 

Modulation of the intra-cavity phase or FM-modelocking results in the same 

mathematical conclusion as AM modelocking. Starting again with the unmodulated 

field of mode n: E(t)=E,, exp(iWnt)ý if we apply a phase modulation then this becomes: 

E(t) = 
En exp(iot)x exp(i(m sin(ý2t») (20) 

Where the msin(Qt) represents the phase modulation. Since our modulation depth m is 

small (m<<I) the Taylor series approximation exp(x) zl+x gives: 

E(t) = E, exp(icot)x (I + im sin(Qt)) (21) 

Which, using isin(Qt)= 1/2 (e'nt - e-'Qt) can be expressed as: 

E(t) - E, exp(icot) + E, m 
exp(i(co, + Q)t) - E, -m exp(i(co, - Q)t) (22) 

22 

This is the same result as the AM-modelocking with the exception of the minus sign 

between the 2d and 3 rd tenns denoting an phase difference between sidebands. 

In both AM and FM modelocking the conditions to achieve modelocking rely heavily 

upon the modulation frequency of the beam being closely matched to the intra-cavity 

mode spacing. The modulation frequency must remain very stable, and to maintain a 
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stable modulation frequency the RF signal is commonly generated by a temperature- 

stabilised crystal oscillator. If there are any slight changes in the cavity length, caused 
by expansion of components due to heating, then the mode frequencies will change 
(1.3.1) then this frequency will be rendered unsuitable and modelocking will not occur. 
To keep the cavity length stable one of the cavity mirrors can be mounted upon a 
piezoelectric transducer allowing the cavity length to be finely changed by altering the 

voltage applied to the transducer. Regenerative modelocking may also be used to 

maintain the correct modulation frequency [118 

1.3.1.3 Passive modelocking 
To achieve passive modelocking a saturable absorber is placed within the laser cavity 
which possesses a power dependent gain or loss. This device favours operation of high 

peak power pulses and discriminates against CW operation, see Figure 18. 

mi 

Circulating pulse 

Gain Medium 

M2 

Saturable 'Absorber 

Figure 18 Passive modelocking element in a cavity. 

The favoured high peak power pulses have low power sidebands and these sidebands 

couple together resulting in modelocking. Since the process is self-modulating the 

technique is called passive modelocking. There are two different kinds of saturable 

absorber to achieve passive modelocking, a physical component e. g. a solid state 

semiconductor device or a virtual component e. g. a Kerr lens. 

The semiconductor saturable absorber favours higher power pulses by absorbing a part 

of the leading edge of any pulse travelling through it. The saturable absorber is opaque 

to the pulse until a certain number of photons are absorbed, saturating the device 

making it transparent to the rest of the pulse. The leading edge of the high power pulse 

is absorbed, resulting in little loss of peak intensity of the pulse, whereas the intensity of 

the low power pulse is severely diminished by the absorber, see Figure 19. 
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Figure 19 Losses experienced by a high power and low power 

pulse in a saturable absorber, note identical number ofphotons 

are absorbedftom the leading edge of each pulse 

The higher power pulse, its duration shortened by the absorber, will be amplified by the 

gain medium on the next round trip of the cavity and again shortened by the saturable 

absorber, whereas the low power pulse is so dramatically reduced in intensity it will 

gain little from the amplification process and be attenuated due to cavity losses. 

The Kerr lens saturable absorber favours high power pulses by favouring optical-Kerr- 

effect-focused beams over non-Kerr- focused beams. The optical Kerr effect is the third 

order non-linear effect that gives rise to an intensity dependent refractive index. In 

isotropic media the polarisation can be written as: 
I 

X(3)E 
3) (23) P(E)= co(ý )E+ 

, 
If we say that y, =ý')+ 

ý3)E 2 then: 

P(E)= so XE (24) 

Where the refractive index is given by: n=(I+ and the linear refractive index is 

no=(I+ so a Taylor series approximation can be used to give 

no +E2 (25) 
2n, 

The field amplitude E can be converted into intensity by using 

I= noccojEý 
2 

/2 (26) 

to give: 

n =no +n, I (27) 

where, 

(28) 
n2 ce 00 

Therefore the more intense the light the greater the refractive index. 
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A plane wave with a radial Gaussian intensity profile is focussed when propagating 
through a Kerr medium as the centre of the beam is more intense than the edge of the 
beam and as a result the centre of the beam sees greater phase retardation than the edges 
leading to wavefront curvature and self focusing. The cavity can be made to be more 
efficient for the focused, high power light than the unfocused low power light, either by 

the use of a real or virtual aperture. This is known as Kerr lens modelocking (KLM). 

An example of a "soft aperture" KLM beam is shown below in Figure 20. Choosing a 

narrow pump beam (green) will give good gain for a modelocked beam (red), which is 

narrowed by Kerr lensing and will give less gain to CW beams (orange), which are not 

narrowed by Kerr lensing, preferentially favouring modelocked laser operation. 

ML - narrow IR beam 

CW - wide IR beam 

Figure 20 A narrow pump beam (green) gives preferential gain to the 

Kerr- lens-modelocked IR beam (red) than the CWIR beam (orange) 

An example of a "hard aperture" KLM is shown below in Figure 2 1. An aperture is 

placed close to one of the end mirrors in the laser cavity which blocks a significant 

portion of any CW beam in the cavity but will not hinder a narrow beam produced by 

Kerr lensing in the gain crystal. 

Figure 21 Favoured "hard aperture" Kerr lens 

modelocking (left) and Lossy CW operation (right) 
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KLM is based on a non-resonant nonlinearity so Ti: sapphire lasers can be modelocked 
at any wavelength in their gain bandwidth. KLM is not self-starting, so an initial large 
spike must be introduced into the cavity to achieve modelocked operation. Starting 
methods include mirror tapping and acousto-optic modulation, but once modelocking 
has been initiated it is generally stable. 

1.3.1.4 Describing ultrafast optical pulses 
The frequency bandwidth of the laser determines the shortest possible pulse length that 
can be generated. Consider the mathematical definition of a Gaussian pulse in time, 
E(t) and frequency, e(co). 

at' ibt' E(t) = exp[4(a 2+b 2) 

1 

expl 4(a 2+b 2) (29) 

0)2 
] 

e(co) = exp [-(a+ ib) 
. (30) 

where a and b are constants describing the shape of the individual Gaussian. If the 

pulse is unchirped then b=O and (29) can be reduced to: 

t2] 

E(t) - exp[ 4a - 
(31) 

and (30) to, 

e(co) = exp[- aco'] (32) 

If we now state that A-cp is the full width half maximum (FWHM) of JE(t)j 2 and that A(o 

is the FWHM of le(o)) ý2 then (3 1) gives the temporal intensity as, 

t2 
E(t) 2= exp[ 2a 

] 
(33) 

and (32) gives the spectral intensity as, 
1 e(a» ý'= exp[- 2a 0)2 

] 
(34) 

Substituting in ATp and Aco into (33), 

I= 

exp 
(0.5Ar 

p 
)2 

(35) 
2 2a 

and into (34), 

exp 2a 
A co (36) 
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Equating (35) and (36), gives: 

Aco = 
Ar / 

(37) ý2a 

33 



Re-arranging (36) produces 

2a =2 In(2) (38) 
(Aw) 

Further substitution into (37) gives 

A o)A rp = 2.77 (39) 

or 
A VA 7-p =- 0.44 (40) 

Equation (40) demonstrates the relationship between the wavelength bandwidth of a 
modelocked laser and the consequent duration of the unchirped pulses. The more 
modes that are locked together, the shorter the pulses generated. This formula is known 
as the duration-bandwidth product and is often used as a description of quality for 
ultrafast lasers. Once the frequency bandwidth and duration of the pulse are known, 
their product produces a figUre-of-merit, with smaller values indicating that less chirp is 

present within the pulses of the laser. Pulses of non-Gaussian shapes have different 
duration-bandwidth products, but values of less than 0.5 typically indicate negligible 
chirp. 

From Equation (40) there are only a few steps to determine the number of locked modes 
required to produce a pulse on the ferntosecond scale. The frequency bandwidth of a 
modelocked laser can be defined by: 

Av = N& (41) 

Where N is the number of modes operating and 6v is the intermode spacing. The 

intennode frequency spacing of standing waves in a cavity is given by: 

9v 
c 

2L 
(42) 

where L is the optical length of the cavity. For example, suppose a pulse length of 44fs 

is required in a cavity that is 1.5m long. From equation (42) the intermode spacing will 
be I OOMHz and from equation (4 1) the number of modes involved is - 100,000. 

The large number of modes necessary for the generation of ultrashort-pulses denotes 

that a significant wavelength bandwidth will be oscillating within the cavity. The 

frequency bandwidth of the example of the 44fs pulse suggested above would be 

I OTHz, for which the wavelength bandwidth can be found by using the relationship: 

AA =A 
VAI 
c 

(43) 
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The wavelength bandwidth (AX) is 21nm at a central wavelength W of 800nm. To 

produce this theoretical pulse a gain medium would have to have signi I ificant gain across 
a span of wavelengths several times wider than this scale. 

1.3.1.5 Vibronic gain media 

As stated previously a large number of cavity modes (typically >100,000) is necessary 
to produce a modelocked output. This means that a large number of wavelengths of 
light must be present in the cavity. The many wavelengths required for modelocking 

cannot be obtained from a traditional single transition 3 or 4 energy level gain medium, 
the significance of this being that neither Nd: YAG lasers orC02 lasers are suitable. To 

produce the spread of wavelengths necessary a vibronic gain medium is necessary. The 

most common of these is Titanium doped sapphire crystal, but other frequently used 

crystals are Ytterbium doped Tungstate and Chromium doped Forsterite crystals. The 

classification "vibronic" describes how the electronic transitions of the active ions 
(titanium, chromium or ytterbium) are broadened by a strong electron-phonon coupling 
between the ions and the vibrational modes of the host crystal lattice. 

These vibronic crystals can be considered to have a number of energy levels in their 

upper and lower bands producing many possible radiative transitions for excited 

electrons to take, see Figure 22 for a comparison between four level laser transitions and 

vibronic laser transitions. 

(a) Pumping Bands 

ngth 

(b) 

Many wavelengths 

Upper 
vibronic 

band 

I Lower 
vibronic band 

"Ground state" 

Figure 22(a) Four energy level laser and (h) a vibronic laser. In both cases green indicates 

the pump, blue indicates non-radiative decay and red indicates laser transitions 
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In the case of Ti: sapphire the vibronic crystal host is aluminium oxide, A1203 (sapphire) 
and this is doped with typically 0.1-0.5 % of titani 13- -3- um T ions by weight. The Ti ions 
replace some of the A13+ ions in the lattice at the centre of an octahedral site whose six 
apexes are occupied with 02- ions. This produces vibronic absorption and emission 
bands that are wide and widely separated. Excitation occurs from the lowest state 2 T-, to 
the broad range of excited levels of the 2E excited pump band. The population of the 
pumping band rapidly relaxes to the lowest level of the upper vibrational band, from 
where they decay back to any one of the vibronic levels of the lower vibrational band 
ground state. Once the population has decayed into the lower band it rapidly relaxes to 
the lowest lying level of that band. 

The multiple transition energy values give a large spread in the fluorescent wavelengths. 
Figure 23(a) shows the absorption and (b) fluorescence and gain curves of Ti: sapphire. 
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Figure 23 (a)A bsorption and (b) fluorescence (solid) and calculated 

gain (dash) curves of Ti. -sapphire. Data is takenftom [28] 

The broad laser emission of Ti: sapphire produces light of wavelengths from 660- 

1 100nm. This broad range of fluorescent wavelengths results in the ability to produce 

very short modelocked pulses. Ti: sapphire has a broad enough fluorescence bandwidth 

to produce pulses of 3fs duration if the centre wavelength is close to 800nm. 
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1.3.1.6 Dispersive pulse broadening 

in the examples mentioned previously all the pulses were considered to be bandwidth- 
limited chirp-free pulses that hade not undergone broadening due to dispersion. In 
practical terms, all pulses created are to some extent subject to broadening by 
propagating through any optical component in the laser that possesses a wavelength- 
dependent group velocity. As ultrafast pulses have very broad bandwidths they are 
subject to chromatic dispersion, the variation of refractive index with wavelength. 
Dispersive effects arise as a result of the frequency dependent dielectric susceptibility. 

P(oj) = -Cox(') (oj)E(co) + voX 
(2) (w) E (cv) 2 +E 

ox 
(3) (co) E (CO) 3...... (44) 

Linear dispersion refers to the refractive index, the real part of the ý') term. Namely, 

no = VI + Re(X(')) (45) 

Dispersive effects are best analysed in tenns of optical phase, related to the refractive 
index by 

O(CO) - 
no (m) coL 

c 
(46) 

where L is the medium length. The local variation of spectral phase due to an optical 

medium can be represented as the Taylor expansion: 
ao I 

(c O(co) = O(Coo + (oj - COO )+ (w -COO)' 
a, o 

+-0 -COO)' 
a, o 

. ..... 
(47) 

aw 2a oj 26a 0j, 

where coo is the pulse centre frequency. Each term in the above expansion is responsible 
for distinct dispersive effects. The first term (p(coo) denotes a change in the carrier 

phase, which has no effect upon the pulse. 

The linear term aq/aco represents group delay, a linear phase ramp in Erequency which 

corresponds to a delay of the pulse in time and governs the length of time a pulse spends 

within a material. 

The quadratic term a2(P/aCO2 and the higher order terms refer to group delay dispersion, a 

variation of group delay with frequency. This influences the shape of the pulse in time. 

In free space propagation guided by bulk optics (as opposed to waveguides) the 

dispersion that is most relevant is material dispersion. All dielectric materials are 

dispersive, their optical response is dependent upon the frequency of the light travelling 

through the material. The group velocity in a material is related to the refractive index 

by, 
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dct) c V9 =-=- (48) A 
n-A 

dn 
dA 

where k is: 

n (w) oi 
(49) 

c 
The group delay is the time taken for a pulse travelling at its group velocity to cover a 
fixed distance, 1. The group delay is given by: 

A6 
T9 =-=- A V9 

(50) 

and is usually measured in fs/mm. As an example, in BK7 the group delay reaches a 
minimum at a wavelength of -1.3gm. 

Group delay dispersion (GDD), the change of group delay with frequency, is given by: 
a -c 

9 
a20 a(1 / vg 

GDD = (51) 
a0) V2 a 0) 

f 2/ýt 
which is measured in s in. The GDD is the gradient of group delay and therefore is 
zero at -1.3ýtm in BK7 glass. At wavelengths lower than the GDD zero point, where 
GDD is positive the dispersion is considered "normal" dispersion (where longer 

wavelengths travel faster). At wavelengths higher than the GDD zero point the GDD is 

negative and is called "anomalous" dispersion (where shorter wavelengths travel faster). 

1.3.1.7 Group delay dispersion com ensation p 

If a significant amount of GDD is present in the path of an ultrafast laser pulse the 

duration will be increased due to the different velocities of the constituent wavelengths 

of the pulse. To preserve the sub-picosecond duration of ultrashort laser pulses a 

method of compensating for this group delay dispersion has to be included within the 

laser. Normal GDD will stretch the pulses in time as the shorter wavelengths will travel 

slower in the gain crystal than the longer wavelengths. See Figure 24 (a) and (b). 
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Figure 24(a) A bandwidth-limitedpulse; all wavelengths occupy same temporal region 
(b) A dispersedpulse; longer wavelengths have travelledfaster, elongating the pulse 

Two prism pairs can be placed extra-cavity to provide negative GDD [ 119]. The four 

prism setup can be reduced to two prisms by placing the pair intra-cavity near one of 
the cavity end mirrors, the reflection Erom the mirror recreating the symmetric nature of 
the double pair. The intra-cavity pair can compensate for the positive GDD by 

producing a negative or anomalous GDD effect by geometrical dispersion. The prisms 

are placed in the beam at Brewster's angle for maximum transmission with no Fresnel 

losses. The arrangement of the prisms is shown in Figure 25, below. 

A 

Figure 25 A prism pairfor intra-cavity dispersion compensation 

A pulse arrives at the first prism with its frequencies distributed in time after 

experiencing normal dispersion in the gain crystal. The first prism geometrically 

separates the pulse, refracting the longer wavelengths less than the shorter wavelengths. 

In the second prism the longer wavelengths have a greater distance of dispersive 

material to travel through and so are slowed by group delay dispersion compared to the 

short wavelengths. On reflection by the end mirror the same thing happens again, the 

longer wavelengths experience a greater amount of group delay dispersion, then the 

pulse is geometrically recombined by the second prism. 
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Negative dispersion created by the prisms compensates for the positive dispersion 

encountered in the gain crystal, and the amount of negative dispersion created by the 

prisms can be altered by adjusting the separation distance between the two prisms or the 

insertion of one or both prisms. The larger the separation the greater the path difference 

experienced by the long and short wavelengths in the second prism and therefore the 
greater the negative dispersion. 

An alternative to a prism pair in an ultrafast laser cavity is to replace one of the end 
mirrors with a chirped mirror. This dielectric stack of two different refractive index 

materials (typically Ti02 and Si02) has an increasing period the deeper into the mirror 
the pulse travels. This has the effect of allowing the longer wavelengths to travel 
further into the mirror before being reflected, again producing a longer path length in a 
dispersive material for the longer wavelengths producing the desired negative 
dispersion. An illustration of a chirped mirror is shown in Figure 26. 

Figure 26 A representation of a chirped mirror. 

Si02 

TiO, 

The drawback with a chirped mirror is that it often cannot provide sufficient dispersion 

compensation. 

1.3.1.8 Se4fphase modulation 
Self phase modulation (SPM) is a nonlinear process resulting from the optical Kerr 

effect that can be used to create very short-pulses. Self-focusing describes the focusing 

effect arising from the intensity dependence of the refractive index with the spatial 

profile of the pulse. Self phase modulation can be seen as the corresponding time 

domain phenomenon that occurs due to the fact that the pulse intensity varies with time. 

The higher intensity components of a pulse in the central region induce a greater non- 

linear refractive index change than the lower intensity components and therefore see a 

greater phase shift. Assuming the definition of a travelling wave is given by: 

O(t) = exp[i(kz - (a)] (52) 
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then the resulting frequency shift can be described by: 

do(t) a)n 2L. dI(t) 
3) dt c dt (5) 

This describes a redshift of the pulse leading edge and a blueshift of the pulse's trailing 
edge. These new frequencies increase the pulse's bandwidth so that when SPM is 

combined with strong negative dispersion very short duration pulses can be created, 
even for ultrafast lasers, commonly under 1 Ofs. 

1.3.2 Practical ultrafast laser systems 
1.3.2.1 Ultrafast laser oscillators 
By far the most common ultrafast laser is the Ti: sapphire based system, with good 
reason. Robust and reliable, the standard Ti: sapphire laser or oscillator as is a tunable, 

powerful ultrafast system that has a multitude of applications from embedded 

waveguide writing to non-linear microscopy, time resolved spectroscopy and pumping 

of optical parametric oscillators. 

The Ti: sapphire crystal is ordinarily around 10mm long, although its length can vary 
from 2 to 20mm. depending upon doping level, and is water cooled to prevent 

overheating. Water cooling is sufficient to keep the crystal cool as a consequence of the 

high thermal conductivity of the crystal (3.55W/m-K). The crystal is mechanically 
hard, rigid and is also chemically inert, making it a robust gain crystal. The refractive 

index is -1.76 at 800nm and the crystal exhibits a single pass gain of 3-4 [120]. 

Ti: sapphire has a large stimulated emission cross-section ((7=3.4xl 0-22 M2 ) and gain 

media with high emission cross sections and/or broad gain bandwidth tend to have a 

low upper state lifetime due to strong spontaneous emission. In Ti: sapphire the upper- 

state lifetime of the laser crystal (r) is 3.8ýts at room temperature [121], prohibiting 

pumping of the crystal by flashlamps due to their long-pulse duration. The pumping is 

undertaken by frequency doubled Nd: YAG or Nd: YLF lasers, producing CW beams at 

typically 5W at a wavelength of 532nm, well matched to the absorption peak shown 

previously in Figure 23(a). Despite ruling out flashlamps as a pumping method the 

large cyT product signifies a low threshold pump power [ 122]. 

The laser rod is placed within a cavity typically arranged in an X-fold or a Z-fold 

arrangement. The pump beam is focused through one of the concave mirrors close to 
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the gain crystal. The cavity mirrors are highly reflective at the fluorescence 
wavelengths (660-11 00nm) and highly transmissive at the pump wavelength (532nm). 
The prism pair is included at one end of the cavity, opposite to the output coupler, 
which typically transmits between 1-20% of the intra-cavity power. The Z-fold cavity 
setup is shown in Figure 27. 

cw green laser 

Output L 
coupler m2 f% 

Ti: Al 203 pi 

M3 

Adjustable 
slit 

P2 

Figure 27A diagram of a typical Ti. -sapph ire oscillator. 

M4 

The Ti: sapphire oscillator generally produces an average power of IW from a 5W pump 
beam. The round-trip cavity length is commonly -1.5m, producing a repetition rate of 
I OOMHz and a pulse spacing of I Ons. The pulses of different oscillators vary in length 

due to the level of dispersion compensation but are typically 40-1 Offs. The peak power 

of a pulse is given by the formula, 

Ppk :::::::: 

Arp 
(54) 

where T is the cavity period given by T=21/c where I is the cavity length. Consequently 

the peak power of a typical oscillator with a pulse length of 50fs is 200kW for a pulse 

energy of I OnJ. 

As the fluorescence bandwidth of Ti: sapphire (>300nm) is far greater than the pulse 

bandwidth (-20nm for 44fs pulse centred at 800nm) the laser can be tuned while 

remaining modelocked. A standard commercial oscillator can, in general, tune from 

750-850nm (Spectra Physics MaiTai) while oscillators that are pumped very hard 

(18W) can tune from 690-1040nm (Coherent's Chameleon). This tuning is best 

achieved by moving the slit (the whole slit, not the separation) in front of mirrorM4 in 

Figure 27, placed to favour KLM operation, to select which range of wavelengths can 

42 



be reflected for gain. Moving the slit in Figure 27 up will select longer wavelength 

centre operation, while down will select shorter. 

1.3.2.2 High energy ultrafast oscillators 

As the pulse energy of a typical oscillator is generally low (typically <20nJ) 

modifications have been made to the design of oscillators to produce greater pulse 

energies for particular applications that require higher pulse energies than the standard 

oscillator can provide. Typical applications of the high power oscillators are ultrafast 

microscopy [123], pump-probe terahertz spectroscopy [124], exploration of elementary 

processes in chemistry [ 125] and embedded waveguide writing [ 126]. 

High energy operation is achieved by increasing the cavity length of a standard 

oscillator,, producing a lower repetition rate and thus higher energy pulses. A multi-pass 

mirror system is the most common method, with the modelocking provided by Kerr 

lensing rather than a saturable absorber [127]. A typical stretched cavity oscillator is 

shown in Figure 28. 

D=1.5m 

oc 

Stretched cavity oscillators have produced energies of 130nJ at 1IMHz [128], 90nJ at 

4MHz [129] and 30nJ at 26MHz [126]. 

Cavity dumping is also a common technique to produce high energy pulses from a laser 

oscillator. The oscillator is operated with moderate output coupling to maintain the 

intra-cavity field. A switch is placed within the cavity, typically a Pockels cell in 

conjunction with a polarising beam splitter. When the correct electric voltage is placed 

across the Pockels cell the polarisation of the beam is rotated 45' and therefore, when 

double passed by the beam, the polarisation is rotated a total of 90'. When the 

emerging beam hits the polarising beam splitter it is coupled out of the cavity. Almost 
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all of the light is coupled out of the cavity instead of the typical 10%. Figure 29 shows 

an example of a cavity dumped oscillator. 

I SHG Nd: YV04Laser I Pockels Cell 
Ti: Sapphire 
F/- ývI 

Saturable 
Reflector 

PBS 

Figure 29 A cavity dumped Ti: sapphire oscillator 

In cavity dumped systems a saturable absorber is commonly used for modelocking, the 

self starting nature of saturable absorbers is necessary to recover modelocking after 

cavity dumping. In a Ti: sapphire oscillator cavity dumping can result in pulse energies 

of up to 1250nJ at a repetition rate of lOkHz [130]. The compromise between pulse 

energy and repetition rate can be altered to produce pulses of I OOnJ at 950kHz [ 13 1] or 
60nJ at 200kHz [ 132] depending upon user requirements. 

1.3.2.3 Ultrafast laser amplifiers 

To produce the 100s of microjoule or millijoule pulse energies required for material 

processing the output of an oscillator can be amplified in a regenerative amplifier. Such 

an amplifier operates by a process of chirped pulse amplification (CPA). The name 

CPA arises because the pulse that is amplified is given a large amount of chirp, 

stretched in time before amplification, then returned to ferntosecond duration post- 

amplification. A flow diagram of a CPA regenerative amplifier is shown below in 

Figure 30. 

Ti: sapphire Regenerative Compressor 
Oscillator 

k-OCEH: 3-ý 
Amplifier 

H 

Diode pumped 
Diode pumped 

CW Nd: YLF Q-switched OUTPUT 
Nd: YLF 

Figure 30 Process diagram of the components of a CPA regenerative amplifier. 
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The amplification, giving a gain of up to 106, occurs in a cavity similar to that of the 

oscillator, a Ti: sapphire based cavity, pumped by a frequency doubled Nd: YAG or 
Nd: YLF in a Z-fold configuration. 

A pulse from an oscillator is the seed for the amplification process and the oscillator Is 

often referred to as the seed laser or seed pulse. Before the seed pulse can be amplified 
the pulse duration must be increased radically, dramatically reducing the peak power of 
the pulse to prevent damage to the optics of the amplifier that would be caused by an 

amplified ultrashort-pulse. The pulse is stretched by a double pass system of a 
diffraction grating, two bi-convex lenses and two plane mirrors shown in Figure 31 

[133]. 

Input 

outpL 

G 
or 

Figure 31 A schematic of a grating basedpulse stretcher. 

The stretcher introduces positive chirp to the pulse by creating a longer path length for 

the shorter wavelengths of the pulse. The -50fs pulse that was emitted by the oscillator 

is now increased in duration to up 10,000 times to 500ps. 

After leaving the stretcher, the now temporally stretched picosecond seed pulse is 

introduced into the cavity by reflecting it from the face of the Brewster cut amplifier 

crystal. A schematic of a typical regenerative amplifier cavity is shown in Figure 32. 

45 

IN 2f 



Output 

MP 

M2 

Polariser 

Ti: sapphire rod 

Pump beam M4 QWP 
PCI 

Figure 32 Regenerative Amplifier cavity schematic 

M3 

The vertically polarised seed pulse will circulate around the cavity, where it will double 

pass the quarter wave plate (QWP) which will alter the polarisation to horizontal, 

allowing the pulse to circulate once more around the cavity. On its return to double 

pass the QWP for a second time the pulse will be returned to vertical polarisation and be 

coupled out by the polariser experiencing no gain. 

The pump beam, although identical in wavelength to the seed pump is no longer a CW 

beam. Instead the Nd-doped laser is Q-switched to produce pulses with a pulse energy 

of 2mJ and -10W average power. Only when the Q-switched pump beam pulse enters 
into the cavity will the high speed electronics (not shown) activate the input Pockels cell 
(PCI). Activation will only occur after the pulse has been altered to horizontal 

polarisation and has left PCI heading to M3. Activating PCI will have the effect of a 

quarter wave plate which will negate the effect of the cavity's quarter wave plate when 

the pulse returns to be reflected by M4. This maintains the horizontal polarisation of 

the pulse, trapping it within the cavity. 

The pulse now circulating within the cavity experiences gain from the Ti: sapphire rod. 

After typically 15 round trips (i. e. 30 passes of the laser rod) the pulse has received 

maximum amplification from the rod, a gain of around 10 6. To switch the amplified 

pulse out of the cavity, the output Pockels cell (PC2) is activated by the electronics so 

the pulse polarisation is altered to vertical and is coupled out of the cavity by the 

polariser. 

mi 

PC2 
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Once the pulse has experienced maximum gain and has left the amplifier it must be 
compressed back down to the ferntosecond time scale. A schematic of a suitable 
compressor is shown in Figure 33 [134]. 

-or 

Input 

Output 

Figure 33 Schematic of a pulse compressor 

The compressor compensates for the positive dispersion created by the stretcher by 

creating a longer path length for the longer wavelengths i. e. negative dispersion. 

The output beam of a typical amplifier is a horizontally polarised, circular Gaussian 

intensity-profile beam. The beam carries an average power of IW and is typically a 
broad beam (-10mm I/e 2 diameter) keeping the intensity low to avoid damaging the 

optics in the compressor and any subsequent experimental optics. The duration is 

typically of the order of 100fs in a Gaussian pulse with a pulse energy of ImJ at IkHz. 

The timing electronics, normally set to output pulses at the same frequency as the 

amplifier pump laser can be altered to harmonic fractions of the pump Erequency or 

even single pulse operation. A typical "single box" system has a footprint of around 

IM2 or less, with additional power units and coolers accompanying the pump and seed 

lasers. 

1.4 Pulse measurement 

In order to measure optical pulses on the ferntosecond scale a device called an 

autocorrelator is commonly used [135-137]. Throughout this thesis all pulse durations 

are measured with a second-harmonic-generation (SHG) single-shot autocorrelator 

(SSA). A schematic of the autocorrelator is shown in Figure 34. 
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Figure 34 A schematic diagram of a SHG SSA 

The pulse is split into two identical copies by the beam splitter, the variable delay 

section introduces a relative delay between the two pulses and then the two pulses are 
spatially overlapped with one another in the SHG crystal. By detecting the frequency 

doubled signal, a temporal measurement is transformed into a spatial measurement. 
Assuming the detector response time is suitably slow, an intensity autocorrelation is 

recorded, which is a time averaged autocorrelation trace and is not distorted by the 

presence of chirp upon the pulse. Therefore autocorrelation is an excellent method for 

pulse duration measurements of a CPA system with a variable pulse compressor. 

A pulse measurement is made by observing the output of the detector on an 

oscilloscope, the duration appears on the oscilloscope as hundreds of microseconds 
long, the spatial measurement. The true duration of the pulses are extracted by 

performing a simple calibration measurement. 

1.5 Commercial systems suitableforfemtosecond laser processing 

Four companies produce systems that account for the bulk of the sales of regenerative 

amplifiers in the market today. They all offer add-ons to the amplifiers to measure 

pulse duration and bandwidth and also to frequency double or triple the amplifier 

output. 

Coherent 

Coherent is currently the worlds largest manufacturer of lasers, and has a large range of 

ferntosecond amplifiers available. Their range is based around the Ti: sapphire amplifier 

operating at a wavelength of 800nm. The standard model, Libra is a sub INS system 
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pulsing at I or 5kHz with 3 or ImJ pulses 

respectively. The RegA system is a low energy 
high repetition rate system, pulsing at 250kHz 

but producing pulses of only 3ý0 and sub 160S. 

At the other end of the scale there is the high 

energy low repetition rate HidraTW. The Hidra 

produces pulses with energy in excess of I OOmJ at a rate of 20Hz. The duration of the 
pulses are in the region of 30-50fs, resulting in a peak power of 2.5TW, 3 orders of 
magnitude greater than the Libra. 

Clark AIIYR 

Clark has developed a range of systems also 
based around the Ti: sapphire amplifier, but 

using a different seed laser. The Clark 

systems use a frequency doubled 

Erbium: fibre laser to produce the initial 

pulses for amplification (seed pulses) so 
operate at a slightly different wavelength, 775nm. The standard systems Clark produce 

are their "CPA" models, typically 1-2kHz repetition rates with pulse energies depending 

upon model but ranging from 0.6 to 2mJ. Pulse lengths are specified at less than 150fs. 

Recently developed by the company is the Impulse system, a Ytterbium: fibre based 

system operating at a wavelength of 1030nm. The advantage of a Ytterbiurn system is 

that it is possible to pump directly with laser diodes, compared to the Ti: sapphire lasers 

which need to be pumped by a frequency doubled Nd based laser, typically Nd: YLF. 

This makes for a simpler design of laser and a smaller system. The system can operate 

between single shot and 25MHz with a pulse length of 250fs. Having a very high 

repetition rate the pulse energy is low, 0.8ý0 at 25MHz. 

Femto lasers 

Fernto lasers have developed their range of 
lasers to have the shortest pulse durations of 

any commercially available system and the 

amplifier that they offer is no different. The 

Fernto Power produces pulses of duration no 

more than 30fs at I or 3kHz repetition rate. 
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The amplified pulses have energy of 0.8mj, giving peak powers in excess of 25GW. 

Spectra Physics I Newport 

Spectra Physics Spitfire range of Ti: sapphire based 

amplifiers is capable of producing sub 40fs pulses at 
repetition rates of I or 5kHz with pulses of energy 
2.25 or 0.45mJ respectively. 

1.6 Conclusions 

The history and evolution of the ultrafast laser and ultrafast laser amplifier have been 

outlined with the emphasis placed on the capacity of these systems for material 
processing. State-of-the-art lasers are now commercially available for machining 
purposes, providing the largest available pulse energies for machining, while keeping 

system size to a practical level. 

The usefulness of Ti: sapphire lasers as machining tools has been discussed, comparing 

ultrafast laser systems to long-pulse and quasi-CW lasers also used in various forms of 

machining. The ultrafast laser can be described as a highly versatile device in terms of 

the range of materials that can be usefully machined. A huge benefit of the ultrafast 

laser is the possibility of machining any material with an amplified system. From the 

hardest materials available, where contact machining can easily fail, to the most delicate 

of structures, along with fully transparent and reflective materials, where thermal lasers 

can easily fail, the ultrafast laser can process them all with high quality and precision. 

The disadvantage of these systems is the volume of material that can be machined. 

Long-pulse lasers have a significantly greater ability to remove large volumes of 

material and the quasi-CW systems are able to rapidly remove more material per hour 

than a lifetime of ultrafast machining. In a balanced consideration of systems the 

ultrafast machining option is a viable one. The high setup cost and the low material 

removal rates are compensated for by unbeatable quality and material versatility. 

The ultrafast laser amplifier is a tool which has reached maturity with Ti: sapphirc. The 

mechanics and specification of competing commercial systems are nearly identical 
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across the range and all produce outstanding machining quality. The alternative to 

Ti: sapphire, directly pumped ytterbium tungstate or chromium forsterite lasers are not 

sufficiently developed in terms of pulse energy to be viable alternatives for Ti: sapphire 

machining lasers. The high repetition rates currently available from these lasers suggest 
that they will have a role to play in microprocessing in the future. 

In the remainder of this thesis, Chapter two concentrates on machining single features in 

glass. The dependence of pulse energy and focal position upon feature size and depth 

are described and a technique discussed for finding the ablation threshold. Chapter 

three describes the machining to micron resolution of gallium arsenide (GaAs) wafers to 

produce a prototype device for the nonlinear frequency conversion of near- to mid- 
infrared laser beams. Chapter four presents results describing the creation of refractive 
index embedded waveguides in potassium titanyl phosphate (KTP). Progress towards 

creating a waveguide in periodically poled KTP to produce a very small interaction area 
for nonlinear conversion is detailed. Finally, Chapter five demonstrates the 

improvement in machining quality of a femtosecond amplifier once the beam profile 

and temporal pulse profile have been corrected by adaptive optics. 
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Chapter 2: Single Pulse Machining of Glass 

2.1 Introduction 

In the context of laser machining, the benefits of femtosecond lasers in comparison to 
longer pulse picosecond and nanosecond lasers are well known, and have been 
discussed in the previous chapter. The principal advantage is that fenitosecond 

machining is essentially a non-thermal process and so results in clean features that show 
a very small heat-affected zone. Several previous publications have described both the 
ferntosecond machining process [1-3] and comparisons between fs and ns/ps machining 
[4-6], even surface morphology during machining [7,8]. Nevertheless, there have been 
few studies at the level of single pulses that investigate basic effects in the machining 
quality due to changes in the pulse energy and the focusing geometry. These factors 

often vary with a period of time using a machining system or are easy to set up 
incorrectly. 

Ferntosecond laser pulse micromachining with single pulses is an area of machining that 
is very important to the fabrication of targets for grand-scale Tera-Watt (TW) and Peta- 

Watt (PW) lasers which need finely machined precision targets for laser-induced fusion 

experiments [9]. Micromachining the targets for these lasers is a process that must be 

fully understood and repeatable, as the targets will behave very differently under 
implosion, depending upon their surface shape and roughness. 

For further work, if the results of a study of this nature conclude that the radius of 

curvature and surface smoothness are controllable and suitable enough, then single 

pulse machining could be carried out upon the face of a cleaved optical fibre, creating a 

concave feature over the core of the fibre, which could be coated with a dielectric mirror 

to produce a micro-etalon cavity when two fibres are butted close to one another. 

The study presented here concentrates on machining in transparent materials and is 

restricted to either BK7 or fused-silica glass samples. By considering ablation resulting 

only from single pulses it is possible to neglect any cumulative thermal effects 

attributable to prolonged exposure to multiple pulses and accurately determine the 

machining efficiency at different fluence levels. 
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2.2 Experimental configuration 

The fenitosecond machining system was centred around a commercial regenerative 
amplifier, (Spectra Physics Hurricane) a single unit, the operation of which was 
described in Chapter 1. The entire system is Ti: sapphire-based, producing pulses of 
duration 150fs and maximum energy of 0.2mJ at a repetition frequency of 5kHz at a 
central wavelength of 800nm. Figure I shows a schematic of the experimental 
configuration. 

Focusing lens 
X NA= 0.1 
& f=40mm 

Y 0-, z AA 

Workpiece 
on xyz-stage Tisapphire 

1 OýJ<Ep<200AJ 
Pinhole X=800nm 

ATP= 1 50fs 
BS Detector 

f=5kHz 

X- "Horizontal" Y- "Vertical" Z- "Focus" 

Figure I Schematic of the experimental configuration. The x, y 

and z axes are described as "horizontal ", "vertical " and 'focus " 

Two 45' high reflectivity (HR) mirrors were used to ensure the beam entering the 

focusing optic was always be perpendicular to the workpiece. A combination of a 

polarising beam splitter (PBS) and a half-wave plate (ýJ2) allowed the average power at 

the sample to be smoothly vaned over 3 orders of magnitude with controllable 

machining possible even for pulse energies of less than 200nJ. The beam from the 

amplifier was horizontally linearly polarised (x-direction in Figure 1). 

A "knife-edge" experiment was used to measure the width of the beam and to determine 

if the beam was diffraction-limited. A micrometer-operated translation stage was used 

to gradually block the beam with a knife blade in constant increments, while recording 

the average power of the beam still allowed to pass the knife blade. A graph of the 

blade position against average power gives the integral of a Gaussian when measuring a 

Gaussian beam. Fitting a computer generated integral of a Gaussian profile to the 

results of this experiment, then differentiating the fit produced the intensity profile of 
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the laser beam. The graphs in Figures 2 (a)-(d) demonstrate the steps of the process. A 
Matlab program was written to draw the data gathered (blue circles), fit a differential of 
a Gaussian (green line) to the data and draw the integral (blue line) of the fitted line. 
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Figure 2 (a) An initialfit of the differential and (b) a betterfit of the data 
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Figure 2 (c) Optimisedfit of the differential and (d) the resultant profile graph of the beam 

Using this procedure, the Hurricane was measured to have a I/e 2 beam radius of 

3.20mm at a distance of 500mm from the output aperture, similar to the distance from 

the output port of the laser that the focusing lens was positioned. 

To attain the value of the M2 value of the laser beam, several of the knife-edge 

measurements described above were carried out along the converging and diverging 

regions of the beam after the beam was focused by a 100mm focal length achromatic 

doublet lens. Again, using a specifically written Matlab program, the waist 

measurements were plotted and a Gaussian focal profile, following the shape described 

by (1) [101, was fitted to the shape of the points. The best fit was achieved by altering 

the M2 value in (1). 
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0 
FAAM W(Z)=w 1+ 

2 7wý 

where w(z) is the radius of the beam at distance z from the beam waist, wo is the I/e 2 

radial beam waist and ý is the wavelength of the beam. The measured waist sizes (blue 
circles) and the best fit Gaussian (red line) are shown in Figure 3, the diffraction limited 
beam is also shown for comparison (green). 
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Figure 3 Measured beam waistpoints (blue) and bestfit Gaussianfocus (red) 

The M2 parameter was found to be 1.3 in the horizontal and vertical directions, a typical 

result for the model of laser, and is within the manufacturers specification of the laser 

(M2. c: ýl . 5). The variability of this result with time is not known, but is likely to alter 

slightly with a change in temperature so the laser was kept constantly cooled and the 

laboratory was air-conditioned. This result remains for the laser throughout this thesis 

until the work carried out for the final chapter, where, after a major realignment of the 

cavity, the value may have changed slightly. The symmetric single pulse machining 

results from the final chapter suggest that the beam still had an identical M2 value in 

horizontal and vertical direction after the cavity realignment. 

The output of the laser was focused onto the sample surface by using an achromatic 

doublet (focal length 40mm and numerical aperture 0.1) corrected for spherical 

aberration and coma as well as being chromatically corrected for the visible region. 

When used directly with the output of the laser, this focusing configuration was capable 
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of achieving a minimum focal spot diameter of 8ýtm. Smaller spot diameters would be 

possible by employing larger numerical aperture optics but it was not the aim of this 

study to produce the smallest possible features. The purpose of the machining study 

was to investigate the surface ablation of transparent optical materials, it was therefore 
important to know with good precision the position of the beam focus relative to the 

workpiece surface. To find the correct focal position for the workpiecel a program 

written in the Agilent VEE environment was used to scan the sample translation stages 
through the focus in small steps (as low as 0.1 ýtm) compared to the Rayleigh range and 
confocal parameter of the machining optic. The Rayleigh range, is defined as the 
distance along the focal axis from the focal point where the beam grows in diameter by 

a factor of ý2. The term originated from antenna transmission theory and was defined 

as the distance a collimated beam could travel from an antenna before the beam 

diverged significantly. The Rayleigh range marks the approximate point between the 

near and far fields and is a term widely used to characterise Gaussian beams. The 

Rayleigh range, z, is given by the formula [10], 

)TW 2n 

0 (2) 

where n, the refractive index of the medium is 1.00 in air. The confocal parameter is 
defined as b=2z,, the full distance between the ý2wo spot size points and characterises 
the range over which a focused Gaussian beam is considered usefully focused. The 

Rayleigh range and confocal parameter are shown in Figure 4, a representation of the 

focus of a Gaussian beam. 
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b=2z, 

Figure 4 Representation of the focus of a Gaussian beam, I ýe 2 width of 

the beam (red) and the Rayleigh range (zd and confocal parameter (b) 

The beam waist, wo was determined to be 4.0ýtm by using the Sparrow criterion [11, 

12], 0.5A /(NA), where NA is the numerical aperture of the beam being focused and is 

calculated by taking the sine of the half angle of the cone. This waist results in a 

confocal parameter of 126ýtm. 
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The VEE program could, while scanning the focal axis, simultaneously measure the 
power of the light reflected from the sample surface after a lens and 100gin diameter 

pinhole combination (see Figure 1). The positioning of the pinhole was critical in order 
to ensure that the highest voltage on the detector was only recorded when the focus of 
the beam coincided with the front face of the sample. For the purpose of finding the 
correct pinhole position a "trial and error" approach was applied which used a VEE 

program to raster scan a test sample through the focus of the beam in such a way that an 
incremental change of the focal position was made after each sweep of the raster. The 

resultant channels machined in the sample were analysed and the best example of 
machining was chosen and related back to the specific focal position. A new sample 
piece was placed at this point in the focus and the pinhole adjusted for maximum 
transmission. Once this alignment process had been completed the method could be 

repeatably utilised to align any new workpiece positioned in the beam by adjusting its 
focal position to maximise the signal on a photodiode placed after the pinhole. An 

example of a characteristic signal recorded in this way using a microscope slide as a test 

piece is shown in Figure 5, the two peaks are due to strong Fresnel reflections from the 
front and back surfaces of the sample as it was scanned through the beam focus. 
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Figure 5 Plot ofsample position against detector voltage 

This automated method enabled repeatable repositioning of the sample front surface at 

the beam focus with a precision of I Ogm. The repeatability of the technique was proven 

with several repetitions of the automated alignment procedure while each time 
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translating the sample a long distance from the focal position (-75mm) then returning to 
near the original position. All of the results from the repetitions of the scan program 
returned a peak voltage from the detector within a 10ýtm range of sample position. The 

reliability was proven by machining a trench in a test sample after each alignment 
procedure and then inspecting the trench with a 1000 times magnification optical 
microscope. The machined trench was found to be of high quality after each and every 
repositioning of the sample. 

2.3 Consideration ofseýfljbcusing effects infemtosecond machining 
The previous chapter discussed the optical Kerr effect and the self-focusing that an 
intense Gaussian-profile beam undergoes in an isotropic media, due to an intensity 
dependent refractive index. Ultrafast oscillators have beams of enough intensity to 
produce this effect in crystals and glasses, but amplifiers can deliver pulses of sufficient 
energy to create intensities that can produce this effect in air. The importance of 
knowing the exact focal position of the beam with respect to the sample surface 
prompted an investigation to determine if this position changed due to self-focusing 
effects as the laser power was varied. 

A common starting point for evaluating the magnitude of self-focusing effects is to 

calculate Siegman's B-integral along the entire beam path, from the laser output to the 
focus of the beam [13]. The B-integral is a dimensionless measure of the nonlinear 
phase that is accumulated as an intense beam propagates, and other studies have 

employed the B-integral to investigate self-focusing in ferntosecond machining [ 14,15]. 

The B-Integral is given by, 

2)r L 
n2(z)I(z)dz f 

0 
(3) 

where L is the laser beam propagation path length, n2 is the optical Kerr co-efficient, I is 

the beam intensity and z is the spatial direction along beam propagation path. The lens, 

a 40mm focal length achromatic doublet made of BK7 glass was measured to be 8mm 

thick. 

In BK7 n? is 3.75x 10-20 in 2 W-1 [16] and in air n2 is 2.90x 10-23 M2W-1 [ 14], the 

measurements were made at a wavelength of 804nm and 800nm respectively. For the 

calculation the parameters of the amplifier were used, the beam of 3.20mm radius (at 

I/e 2 point) with a duration of 150fs and a pulse energy of up to 0.16mJ, the maximum 
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pulse energy that could be delivered to the workpiece. This results in a peak power of 

up to 1.06GW. When focused by the lens the beam would reach a minimum radius of 
4ýtm and an intensity of 3.36x 1019WM-2. The B-integral was calculated and the graph 

of the results is shown in Figure 6, the contribution from the lens is expanded in the 

centre of the graph. 
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Figure 6 Graph ofB-integral with (inset) the contribution ftom the 8mm thick lens 

It was found that the value of the integral in air was insignificant until 2mm before the 

focus of the beam and reached a maximum value of 3.51 at the focus. Based on this 

calculation the extent of self-focusing was likely to be limited, but possibly significant. 

The B-integral does not provide more than a subjective estimate of the magnitude of the 

nonlinearity in a system and due to the value being within Siegman's stated threshold of 

3-5 further investigation was required. 

The lower values of other possible lens materials (quartz and fused silica), shown in the 

table below, provide alternatives to the BK7 lens if the B-integral number were to be 

deemed too high. To have a much greater effect upon the B-number, the machining 

could be carried out in an atmosphere of helium, as the n2value for helium is two orders 

of magnitude less than air reducing the B-number significantly to 0.103. 
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Material n2value (m W- Source 

BK7 3:. 7: 5: x 1: 0 [16] 

Quartz 2.80x 10- [14] 

Fused silica 2.50xlF, 7 [17] 

Air 5.57xl 0-23- [18] 

Helium 3.48x 10-27- [181 

Very small changes in the focal position have the potential to cause a major effect on 
the machining performance so a simple model was developed which was capable of 
predicting the change in the beam shape and focal position as the laser power was 
increased. The model only considers the spatially-dependent increase in refractive 
index due to the optical Kerr effect and its consequent positive focusing effect. The 

effect of plasma defocusing, [19-21] caused by the reduction of the refractive index of 
the medium by the generation of free electrons through ionisation, is not considered in 

the model. The balance between Kerr focusing and plasma defocusing can guide the 

propagation of laser pulses and create a long plasma channel, although at the fluences 

used experimentally the extended machining features that would be expected in this 

situation were not observed, therefore plasma defocusing was not included in the model. 

The model was implemented as a MATLAB program which simulated a beam being 

focused by a simple lens over the full range of pulse energies of the laser. The standard 
ABCD matrix system for modelling beam propagation was used to find the beam radius 

as the beam was focused by a lens and then as it diverged from the focus. Firstly the 

initial complex beam parameter (qj) was determined,, that is the value before the lens 

when the incident wavefronts are planar: 
I iA -I 

Aw 
21 

(4) 

where w is the Ile 2 beam intensity radius, /X is the wavelength and i is the imaginary 

unit. The method of finding the subsequent value of q is given by: 

Aq, +B 
q2 - 

Cqj +D 

the model used the standard ABCD matrix for a lens, namely: 

(5) 
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I 

-Yf 

wheref is the focal length of the lens. To model the beam propagation, instead of using 
the standard free-space propagation ABCD matrix, a matrix for non-linear beam 

propagation was used, taking the matrix for a medium with quadratic index profile [22] 

and modifying the quadratic profile to the equivalent of a Gaussian index duct taking 
the fonn: 

cos 
FYkd 

- 
sin 

-d Jlk Jlk 

YTk, sin 
FYk 

d 

cos 
FYk 

d 
(7) 

where d is the propagation distance (taken in small incremental steps) and where k and 
k2are defined by Yariv [22] to be 

k2 2n2p 
k )zw'no 

(8) 

and where n2is the non-linear refractive index and P is the peak power of the pulse. 

Using the experimental parameters of a 40mm focal length lens and an initial beam 

radius w of 3.20mm the results shown in Figures 7(a) and (b) for a beam travelling in air 

(no=1.00, n2=5.57xl 0-23 m2 W-1). 
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Figure 7(a) Simulation of beam radius against propagation 

distance and (h) beam radius in thefocal region 

The propagation at pulse energies of 0.0 1 mJ and 0.16mJ were compared and the results 

of the model indicated a decrease in the beam waist radius from 2.5ýtm at O. OlmJ to 

2.0ýtm at 0.16mJ. The effect of self-focusing on the beam waist radius is well known 
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but the most important conclusion from this numerical study was that the waist position 
did not vary as the pulse energy was changed across its full range. This prediction is in 
agreement with experimental findings which found that high quality machining from 
0.0 1-0.16mJ was possible without changing the focal position of the sample. 

2.4 Focal position dependence offemtosecond machining in glass 
The results presented in this section were obtained using microscope slides of BK7 

glass. The sample was held flat against a metal plate fixed to computer controlled 3- 

axis motion control stages (Newport, ILS 150 series) of resolution O. Igm. The stages 
were controlled using Agilent VEE to raster-scan the sample so that at the end of each 
individual sweep of the raster the focal position could be incremented by a pre-defined 
distance. At sufficiently high translation speeds, compared to the repetition rate of the 
laser, this procedure produced parallel rows of small holes, each of which was machined 
by a single pulse focused to a well-defined waist lying either before, on the surface of, 
or within the glass sample. The multiple holes enabled analysis of the shot-to-shot 
consistency of the ablation resulting from a singl 

Ie 
laser pulse, as well as the behaviour 

of the hole depth and diameter under different focusing conditions. The continuous 
movement of the stages was not an issue when considering pulse delivery because in the 
150fs that it takes for a pulse to be absorbed, the stages, moving at their maximum 

velocity of 50mm/s would have moved by an insignificant amount (7.5fin). 

Five pulse energies were chosen for the study from O. OlmJ to 0.16mJ. At the higher 

energies, machining was carried out at many times the ablation threshold, whereas at the 

lower energies the effect of a finite machining threshold was clearly observable while 

maintaining the pulses at a high enough peak power to avoid the "bubble-like" melting 

reported by Korte et al [23]. 

Each sample was machined so that the focal points of ad acent raster lines were 

separated by 20gm and covered a total range of 300gm either side of the machining 

focus. The definition of the Rayleigh range gives a factor of 2 intensity variation from 

the focal point to the extremities along the beam axis, which would produce a greatly 

different machining result. It was for this reason that the focal position range of the 

experiments that are catalogued here was chosen to be far in excess of the Rayleigh 

range to investigate what these variations may be. 
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Throughout the rest of this chapter, negative focal values correspond to a focus lying 

within the sample while positive values imply a focus before the sample. At the higher 

pulse energies it was found that focusing in air resulted in breakdown, continuum 
generation and beam distortion, implying that the focal posi I should be constrained t on 
to be close to or within the sample. The purpose of the study was therefore to 
investigate the tolerances of the focusing conditions and optimise in a systematic way 
the machining quality for different focal positions. This section presents results 
describing the effect of focusing on the diameter, depth and quality of holes machined 
by ablation using single laser pulses. 

Figures 8 (a) and (b) show the dependence of the machined hole diameter against focal 

position for various pulse energies, where negative focal positions describe focusing 
inside the sample and positive values correspond to a beam focused before the front 

surface of the sample. The measurements were made with a calibrated optical 
microscope with an error of I ýtm. 
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Figure 8 Hole diameter in the (a) horizontal and (b) vertical direction as 

thefocal position of sample was varied at various pulse energies 

It is immediately apparent that qualitatively different machining effects are observed 

when focusing inside the sample compared with the situation of focusing on or before 

its front surface. From the data shown in Figures 8 (a) and (b) it can be seen that when 

the focus occurs in front of the sample the trend is for the holes to steadily increase in 

diameter in the horizontal direction (the direction of the beam polarisation) and decrease 

in the vertical direction more steadily at higher pulse energies as the sample was moved 

further away from the focal point of the beam. The steps in the graphs that are visible 

when the beam was focused within the sample (focal position <0) are artefacts resulting 

from the way in which the hole diameter was inferred from micrographs of the holes. 
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The presence of certain non-symmetrical satellite features surrounding the central hole 

itself made it difficult to obtain a clear value for the diameter in certain cases and led to 

the apparent step-changes in the hole sizes apparent in the negative focal position 

regions of Figure 8. A plot of aspect ratio, shown in Figure 9 demonstrates that when 
the focus lies outside the sample the aspect ratio is above one decreasing close to one 

when the focus is upon the surface and dropping below one when the focus is inside the 

sample. 
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Figure 9 The aspect ratio of the machinedJeatures with the 

horizontal measurement divided by the vertical measurement 

An atomic force microscope (AFM) was used to record a three dimensional picture of 

the holes. Surface profiles of three holes are shown in Figure 10(a)-(c) detailing the 

elliptical, circular and satellite -feature nature of the three focal conditions. 
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machined with the beamfocus lying on the surface of the sample 

sample (c) A feature with satellite elements machined with the beamfocus lying inside the sample 

All the features in Figure 10(a)-(c) were machined with 0.04mJ with the experimental 

configuration described previously. The crater shown in Figure 10(a), machined with 

the focus upon the surface of the slide, had a diameter of 15ýtm and a depth of 0.5ý1m, 

the surface roughness of the crater is less than that of the surface of the glass slide. The 

elliptical hole shown in Figure 10(b) was formed by machining with the focus of the 
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beam in front of the surface of the slide. The elongation of the feature follows the 
direction of the beam polarisation and is 16ýtm x 21ýtm. The area of the hole is larger 

than the hole in Figure 10(a) and the depth is 0.3ýtm, predictably smaller than the 

circular feature, since identical pulse energies were used to create the features. The 

unusual shape of the feature machined with the beam focus inside the glass prevented an 

accurate measurement of the hole size but was estimated at 25.5ýtm x 28ýtm. The depth 

could not be reliably measured for comparison because, as the features were no longer 

simple concave shapes, there was a large variation in the depth across the feature 

making systematic measurement of a depth impossible. 

The optical micrographs shown in Figures II (a)-(c) illustrate the hole quality obtained 

at different pulse energies when the beam was focused before, at and after the sample 

front surface. They show the inconsistent satellite features and polarisation effects 

created by focusing the beam in different positions relative to the surface of the sample. 
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Figure II Optical micrographs of the machined holes (a) Holes machined at z=O 
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Figure 11(b) Holes machined at z=+300pm (c) Holes machined at z=-300pm 
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The features machined when the surface of the glass coincided with the focal point of 
the beam were found to be uniformly circular at all pulse energies but the holes became 

progressively more elliptical as the sample was moved further away from the focus. 
This is highlighted by the graphs shown in Figures 8 and 9, where it is clear that the 
ellipticity seen with the sample 300ýim from the focus is strongly dependent on the 
pulse energy. 

To show the dependence of the hole diameter at the various pulse energies used in the 

above experiments, semi-log plots of energy against hole diameter and area are shown 
in FigUres 12(a) and 12(b) respectively. 
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Figure 12 (a) Semi-log plot of hole diameter against pulse energyfor three samplefocal position 

and. (b) Sem i- log plot of hole area against pulse energyfor three sample focal positions 

These data show different trends between features machined when the sample was 

placed at or before the focus, and the situation when the beam focus was situated within 

the sample. A stronger sensitivity to the pulse energy was found when the focus lay on 

or outside the sample and can be contrasted to a slower variation with energy when the 

focus was within the sample. It should be noted that all features machined with pulse 

energy greater than 20ptJ are significantly larger than the beam spot size (8ýtm 

diameter), suggesting that these pulse energies produce intensities that are far above the 

threshold of the material. This could be caused by machining of the material by a 

plasma, greater in size than the beam focus and increasing in size with an increase in 

pulse energy. 
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2.5 Calculation of the single-pulse ablation threshold 
At lower pulse energies a finite portion of the beam can have an intensity that is below 
the machining threshold. Concentrating on the lowest pulse energy used in our study 
(O. OlmJ) it was observed that the machining was the most stable and deterministic, and 
it was possible to investigate how the hole size varied in comparison to the beam 
diameter. Figure 13 shows the average hole diameters machined at O. OlmJ as the focal 

position of the sample was varied with respect to the focal point of the beam. As 
before, negative focal values correspond to a focus within the sample while positive 
values imply a focus before the sample. By only considering holes machined when the 

position of the Eront face of the sample was varied by ±200ýtm relative to the focus, 

smooth data for the hole diameters could be obtained because artefacts associated with 
highly elliptical holes and satellite features were avoided. 
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Figure 13 The beam diameter and average hole 

diameters machined at a pulse energy of O. O. ImJ 

200 

The data presented in Figure 13 indicate that the average diameter of the holes 

machined when the laser was focused on the sample surface was 9.5ýtm and, taking into 

account the beam M2 value of 1.3, this value compares well to the diffraction limited 

waist diameter of 8ýtm calculated only on the basis of the laser wavelength and the 

numerical aperture of the focusing arrangement. In particular, we note that circular 

holes could be machined when the focus was positioned significantly inside the sample 

and that these holes were significantly smaller in size than the di ffraction- limited beam 

diameter. For example, a hole diameter as small as 3.5ýtm was measured when the 
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focus lay 200[tm inside the material. This result is significant because it implies that 

sub-micron feature size machining could be possible by using higher numerical aperture 

optics and by carefully choosing the pulse energy and the focal position. Other work 
[23] has observed similar sub-diffraction limited processing of chrome films when the 
laser pulse energy is carefully controlled so that the wings of the beam intensity profile 
fall below threshold and produce a feature smaller than the diffraction-limited spot size. 
In metal films this method encountered two problems in that part of the pulse intensity 

was in the melting region producing a "bubble-like" melting ring around the machined 
feature and the shot to shot energy instability of the laser produced differing feature 

sizes for the same nominal pulse energy. 

The data of Figure 13 can be used to estimate the single-pulse threshold ablation 
intensity for the glass samples. Taking into account the M2 value for the beam, we 

simulated the intensity in the focal region of an appropriately focused Gaussian beam, 

and the contour map shown in Figure 14 indicates that for positions significantly 
beyond the focus (>50ýtm) the diameter of the beam that exceeds any given intensity 

contour decreases with increasing distance from the focus. 
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Figure 14 Simulated intensity of a Gaussian beam 

around thefocal region against beam diameter 

In a machining situation the ablated hole diameter is caused by the portion of the beam 

whose intensity I exceeds the threshold ablation intensitylth -If a contour on the colour- 

map is selected that corresponds to this intensity then the beam diameter of this 
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intensity contour can be plotted as a function of the distance from the beam focus. 

Figure 15 shows a contour selected from Figure 14 plotted with the data of the hole 

diameters at a pulse energy of O. Olmi. While the two curves do not properly overlap, 
the contour was chosen so that its maximum diameter and the diameter at 200ýtm before 

the focus match the experimentally obtained hole diameter. 

15 

E, 10 

(1) 

I 

-90,0 

-Ablation threshold diameter 
-Average hole diameter 

-100 0 100 200 
Focal position (ýtrn) 

Figure 15 Hole diameter against samplefocal position 

with simulated machining threshold diameter 

By assuming that the hole diameter represents the diameter of the beam with an 
intensity greater than Ith, an ablation threshold value Of Ith = 3.7x 105 Wýtrn-2 was 

inferred, which corresponds to a fluence of 5.6 jCM-2 . Despite the poor overlap of the 

curves in Figure 15, this result is in agreement with other independently inferred values 
for the ablation threshold and as such we believe our method is sound. The value 

compares well with Varel et al [24] who observed a higher threshold fluence of 15 jCM-2 

with a 790nm beam and pulses of durations 100-200fs. Comparison can also be made 

with a study by Shah et al [25] where a threshold fluence of I OjCM-2 was inferred for 

II Ofs pulses at a wavelength of 845nm. Our measurement was made in BK7, but in 

fused silica a lower value of the ablation threshold fluence was reported by Ameer-Beg 

et al [26] who machined a channel using a fluence of 2.5jCM-2 from a 790nm beam with 

170fs pulses. 
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2.6 Hole depth andprofile 

Using the atomic force microscope (AFM) once more, depth profiles were obtained for 
holes machined under different focusing conditions and for different pulse energies. 
The results of the AFM measurements are shown in Figure 16 and imply different 
behaviour for different focusing positions. 
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Figure 16 Hole depth againstpulse energiesfor severalfocal positions 

Initially, when pulse energy is low, the depths of the holes at all focal positions increase 

with an increase in pulse energy, as is expected. This continues until beyond 0.04mJ 

when, the hole depths begin to decrease at all focal positions. The decrease is much 

more noticeable when the focal point lies in front of the workpiece. When the focus lies 

within the workpiece the decrease still occurs, but is much less sharp, and indeed falls 

away less sharply even, than when the focus lies upon the surface of the workpiece. 

These differences are due to the breakdown of the air and plasma formation at the focus 

of the beam above a pulse energy of about 0.05mJ. When the focus is in front of the 

sample, a portion of the pulse energy is lost to breakdown the air and create the plasma, 

reducing the depth of the machined feature. When the focus lies within the sample, the 

hole depths decrease as the beam is focused further into the sample due to the reduction 

in intensity (due to an increase in beam diameter) at the surface of the sample. 
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Although the AFM was capable of determining depth to 0.1 nm, the errors in the depth 

measurement of these features were estimated to be around 7%. This was due to the 

software fitting of the measurements and was not determined by the accuracy of the 
AFM. 

In the course of each depth measurement, a profile through a cross-section of each hole 

was obtained and a typical profile is shown in Figure 17. 
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Figure 17 AFM cross-section of a typical 

feature machined with 0.02mJpulse 

The steep sidewalls of the feature can be explained by the fashion in which ferntosecond 

machining removes material from transparent samples. The multi-photon avalanche 
ionisation of bound electrons occurs to an equal depth for all the width of the beam that 
is above the ionisation threshold until the pulse is absorbed in the process of freeing 

bound electrons. The implication of this effect is that a circular pulse of Gaussian 

intensity profile will produce a cylindrical hole and not the Gaussian concave feature 

that is normally associated with nanosecond pulse laser machining. The profile 

measurements found that machining with pulse energies closer to the ablation threshold 

allows greater control over the shape of the ablated profile. Low energy single pulses 
have been used to machine relatively Gaussian-shaped concave holes in fused silica. 
The image in Figure 18 illustrates one typical example of a concave feature with a 

radius of curvature of 52ýtrn and machined using a single 10ý0 energy pulse. 
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Figure 18 AFM cross-section of a typical 
feature machined with 0. OImJpuIse 

2.7 Applications ofsingle pulse machining 

Previously it was mentioned that the motivation behind this work was to provide 
deterministic results for the fabrication of targets for laser-induced fusion experiments. 
Holes were machined in two polythene microspheres which could be used in these 
fusion experiments. The spheres were 300ýtm in diameter, hollow, with a skin thickness 

of 2ýtm. A photograph of one of the spheres is shown in figure 19. 

Figure 19 Hollow polythene microsphere 

300, um in diameter with skin thickness 2pm 

The use of a ferntosecond laser for micromachining allows the machining of the front 

and back surfaces of the sphere simply by altering the focal position of the beam. 

Figure 20 is a representation of the machining undertaken upon the surface of the 

sphere. 
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Figure 20 Two focal positions for machining the sphere (a)focusing 

through thefront surface (b)focusing onto thefront surface 

Focusing the beam through the sphere allowed machining of the inside of the sphere 

without breeching the walls. The single pulse machining experiments used in this 

chapter can be used to machine concave features on the inside and on the outside 

surface of the sphere. Figure 21 shows microscope images of the sphere front and rear 

surfaces after three and five concave features respectively, had been machined into the 

skin, corresponding to the focal positions shown in Figure 20 (a) and (b). 

Figure 21 Microscope images of the (a) rear and (b)front of a machined sphere Ep=O. OlmJ 

Work upon creating slots and complex shapes upon the surface of the spheres continues. 

Single pulse machining work was also carried out upon the cleaved end face of several 

optical fibres in order to decide if the radius of curvature was suitable to produce a 

micro-etalon when two fibres were positioned close together or a micro-cavity when 

one fibre was held close to a quantum dot. In Figure 22 some examples of the 

machining are shown. 
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Figure 22 Single modefibre with a concavefeature machined across the core 
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Figure 23 Close up SEM images of the concavefeatureftom Figure 22 
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The fibres are now awaiting the completion of a comparison study by a C02 laser to see 

which laser can produce the best quality and shape of features. 

2.8 Conclusions 

The results presented have demonstrated in a quantitative way how the quality, size and 

shape of features machined by single 150fs duration pulses from a 800nm laser varies as 

the pulse energy and sample focal position are changed. Evidence of sub-diffraction 

limited hole diameters has been presented, and from these results an ablation threshold 

of glass has been deten-nined (5.6 jCM-2), which agrees well with independent 

experiments. It has been shown that besides the expected linear increase of hole depth 

with increases in the pulse energy, above a pulse energy of 0.04mJ the hole size begins 

to decrease due to the creation of plasma at the focus of the beam. It has been 

demonstrated how careful control of the laser pulse energy can be used to control the 

cross-sectional profile of holes ablated in glass. Not only are the results presented here 

designed to guide the production of targets for TW/PW power lasers, the satellite 
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features observed around the holes machined when the focus was inside the material 
have also been created when planar samples are single-pulse damage tested with 
TW/PW lasers - this study explains that the focus is likely to be inside the test material 
to cause these features. The ability to tailor hole diameters and profiles by using beam 

intensities close to the ablation threshold suggests that more precise control over the 
beam shape should allow sub-diffraction features to be routinely produced and work 

presented in Chapter 5 indicates that adaptive optics could be applied to achieve this 

degree of control and hence potentially improve the machining quality. 
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Chapter 3: Machining of Gallium Arsenide Wafers for the Creation of Quasi- 
Phasematched Devices 

3.1 Introduction 

Over the past decade the practical implementation of quasi-phasematching [1] that has 
been enabled using periodic-poling techniques [2] has revolutionised the field of 
nonlinear optical frequency conversion by making possible high-gain and efficient 
interactions that exploit the largest available nonlinear coefficient of the quasi- 
phasematched material. A case in point is gallium arsenide (GaAs) which has a wide 
infrared transparency (0.87 - 17ýtm), and conservative figures report an extremely high 

second-order optical nonlinearity (dl4-90PMV-1) [3,4] compared to established crystals 

used for Erequency conversion such as, lithium niobate (d33=27pmV-1) [5] and 

potassium titanyl phosphate (d33=17pmV-l) [6]. GaAs is therefore an attractive material 
for the generation of mid-infrared and terahertz radiation. 

3.2 Phasematching and quasi-phasematching 
Dmitriev et al [7] describes the formula (1) used to calculate the peak second harmonic 

power (P2) generated from second harmonic generation in a non-linear material for a 

given input peak power (PI) and beam area (A), given by 7rwo 2. The formula uses the 

plane wave assumption i. e. that the beam radius is constant for the length of the 

interaction (L) and that the intensity distribution is uniform. 

2 Z2 2 2p2 dffL I. AkL e2 P2 
- 

cocn, 
2 n2 A22A 2 

where dff is the effective second-order optical nonlinearity and n, and n2 are the 

refractive indices of the material at the two wavelengths considered in the wave 

generation. A is the phase mismatch parameter and is calculated by Ak=k(, k2) - 2k(, kl) 

and k(k)=27r/k. 

If the waves are phasematched, then the phase of the generated wave is the same as that 

of the driven field contributions at all points along the propagation path. In this case 

Ak--O and quadratic growth of the second harmonic power is observed, P2 is 

proportional to L2. A can be made to equal zero through birefringent phasematching 

(BPM). The interacting waves of different frequencies are polarised differently, with 

two waves having matching polarisations and the third wave an orthogonal polansation. 
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By using birefringence in the chosen crystal the corresponding phase velocities of the 

waves can be adjusted to satisfy phase matching conditions. 

If there is no phasernatching then A #0 and there a is periodic variation in P2with L 

and waves only grow in amplitude while their phase is within 7/2 of the driven field 

contributions. These generated intensities of both cases are shown in Figure 1. 

> 

C 

Figure I Phasematched (red) and unphasematched (blue) SH intensity 

If the relative phase of the waves exceeds 7r/2 of the driven field contributions then the 

harmonic light is back-converted to the fundamental frequency. The only growth will 

occur over a length period 1, the coherence length, lc= 7r/, Jk. 

Quasi-phasematching (QPM) is an alternative technique to BPM, compensating for the 

phase velocity dispersion in a nonlinear crystal and achieving efficient energy transfer 

between interacting waves. QPM has the effect of resetting the relative phases of the 

propagating wave and the driven field contributions every coherence length, allowing 

every coherence length to contribute positively to the propagating wave, continuously 

increasing its amplitude. This allows nonlinear processes to be exploited efficiently 

without having to ensure Ak--O. Although the nonlinear tensor dijk is reduced to an 

effective valueg deff=2dijk/7E [81 for QPM, QPM is considered efficient as in some 

materials (e. g. lithium niobate) it is possible to exploit higher nonlinear coefficients. 

The conversion in a quasi -phasematched device compared to birefringent 

phasernatching (using the same dijkvalue) is shown in Figure 2. 
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Figure 2 Quasi-phasematched intensity (green) compared to unphasematched 
intensity (blue) and birefringently phasematched intensity (red) 

Figure 2 shows the QPM reaching a lower value along the length of the crystal since the 
figure shows conversion with identical dijkvalues. In practical applications however, a 
higher intensity of converted light could be achieved with QPM as a higher dijk value 

could be accessed with QPM. The great advantage of QPM (not having to ensure Ak--O) 

is that it can be employed when BPM is impossible, and can eliminate many of the 

problems associated with critical BPM. QPM can provide non-critical phasernatching 

for any nonlinear interaction permitted by the transparency range of the material. 

3.3 Periodic poling 

To control the phase of the driven contributions in the manner described above the 

phase must be "flipped" by 180' every coherence length. The coupled wave equation 

describes second harmonic generation over a small propagation distance dz. 

dE2 
- -iKdeff EI 2 

eXP (iAkz) 
dz 

(2) 

If dff is replaced by -dff then this will effectively change the phase of the contribution 

by 180'. Since d is a tensor component with a direction defined relative to the crystal 

axes, A can be transformed into -d by inverting the crystal as shown in Figure 3. 
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Figure 3A QPM material alternating the direction of the d tensor every Ic 

The most common technique [9] for creating this periodic reversal of the d tensor is 
electric-field poling in which techniques from microelectronics fabrication are used. An 
insulating layer is patterned upon the crystal and then the crystal is then immersed in a 
liquid electrode or, more commonly an aluminium electrode is then patterned upon the 

crystal and insulator. Several voltage pulses are applied and domain reversal occurs 

under the non-insulated sections. There are many steps involved in the process but the 

shape of the mask and the voltage applied are the most important governing aspects of 
the manufacture. The masking and the resultant pattern are shown in Figure 4. 

v----i 
Insulator 

IC 
Electrode: patterned Al or liquid immersion 

Figure 4 Periodically poled crystalfabrication 

Careful tailoring of the voltage pulse shape and duration, usually by computer produces 

optimum poling in the crystal. These crystals are known as periodically poled crystals. 

The periodic-poling technique is a successful and mature technology but can only be 

applied to ferroelectric materials. Pyroelectric materials are materials which possess a 

so-called spontaneous polarisation when no external electric field is applied. 

Ferroelectric materials are pyroelectric materials which have two or more states of 

orientation of the spontaneous polarisation which can be reversed by applying an 

external field to the crystal. This requirement precludes the use of periodically poling 

certain classes of highly nonlinear materials including chalcopyrites and most 

semiconductors, which are not ferroelectric. 

d -d d -d 
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3.4 Quasi-phasematching Gallium Arsenide 

GaAs has a cubic lattice structure and is a member of the -43m point group, so the crystal 
has no birefringence therefore it cannot be birefringently phasematched, compromising 
its usefulness as a nonlinear material. Quasi-phasematching is the natural solution to 
the problem of phasernatching in GaAs but since GaAs is non-ferroelectric it cannot be 

periodically poled in the same way as popular nonlinear materials such as lithium 

niobate (LN) and potassium titanyl phosphate (KTP). Solutions have been emerging 
that achieve quasi-phasematching via a periodic orientation reversal in GaAs and these 
include growing periodically orientation-reversed regions using a combination of 
molecular beam epitaxy (MBE) and hydride vapour phase epitaxy [4,10] or stacking 
thin wafers of GaAs in the appropriate orientations and then diffusion bonding them in a 
furnace to form a monolithic device [11 ]. The problem with the MBE grown structures 
is the length of time taken to manufacture the devices would be enormous, typically a 
QPM crystal will be over I mm. thick, which would mean several days work for an MBE 

grower. There is also a disadvantage of producing the device with the bonding 

technique in that the domains may not be periodic once the heating and compression has 

been carried out. 

The study presented here proposes a new strategy for creating QPM structures and has 

investigated the practical manufacture of such a device. The method exploits the high 

precision machining available using ferntosecond laser ablation to create two separate 

GaAs "combs" with a period equal to the QPM period for a chosen nonlinear 

interaction. The combs are cut from a single wafer in orientations that allow them to be 

combined to create a single device that is quasi-phasematched for any chosen 

interaction. Lithographic microfabrication would be able to produce features upon the 

scale required to produce a frequency conversion device, but not the high aspect ratio 

that is necessary to produce a device wide enough to focus a mid-IR laser beam through. 

To create a GaAs device for second-harmonic generation (SHG) consider the case of 

using a standard (100) GaAs wafer with light propagating in the (100) plane as shown in 

Figure 5. If two combs are machined as shown in Figure 5 then two k vectors and two 

polarisation situations would arise in the different opposing teeth of the combs. One in 

the blue comb in Figure 5 where the wave vector is along k=[O II] and with the 

fundamental wave polarised along [0 1 1]. The other set, in the green comb in Figure 
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5 where the k vector is now k=[O and the fundamental wave is now polarised 

along =[O I I]. 

ro 

-1 1] 

Figure 5 Concept of quasi-phasematched device creationftom a single 
(100) wafer of GaAs. Two combs of the appropriate orientations are 

machined and then interleaved to form the quasi-phasematched device 

To demonstrate domain inversion, examine the polarisation definition of the second 
harmonic wave generated in the above crystal. Nonlinear polarisation is defined as 
p(2)((03)= 80ý2)E,, IE(o2 where X 

(2) 
is the second order nonlinear succeptability and is often 

replaced by the d-tensor, defined as dijkýkjk/2 where ij, k are the Cartesian indices of the 

different frequency component's polarisation. The polarisation becomes Pj=2FodjjkEjEký 

and under intrinsic permutation symmetry the j and k indices are interchangeable and 

renamed 1, hence a contracted notation can be introduced the d-tensor can be contracted 

into a 3x6 element matrix, and for (SHG) CO 1 =C02 and E,,, I =Ew2. The polarisation of the 

generated wave is therefore given by, 

d, 

Pi = 2. co d2l 

_d3l 

d12 d13 d14 d15 

d22 d23 d24 d25 

d32 d33 d34 d35 

ExEx 

d16 
E, EY 

d26 
EzEz 

EI, EI + EI E, 
d 36 

- Ex EI + EI Ex 

ExE, + El, Ex 

(3) 

In GaAs the only non-zero elements of dijk are d14=d25=d36=90 PMV_1 [3,12]. 
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When the propagation direction is k=[O 1 11 (the blue comb in Figure 5) and the 

polarisations are Ej=Ek=[O I 11, Pibecomes, 

0 

000 d14 00 

Pi = 2EO 0000 d25 0 

-0 

0000 d36 
x+ 

0 

0 

and since dl4=d25=d36=d, ff 

Pi = 2. co 0 deff 

0) 

Therefore the effective nonlinear coefficient in this case is deff= d14- 

(4) 

(5) 

When the direction of propagation is changed to k=[O 1 1] (the green comb in Figure 

5) so that the fundamental waves are polarised Ej=Ek=[O 1 1], Pi becomes, 

0 

000 d14 00 

Pi = 2. eo 0000 d25 0x+x 

-0 

0000 d36 
0 

0 

and since dl4=d25=d36=d, ff 

2. Fo 0 deff 

0 
1/ 

Therefore the effective nonlinear coefficient in this case becomes d, ff -: = -d14- 

(6) 

(7) 

This reversal in the sign of the effective nonlinear coefficient satisfies the quasi- 

phasernatching requirement and has already been demonstrated in a diffusion-bonded 

geometry by Skauli et al [10]. Rather than stacking and diffusion bonding multiple 

wafers, the proposed approach is to intermesh single-coherence-length domains of 

GaAs with axes parallel to [0 1 1] and [0 1 1] respectively. Using a (100) wafer, 

these domains can be machined as two monolithic combs oriented as shown in Figure 5 
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and then inter-digitated to create a device. For SHG this configuration results in an 

output wave polarised along the [10 0]. 

3.5 QPM device design 

It was decided to aim to construct QPM devices that would frequency double laser light 

at wavelengths of X=10.6ýtm and k=2-3ýtm as sources at these wavelengths were 

available for testing the devices. The device design considerations were therefore based 

around these wavelengths and their second-harmonics at k=5.3ýim and k=1.15gm. Only 

one equation could be sourced that satisfactorily described the dispersion of GaAs, [ 13] 

which was verified experimentally by the authors to very long wavelengths (from 

k=0.9gm up to X=50gm) and this equation was chosen as the basis of our model. This 

dispersion equation is shown in equation (8). 

2 (hW) =: I+A In 
2 (h 0» 2+G, 

_+_G2 
+ 

G3 

_ 

/7 E2_ (h 0» 2E2_ (h w) 2E2_ (h oj) 2E2_ (h 0» 2 
23 

Where the constants for GaAs are EO=1.428eV, EI=3. OeV, E2=5. I eV, E3=0.0333eV, 

GI=39.194eV 2, G2=136.08eV 2, G3=0.00218eV2 and 

El 
_ 

0.7 A=< 
'C2 >1 

Eo = JEO 
(9) 

Using this Sellmeier equation a disPersion curve for GaAs was constructed and this Is 

shown in Figure 6. 

3.5' 
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x 3.4' 
r_ 
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(D 
ry- 3.3! 

3.: 

3.25' 0 2466 lu IZ 
Wavelength (ýtm) 

Figure 6 Dispersion curvefor GaAs 

This dispersion curve was used to determine the refractive indices (n) for GaAs at the 

four wavelengths mentioned previously, 

95 



Wavelength k (ýtrn) Refractive Index, n 
1.15 3.4482 

2.3 3.3293 

5.3 3.2962 

10.6 3.2713 

The coherence length (1c) for these two interactions can be calculated by 

Ak 

where: 

Ak = 
k2w- 2kw 

Where (o is the frequency of the fundamental beam and 2co the frequency of the 

converted beam and 
2)7n(A) 

A 
(12) 

The coherence length of the SHG interaction for 2.3ýLm to 1.15[tm in GaAs would be 

4.83ýtrn and the coherence length of the SHG interaction for 10.6ýlm to 5.3ýtm would be 

106ýtm. It was believed that a 4.83[trn wide finger (cut from a wafer 350ýtm thick) 

would not be structurally sound. Although it would have been possible to build a3 or 5 

period finger (i. e. 14.49ýtrn or 24.15ýtrn wide finger), but a finger less than 25[tm wide 

may have been too delicate to handle and thus it was decided to initially attempt to 

machine the structure with a 106ýtm coherence length. 

The length of the initial GaAs device was decided by considering the experimental 

constraints associated with testing the device using a quasi-CW k=10.6ý11U C02 laser. It 

was decided that the optics for focusing the beam must be kept to a short focal length to 

yield the high fluence necessary for efficient nonlinear conversion. The shortest focal 

distance calcium fluoride (CaF2) lens available for focussing the beam at k=10.6ýtm was 

38mm. Assuming a Gaussian beam, a collimated beam of radius 2.5mm Ov/) entering a 

lens of focal length 38mm. 0 the radius of the focus formed can be calculated usina the 

following formula from [ 14] 

w 
fA 

Wf )zn(A) 
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and implies wo in GaAs (n=3.271) would be 15.7ýtm. This waist produces a value for 
the Rayleigh range, the approximate point between the near and far fields, a term widely 
used to characterise Gaussian beams. The Rayleigh range (fully discussed in Chapter 
2) is the axial distance from the focus to the point in the expanding beam where the 
cross-sectional area is double that at the waist (or an increase in the radius by a factor of 
ý2). The Rayleigh range (zR) is given by formula (14) [15]: 

2 
)7w, n(A) 

A 

This results in the C02 beam having a Rayleigh range of 238ýtm. The confocal 
parameter is defined as b=24, the full distance between the ý2coo spot size points and 
characterises the range over which a focused Gaussian beam is considered usefully 
focused in this case the beam has a confocal parameter of 477ýtm. 

Returning to equation (1) for calculating second hannonic power generated in a quasi- 

phasematched device, 

2 T2 2 2p2 df) L2 AkL ef P2 
2ý 

gocn, n2 A22A 2 
(15) 

we consider the condition for only one period (one finger of the comb). For GaAs in 

the configuration mentioned previously, the effective nonlinearity in the phasematching 
direction, dfj=90pmV-1. For a fundamental wavelength of 10.6ýLm nl=3.322, 

n2=3.3415, L=I, =106ýtrn and A2=5.3ýtm. From the above formula the potential SHG 

peak power generated would be 14.3 ýM for a peak input power of I OW and beam area 

of 774.4 ýtM2 (i. e. a 15.7gm beam radius). Due to the low power generated from a 

single coherence length it was decided to construct a device with 5 fingers per comb to 

construct enough domain inversions to produce significant generation of the second 

harmonic. This 10 finger device would have a total length of 1.06mm, giving a 

potential SHG power of significantly longer than the confocal parameter of the focused 

ftindamental beam. It would be preferable to have the length of the crystal a factor of 

2.84 larger than the pump beam's confocal parameter for optimum conversion [16] but 

the decision was taken to proceed with the ten finger device for simplicity of design. 
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3.6 Machining 

3.6.1 Experimental configuration and calibration Of machiningfocal position 
The output of the laser was focused onto the GaAs sample surface by using one of a 
variety of bulk optics and long focal length microscope objectives: 

Mitutoyo M-plan NIR-corrected 50x objective of numerical aperture 0.55. 

Mitutoyo M-planNIR-corrected IN objective of numerical aperture 0.26. 

75mm focal length AR coated achromatic doublet of numerical aperture 0.043 

The different focusing lenses were capable of achieving a minimum focal spot size (in 

air) of around 0.7ýtm (from the Sparrow Criterion [17,18]), or a maximum confocal 

parameter (described previously) of 522ýtm depending upon the choice of lens. 

The GaAs wafers were sourced from Wafertech and were in the (100) plane. The 

wafers were 50.8mm in diameter and 350[tm thick. An optical micrograph of a trench 

cut with the focus of the beam on the surface of the GaAs is shown in Figure 7. This 

cut was made using a pulse energy of 10ý0, and a pulse repetition rate of 5kHz while 

moving the sample at a rate of I Omm/sec. The 0.26 numerical aperture lens was chosen 

to carry out the initial machining tests as it is the compromise between spot size and 

Rayleigh range. 

50um 50um 

Figure 7A cut in GaAs, the left image isfocused on the wafer 

surface and the right image isfocused at the base of the trench 

In the left of Figure 7, the microscope was focused on the surface of the crystal, 

showing the uninterrupted edge quality of the cut, one of the properties which 

demonstrates good machining. The right part of the Figure shows the bottom of the 

trench in focus, faintly visible are the "mi lling- like" marks left by the pulses 

overlapping as the beam moved along the sample, an indicator that the best focal 

position for machining had been found. 
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3.6.2 Investigation of ablation rates in GaAs 

Once the correct focal position had been found the next task was to demonstrate the 
ability to cut fully through a GaAs wafer each of which were 350ýtm thick. The 

machining of through-slots was achieved by passing the laser focus over the workpiece 
a number of times. To produce a series of multiple cuts, a program was written to 
control the translation stages (Newport ESP M-ILS) that the sample wafer was mounted 
upon to make a linear cut in the GaAs, then increment the sample towards the focus ("z- 
direction") of the beam by the depth of the resultant trench, which was known from the 

single cut trench investigations carried out previously. The exact distance that the 

workpiece needed to be moved depended on the pulse energy used, but was of the order 
of one micron. The program then made a further cut, incrementing the sample towards 
the focus once more and so on. The program produced trenches made by 2,4,8,16, 
32 ... 512 passes (and sample movements in the z direction) of the laser beam. The 

resultant wafer had a pattern as illustrated in Figure 8. 

lation 

ation 

Figure 8 Pattern of machiningfor depth testing 

The program was repeated at three pulse energies - 20ý0,40ý0 and 60ý0 - to find the 

optimum cut width and to ensure the wafer could be reliably cut all the way through 

without causing unwanted damage or an unusable cut profile. The laser repetition rate 

was kept at 5kHz and the focusing objective had a numerical aperture of 0.26. In each 

case the scan speed was kept at l0mm/s. Analysis of the trench widths was performed 

using an optical microscope which had a calibrated scale. A sample micrograph 

acquired using this microscope can be seen in Figure 9. 
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i --4 100 microns 

Figure 9 Trench cut using 64 cuts at 60, uJ 

The widths of the cuts as measured on the surface of the sample, for different pulse 
energies and number of cuts, are shown in Figure 10. 
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Figure 10 Graph showing different cut widths 
for different pulse energies and number of cuts 

As can be seen from the graph, the cut width at all three pulse energies reached a 

maximum once 16 cuts had been made across the sample and remained constant no 

matter how many additional passes were made. The maximum widths for each pulse 

energy were 74ýim, 91ýtm and 105ýtm for increasing pulse energy. Given that the spot 

size for the 0.26 NA lens used for these tests should be -3ýtm diameter, there must be 

some mechanism that creates slots of over thirty times the size, it is possible that the 

bulk of the material removal is being carried out by the plasma created in the focal 

region of the beam. 
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Whatever the process, this infori-nation about the trench widths is particularly useful as 
it made it possible to select a pulse energy to create the width of cut desired irrespective 
of how many cuts were needed in the sample. The plateaux observed in the graph are 
likely to be a result of the precise ablation threshold associated with ferntosecond laser 

machining; for a given pulse energy and focusing arrangement, beyond a certain beam 

radius the peak laser intensity falls below the machining threshold and no further 

ablation can occur, regardless of the number of beam passes that occur. None of these 

cuts passed completely through the wafer, with each reaching a maximum of 
approximately 200ýtm. This depth limit is caused by the walls of the trench blocking a 
greater and greater percentage of the beam from the machining, causing each pass to 

remove slightly less material. This effect is represented pictorially in Figure 11. 

(a) (b) 

Figure 11 Representation of machining depth limitation by 

sample sidewalls (a) No beam blocking caused by shallow 

cut (b) Significant beam blocking caused by deep cut 

In Figure II (a) the focal point is towards the front surface of the workpiece and none of 

the beam is apertured by the edge of the trench. In Figure II (b), the lateral extent of the 

beam is larger than the trench at the front surface of the workpiece and hence the beam 

undergoes aperturing at the trench entrance. This effect limits the power that arrives at 

the surface of the material and hence limits the maximum depth of trench. 

To cut all the way through the wafer the lowest NA (i. e. largest confocal parameter) 

focusing optic (75mm achromatic doublet of numerical aperture of 0.043) was 

necessary, and replaced the microscope objective for all the subsequent experiments, 

giving the largest available machining depth of focus of 523ýtm (greater than the 

thickness of the wafer), but an increased spot size of -9ýtm. The machining procedure 

described earlier was then repeated using the achromatic lens, the results of which are 

described below. The depths of the trenches were measured with the optical microscope 
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by mechanically cutting the wafer and looking down the laser machined trench. The 

optical micrographs shown in Figure 12 show some examples of the images taken. The 

view is looking along the trenches, the machining laser beam originates from the left of 
these pictures. The pulse energy used to create all the trenches in Figure 12 was 20ý0. 

20, uJ (a)64 cuts 137pm (b)128 cuts 224, um (c)256 cuts 300, um (d)512 cuts 350, um 

The debris seen on the GaAs in these pictures is not recast and is not damage to the 

wafer face. It is dust from the mechanical diamond saw used to cut the laser machined 

wafers apart to allow inspection of the trench depths. This dust remained present as no 

suitable cleaning method had been devised to safely remove the dust, due to health 

concerns about the material. The dust would not be present upon the comb structured 

devices as no mechanical cutting is necessary. 

Figure 13 illustrates the depth of machining that was achieved with different pulse 

energies and different numbers of cuts. 
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Figure 12 Cut depths in GaAs wafer 350pm thick. All cuts made with pulse energy 
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As would be expected, the trench depths increased with the number of passes and 

tended towards a limit. A scanning electron microscope (SEM) was used to acquire a 

more detailed view of the trenches. Two of these micrographs are shown in Figures 

14(a) & (b). Figure 14(a) shows the effect of 128 passes at 20ý0 pulse energy and 

Figure 14(b) shows the case for 256 passes at 20ý0. The cleaved edge of the wafer 

shows an extremely square edge relative to the machined trenches, demonstrating that 

ferntosecond machining produces little or no shock wave compared to longer pulse 

machining, and as a result shows negligible unwanted damage to the workpiece. 
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(a) 

I 
Figure 14 (a) Trench created using 128 passes a/ 20, uJ (b) Trench created using 256 

passes at 20pJ (c) Trenches cut with 256(left) and 512 passes, at 20, uJpulse energy 

In Figure 14(c) the 256 and 512 pass trenches from 20ý0 pulse energy are shown. The 

dark material at the bottom of the picture is the microscope slide (BK7 glass) to which 
the wafer was attached. The machining of the 512 passes is clearly visible where the 
laser has cut all the way through the wafer and into the glass slide. The asymmetric cut 

profile at the at the bottom of the blind trenches in Figure 14 is most likely caused by 

some kind of misalignment of the beam entering the focusing optics. Although great 

care was taken when aligning the beam through the focusing optic it is possible that the 

beam is not entering the lens perfectly perpendicular, causing a slightly asymmetric cut 

profile. The slot that cuts fully through the wafer appears symmetric, so no further steps 

were taken to correct the slot shape. 

Despite reaching depths sufficient to cut through the wafer, the number of cuts was 

deemed to be too high, taking too long to produce a device. For instance, a5 finger 

comb with fingers 3mm long would have a beam path length of over 35mm and at 

10mm/second scanning speed with 512 passes would have taken approximately 30 

minutes to cut. As this time scale was deemed too long to produce a comb, the pulse 

energy was increased towards the maximum possible pulse energy of 200ý0 to remove 

the greatest volume of material as possible with each pulse. The pulse energy had 

previously been kept low in an attempt to avoid unnecessary collateral damage and keep 

the trench width as narrow as possible. It was found however that even at slow 

scanning speeds the unwanted surface damage was negligible. 
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The scanning speed of the beam was varied from 10mm/s (5,2,1,0.5,0.2,0.1,0.075) 

to 0.05mm/s to find the most effective speed for cutting through the wafer. Two other 
pulse energies of 120ý0 and 160ý0 were tested to provide a comparison to the 200ý0 
test. Figure 15 show the results of the experiment. It was found that a speed of 
0.5mm/s produced cuts fully through the wafer after 4 passes, reducing the estimated 
time to cut a 5-finger 3mrn comb to 4.6 minutes. 
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Figure 15 Number of beam passes required 

for breakthrough at varying cut speeds 

It was found that the step in the z direction between each pass of the laser was 

unnecessary at the higher pulse energies, the same depth and quality of trench was 

produced with the focus unaltered throughout the test. 

3.7 Machining quality 
3.7.1 Inspection technique 

Once the full depth of the wafer could be cut reliably, the next stage of development 

was to examine the edges of the cut that would make up the device. Improving the 

quality, i. e. reducing the roughness, of these surfaces was necessary to produce a device 

that is low loss as the beam passed through the ten Joins in the device arising from the 

five fingered comb. The quality of the edge of the cuts was inspected with an optical 

microscope and an environmental scanning electron microscope (SEM). An 

environmental SEM allows sample inspection without the need to coat the sample in a 

conductive material (usually SEM samples are coated with gold) which would alter the 

transmission characteristics of the sample for the worse. The procedure to expose the 
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face of a cut was to cut a small section from a length of GaAs overhanging a glass 
substrate. The overhang was necessary so as to avoid contamination Erom drilling of the 
glass substrate once the wafer had been milled through. The exposed ends, shown 
pictorially in Figure 16 could then easily be analysed under the optical microscope or 
the SEM. 

A 

Figure 16 Exposed edges of GaAs: 3 samples A, B, C 

This method of producing cut faces produced large surface area samples, allowing 

comprehensive diagnosis of the machined surface. A SEM image of a typical sample is 

shown in Figure 17 below. 

Initial examinations of the cut edges suggested that the surface roughness was poor for 

launching visible light through, but may have been suitable for transmitting light at a 

wavelength of 10.6ýtm. The optical micrograph in Figure 18(a) shows the surface 

exposed by machining and Figure 18(b) shows a SEM image of the same surface. 
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Figure 17 A typical edge cut in a sample 350pm thick and 3mm wide 



surface (b) SEM micrograph of an exposed surface 

3.7.2 Effect offocal position 

In an attempt to reduce the roughness of the machined surfaces a number of different 

machining parameters were altered. Firstly, the position of the focus of the beam was 
altered for different samples. The position of the focus was kept constant for the 
duration of the individual cuts as investigated previously, but altered for different tests. 
The first focus was upon the surface of the sample (z=zo), the second 180gm inside the 

wafer (z=zo-180gm) the third 360gm in, the fourth was 540gm and the fifth 720gm. 

The SEM micrographs of the best of the results are shown below in Figure 19(a)-(c). 

From examining these pictures it was decided to machine future samples at a focal 

positions of z=zo-180ýtm to achieve the best machining. This Position corresponds to 

placing the focus at approximately equal distances from the front and back wafer faces. 

3.7.3 Polarisation of the beam 

It has been reported by Venkatakrishnan et al that when a linearly polarised laser is used 

for ferntosecond laser machining of a trench in a metal, the relative orientations of the 
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Figure 18 (a) Optical micrograph of an exposed 

Figure 19 (a) z=zo (b) z=zo-180, um (c) z=zo-360pm 



polarisation and the beam scanning direction affect the quality of the cut [ 19]. Where p- 
polarisation light (parallel to scan direction) was reported to produce the narrowest kerf 

width, but s-polarisation (perpendicular to scan direction) light produced the least debris 

on the surface of the material. Circularly polarised light was found to produce the same 
kerf width as "s"polarisation but created the most surface debris. 

Since the polarisation was reported to effect the kerf width and the debris left behind 

after machining, it was decided that the polarisation was likely to effect the sidewall 

quality and should be investigated. The machining outcome of three different 

polarisations were therefore investigated, two linear and one circular. A quarter 

waveplate was used to alter the polarisation from linear to circular, and a half waveplate 

used to rotate the linear polarisations. The linear polarisations were parallel (p- 

polarisation) and perpendicular (s-polarisation) to the direction of the cut. The results 

are shown in the SEM micrographs shown below in Figure 20. 

Figure 20 Images of machinedfaces produced using (a) 

parallel, (b) circular and (c) perpendicular polarisations 

The parallel machining produced the smoothest surface followed in quality by the 

circular and then the perpendicular polarisations. All further machining was carried out 

with polarisation orientation parallel to translation direction. 

3.7.4 Effect of wafer orientation 

Due to the design of the QPM device, all of the cuts for the final structure have to be 

made at 45' to the major axis of the lattice, as the nonlinear process depends upon the 

wafer orientation. Since GaAs wafers will only cleave along the major and minor axes, 

all the tests so far have been carried out using small sections of cleaved wafer, so the 

wafers have been cut along either the major or minor axes of the wafer. It was deemed 

prudent to check that these tests were of a comparable quality to identical tests at ±45' 
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to the major and minor axes. Machining tests were carried out at a pulse energy of 
200ý0 and a focal position of z=zo-180ýtm and a scan speed of 0.5mm/sec. Tests were 
carried out at both 450 and -45' angles to the major axis. The results are shown below 
in Figures 21 (a) and (b) compared to an identical test along the axis shown in Figure 
18(c). The results indicate that the machining quality obtained when machining at 450 

and -45' to the major axis was comparable to previous results obtained with machining 
along the major axis. 

-45' to ma . or axis (c) Cut along major axis y 

3.7.5 Effect ofscanning speed 

A scanning speed of 0.5mm/sec was chosen previously to achieve high-efficiency 

cutting of the wafer, however it was necessary to independently detennine which speed 

produced the best quality faces. The tests were made with an orthogonally polarised 

beam with a focus 180ýtrn into the wafer, the speed was, as before, varied between 

l0mm/sec and 0.05mm/sec (5,2,1,0.5,0.2,0.1,0.075) and the pulse energy was kept 

at 200ý0. An optical microscope was used to analyse the surface quality of the channel 

walls and this is sufficient to see the quality difference that occurs between the 

individual experiments. Micrographs of the samples are shown in Figure 22(a)-(I), the 

scale in each of the pictures is identical, the wafer being 350ýtm wide. 
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Figure 21 (a) Cut at 450 to major axis (b) Cut at 



LI 
ImmIsee, (e) 0.5mmlsec, (f) 0.2mmlsec, (g) 0. Immlsec, (h) 0.075mmlsecand(i) 0.05mmlsec 

From these pictures it was determined that a scanning speed of 0.1 mm/sec produced the 
best results and although this is slow to produce a device, the quality of the resulting cut 

could make this slow speed worthwhile. 

3.8 Machining structures 

Once all of the parameters for machining the GaAs wafers had been optimised, several 

designs were produced, written in the code for commanding the motion control stages 

(Newport ESP M-ILS). The first test design was a single finger of thickness equal to 

one coherence length for the SHG at 10.6ýtm. All of the structures described in this 

section were machined with the optimal machining parameters demonstrated 

previously: pulse energy of 200ý0, a focal position of z=zo- I 80ýtm and a scan speed of 

0.1 mm/sec with the beam polarised perpendicular to the direction of the cut. 

3.8.1 Single fingers 

The single finger was designed to be 106ýtrn wide (one coherence length at k=10.6pm), 

350pm deep (wafer thickness) and 3mm long. An error when calculating the coherence 
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Figure 22 Exposed surfaces machined at rates of (a) I Ommlsec (b) 5mmlsec, (c) 2mmlsec, (d) 



length given by the refractive index values from Formula 3 resulted in machining of 
fingers of 137ýtm width. 106ýtm wide fingers were subsequently manufactured to prove 
the dimensions are possible, but the examples shown below are 137ýtm wide. Figure 23 
shows three typical examples of machined single fingers. 

lmm 

Figure 23 Typical singlefingers of GaAs 

When examining the machined samples it was noted that the fingers had a vertically 
tapered cross section, likely arising from the shape of the machining beam being 

focused into the sample. This taper only extended to a depth of 100ýtm, resulting in 
250ýtm of the exposed face being parallel. This is shown schematically in Figure 24(a). 

An optical micrograph of the end of one of these single fingers is shown in Figure 

24(b). 

taper, dimensions in mm, the machining beam originatingfrom above the picture 

3.8.2 Multiplefingers 

The single fingers that were machined proved that the material was robust enough to 

survive the shock associated with ferntosecond machining and a design was created 

with the purpose of producing a comb structure with five fingers. Figures 25(a)-(d) 

III 

3mm 3mm 

Figure 24 (a) schematic of two fingers with taper (b) micrograph sho K, ing actual 



shows SEM micrographs of a5 finger comb with 50: 50 duty cycle of 137ýtm and 
therefore a period of 274ýtrn. 

Figure 25 SEMmicrographs of combs created by 

ftmtosecond machining at various magnifications 

The overall structure of the comb was deemed very satisfactory with the inward and 

outward comers being exactly uniform and sharp at 90', following the design exactly. 

3.8.3 Tapered combs 

To mesh the combs together to produce a device, a taper was required in the fingers of 

each comb to avoid breaking them while meshing together. The comb program was 

modified to include a taper of angle 1.5' in the fingers (retaining a width half way along 

each finger of 137ýtm and a duty cycle of 50: 50) and several tapered samples were 

machined. An example of one of these tapered combs is shown in Figure 26. The 

fingers were 3mm in length with a period of 274[im. 
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2mm 
Figure 26 Tapered GaAsfingers, ha4f-width 137, um 

The final step in the manufacturing process was to mesh two combs together as shown 
in Figure 27 to form a composite GaAs device of a design compatible with achieving a 
QPM interaction. For this task two x-y-z goniometers were utillsed, each with a camber 
and a rotation degree of freedom to provide maximum manoeuvrability of the individual 

combs. Two combs were successfully meshed together with no visible structural 
damage, creating a tightly fitting sample as shown in the optical micrographs in Figure 

27. 

Figure 27 Interlaced GaAs combs withfinger haýflwidths of 13 7pm 

The shadows created between the fingers of opposing combs are due to the vertical 

taper mentioned previously, however due to the planar nature of the finger further 

down, they mesh together as desired out of view of these optical micrographs. 
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3.9 Optical testing of machined GaAs samples 

3.9.1 OPO testing 

To test the transmission of the cut faces of the wafer a single finger sample Nxas put into 
the focus of a high quality mid-Infrared OPO Idler beam at a wavelength of 2.3ýtm. As 
discussed in previously the initial prototype structure was constructed with the aim of 
frequency doubling light at a wavelength of 10.6ýtrn. Due to the superior quality of the 
OPO beam compared to a C02 laser, it was decided that the transmission of the 
k=2.3ýtm beam should be used as a benchmark test for a sample's quall ing ity before bei Z: ) 
taken to further tests. A section of unmachined wafer was tested for transmission and 
found to be acting as expected with a -30% reflection loss from each face, but the 

machined sample showed no real transmission with an negligible overall 0.4% 

transmission. This poor transmission is most likely attributed to the surface roughness 

of the machined faces which had a depth comparable to the 2.3ýtm wavelength of the 

mid-IR OPO. 

3.9.2CO2 laser testing 

Once the meshing of the tapered combs had been successfully completed, several 

samples of the mesh and of the single finger were tested with aC02 laser. TheC02 

laser, operating at a wavelength of 10-6ýtm was a pulsed laser with variable repetition 

rate but typically ran at IOHz. The pulse duration was a minimum of 100[ts but could 

be chopped extra-cavity by an acousto-optic modulator (AOM) to durations of less than 

5ýts. Due to the non-linear nature of the experiment, the peak power of the pulse was 

required to be high, and due to the thermal natureOf C02 laser radiation absorption the 

average power had to be kept low to avoid damage to the material. A schematic of the 

experimental setup is shown in Figure 28. 

Detector 
Sample Spatial filter 

Figure 28 Schematic of CO, laser test 
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The spatial filter gave a circular beam with which to work, the sapphire filter absorbed 
the unconverted light at X=10.6ýtm and was transparent to light at X=5.3gm. A bulk 
section of wafer was initially included in the apparatus to ensure that the fluence of the 
laser was not high enough to machine the samples, and also to check the transmission of 
the GaAs. 

A previousC02 laser machining study [20] was carried out with silicon, a material very 
similar to GaAs being high refractive index and similar in mechanical and thermal 
properties. In this study the threshold fluence was found to be 28OkW/cm 2, and it was 
decided to keep the laser fluence below this threshold. For our experiments the lens 

employed to focus the beam through the device was a 38mm focal length singlet, 
capable of producing a focal spot of radius 51ýtm in air (see formula (8)). Aiming to 
keep the fluence below 200kW/crn 2 it was necessary for us to keep the peak power of 
our beam below 16.34W to avoid machining. 

The range of peak powers chosen, from 15W to 3W would all leave the wafer 

untouched, no machining or damage was visible with a pulse duration of 10ýts for long 

exposures of radiation. When the wafer was replaced with a machined sample of a 

single finger, exposure to any of the powers tested resulted in machining upon the 

surface of the sample. This machining was unexpected because GaAs is transparent at 

10.6gm. The machining was attributed to the fact that the surface may have been 

contaminated with debris from the machining process, such as oxides which absorb in 

the mid-IR and lead to local heating and effective machining of the GaAs. Due to the 

non-thermal nature of the ferntosecond machining process, no recast debris should end 

up bonded to the sample, merely a fine dust settled upon the tops of the fingers, 

however debris is the most likely cause of absorption at 10-6ýtm. 

After testing the samples for transmission both with laser beams of X=2.3ýlm and 

k=10.6gm and having had no success with either wavelength, one or both of two 

outcomes of the laser machining caused the problems. Firstly, the surface roughness of 

the cuts was too severe to allow transmission and resulted in excessive optical 

scattering. The second possibility is that oxides of Ga and/or As were formed on the 

surface during machining which were not transparent to either wavelength. Either 
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possibility would lead to absorption on the surface of the cut, giving no transmission to 
the OPO beam and machining with theC02bearn. 

3.10 Chemical smoothing 

In an effort to smooth the sidewall surface an etchant solution of sulphuric acid, water 
and hydrogen peroxide (H202)was used. Under normal circumstances, the solution 
creates an oxide layer upon the surface of the GaAs and then removes the oxide. With 

our samples it was believed that there were oxides present upon the surface so the 

etchant should have been ideal for cleaning and smoothing the samples, as the solution 

should also preferentially attack any protruding structures and cause less damage to 
depressions than smooth surfaces. When the comb structures were immersed in the 

etching solution there was no noticeable difference in quality of the cut sidewalls. The 

unmachined areas of GaAs had been cleaned to a spotless finish but there had been 

etching of the cut sidewalls. This result suggests that what was present upon the rough 

sidewalls of the fingers was not an oxide of Ga or As but another unknown compound. 
To investigate this compound a comb sample was placed in a SEM with EDX capability 
to record the elemental makeup of the rough sidewalls. The EDX results found only 

gallium arsenic and oxygen were present in the surface of the sidewalls and no further 

progress could be made with the GaAs etchant. 

11 Post processing strategies for improving optical quality 

In an effort to propose solutions to the problems that have been encountered a list of 

workable ideas to produce a device with smoother surface finish has been created. 

Mechanical smoothing methods are not viable with such a delicate structure. 

3.1 LI Further chemical smoothing 

Further chemical etchants that could be used to smooth the surfaces that were not 

available to be used with this project would be hydrochloric acid or hydrofluoric acid. 

3.11.2 Furnace heatingfor smoothing and removing oxides 

Some smoothing is likely to occur at 70 to 80% of the melting temperature 

(Mp=1240'C) which should be carried out under an inert atmosphere to prevent 
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oxidation problems. It would be necessary to consult the phase diagram of the GaAs to 

check whether there might be a change to the bulk crystal structure. 

If, as previously hypothesised there exists a layer of oxides on the surface of the cut, a 

short exposure in a furnace at a more modest temperature of -700'C could be used to 

remove these oxides, as is done in the MBE production process. There should not be a 

problem with crystal structure deformation in this case, as other research groups have 

used a furnace at 650'C to bond GaAs devices together for an identical purpose [21]. 

3.11.3 High index glasses 

The aspiration behind this project was to tailor-make two structures which could be 

easily and quickly joined together to form a working device. As an alternative to the 

two-comb method, the idea of using a high refractive index Chalcogenide glass [22-24] 

as an index-matching material was put forward. A "radiator grille" shape of GaAs 

could be cut to produce a structure for gain of second harmonic while the gaps could be 

filled with the glass to reset the phase of the light allowing gain in the next section of 

GaAs despite being of the same crystal orientation as the previous gain section. Figure 

29 illustrates the method. 

Step 1: Machine wafer 

GaAs wafer 

Step 2: Fill gaps with glass 

10.6um , 

�/ 

/I 
// 

/� 

1, GaAs 
GaAs wafer 

1, Glass 

Figure 29 Schematic of GaAs wafer cut and infilled with high index glass 

IF 5.3um 

High 
index 
glass 

As the wafer is all in a single crystal orientation, the glass is used to reset the phase, but 

no conversion will occur in the glass, the gain picture from Figure 2 Is now altered and 

is shown in Figure 30. 
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Figure 30 Conversion in potential "radiator grille " device 

High index glasses of up to -3.4, certainly above the index of GaAs are routinely 

manufactured [22]. In this case it would be possible to heat up a small capsule of glass 

on top of a periodic structure of GaAs, and let it flow into all the gaps at a temperature 

as low as 127'C. This would result in the complete structure being fused inside a piece 

of glass, the end-faces of which could be polished to give good optical coupling and an 

extremely robust device. 

3.12 Conclusions 

The techniques for cutting and processing GaAs proposed in this chapter strongly 

suggest that the creation of a single quasi-phasematched GaAs device will be possible 

using ferntosecond machining if the problem of the poor optical quality of machined 

faces can be solved or suitable post-processing techniques applied. Carrying out the 

machining in a vacuum or an inert/non-oxidi sing atmosphere could be a solution to the 

surface problems encountered. The results presented indicate that femtosecond 

machining has the potential to be used to create monolithic quasi-phasematched devices 

in GaAs and many other materials that are not amenable to quasi-phasematching using 

more conventional techniques. 
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Chapter 4: Femtosecond Laser Inscribed Waveguides in Periodically Poled 
Potassium Titanyl Phosphate for Second Harmonic Generation 

4.1 Introduction 

First demonstrated by the Hirao active glass project in 1996 [1], the creation of 
waveguides within glass and subsequently crystal structures, is the focus of many recent 
studies [2-5]. Of particular interest is the fabrication of waveguide devices inside active 
materials capable of optical amplification or frequency conversion. 

Waveguides inscribed in erbium-ion-doped phosphate glass have been shown to 
amplify a telecorn signal [6] at a wavelength of 1550nm when pumped by light of 
980nm using a wavelength division multiplexer (WDM). The waveguides produced in 
Er 3+-doped glass allow direct fibre coupling and can be re-launched into a fibre without 
the need of additional focusing optics. The performance of these amplifiers is still 
inferior to erbium, doped fibre amplifiers (EDFAs), but their advantage lies in their 

small size and the possibility of combining other functions such as splitters or 
interleavers on the one device. 

Femtosecond inscribed waveguide studies have been carried out in Nd: YAG [7] and in 

Ti: sapphire [8] with the aim of producing low-threshold tuneable lasers and integrated 

femtosecond lasers. In addition to the range of materials, the type of inscribed 

structures has been varied widely, and has included 3D guides [91 and diffraction 

gratings [2]. 

Producing ferntosecond-inscribed waveguides in nonlinear crystals is another attractive 

area of work that is rapidly emerging. Shortly after our original demonstration of fs- 

inscribed guides in lithium niobate (LN) [10] other studies quickly followed [11,12]. 

These first studies concentrated on the characteristics of the waveguide creation process 

in non-linear materials in order to produce devices like a Pockels cell, but subsequent 

work has studied the frequency conversion properties of the waveguides for the same 

reasons we are interested in KTP, high frequency conversion. Recent work has 

demonstrated ferntosecond-inscribed waveguides in a birefringently phasematched LN 

crystal resulting in the very high efficiency (49%) second harmonic generation (SHG) 

of a nanosecond-pulsed 1064nm laser [131. Another recent study has reported 

waveguides created in periodically poled lithium niobate (PPLN) to achie\'e SHG from 
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ai 1563nm laser [14]. This chapter reports the creation of waveguides in potassium 
titanyl phosphate (KTP) and the achievement of high efficiency SHG using waveguides 
inscribed in periodically poled KTP (PPKTP). 

Producing waveguides within a nonlinear crystal to improve conversion efficiencies is 
not an entirely new concept. Studies have been carried out as long ago as 1987 [15] to 
produce surface waveguides in KTP and PPKTP by incorporation of Ba 2- ions in the 

exchange melt. This ion exchange waveguide manufacturing technique would produce 
quasi-phasematched frequency conversion [16,17]. 107mW of frequency doubled blue 
light was demonstrated, limited by the available pump power [18]. The ion exchange 

waveguides degrade with time when producing high powers of visible wavelength light, 

attributed to diffusion of the ions forming the waveguide [ 18]. 

The ferntosecond-laser-produced waveguides described in this chapter offer several 

advantages over this previous work. Ferntosecond laser waveguide inscription can 

produce very repeatably sized and symmetric circular waveguides, as opposed to the ion 

exchange process which, for a series of 4ýtm wide waveguides was shown to produce a 

square channel waveguide of 5-10ýtm depth varying from guide to guide [19]. 

Ferntosecond laser inscription has the ability to write the guides at an arbitrary depth 

below the surface of the sample, producing guides that are immune to environmental 

contamination and damage, removing the need to fabricate the devices in a cleanroom. 

Furthermore it is reasonable to believe that these waveguides could stand higher optical 

power as they are not created by diffusion. 

4.2 Motivation 

If generating second harmonic light by conventional phasernatching, or by periodic 

poling, the pump (fundamental) laser is focused into the centre of a crystal by a bulk 

optic, typically a lens of around 50mm focal length as shown in Figure 1. 

Figure IA schematic of a Gaussian beamfocused inside a nonlinear optical ctystal 
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Dmitriev et al. [20] present a formula (1) for calculating the peak second harmonic 

power (P2) generated in a nonlinear material for a given input peak power (PI) and 
beam area (A), given by7rwo 2, where wo is the beam radius. The formula uses the plane 
wave assumption i. e. that the beam radius is constant for the length of the interaction 
(L) and that the intensity distribution is unifonn. 

2 ; r2 2 2p2 dfL ef 2 
6kkL 

P2 

Eo cn, 
2 n2 A22A "' "'ý 2 (1) 

d, ff is the effective second-order optical nonlinearity and n, and n2 are the refractive 
indices of the material at the fundamental and second harmonic wavelengths 

respectively. This plane wave assumption can be used when the crystal length is much 

shorter than the confocal parameter of the focused fundamental beam, leaving only 

essentially plane waves within the crystal. The confocal parameter, b, is double the 

Rayleigh range, as discussed already in Chapter 2, which is, 

MV 
2n 

ZR 0 (2) 

From (1) it is evident that, 

P2 Oc 
L2 P, 2 

(3) 
A 

as all the other variables are fixed for any particular choice of crystal and fundamental 

wavelength. When wishing to increase the second harmonic power level (P2), 

increasing the length of the crystal will work to a certain extent, a longer crystal will 

produce more SHG as the square of L, but as the crystal length increases the plane wave 

assumption will no longer be accurate and the Gaussian nature of the focusing beam 

must be taken into consideration. It is to be expected that the optimum crystal length 

will be a match to that of the confocal parameter (when L=2zR), which will reduce (1) 

tol 

4)r'd' LP' (AkL) eff 
sinc' P2 

2, V 
Eocn, ,2 2 

(4) 

It is clear that simply making the crystal arbitrarily longer will not increase the extent of 

the SHG by the square of the increase as described in (3), the increase in P2 when 

focusing with a Gaussian beam will scale only with L. A lengthy analysis [21] shows 

that the optimum conversion is achieved when L=5.68ZR, which yields a power -1.2 

times that given by matching L to the confocal parameter. 
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Creating a waveguide along the length of the crystal would yield two significant 
advantages over focusing the beam through the crystal. In a waveguide the wavefronts 
are plane along the entire length of the crystal; this returns the focused Gaussian beam 

to the plane wave assumption resulting in P2-L 2 for any length of crystal. In addition to 
this, the area of the pump (A) remains small for the entire length of the crystal, which is 

also very desirable according to (3), see Figure 2. 

L 

confinedpump beam in a nonlinear optical crystal 

This confinement has the potential to make the conversion process very efficient, 
theoretically allowing the creation of high conversion second harmonic generation 

crystals and optical parametric oscillators (OPO) based around the devices. Another 

advantage would be that beam poynting walkoff would be eliminated. Waveguide 

assisted SHG would be particularly suited to weak or CW pump signals due to the 

length scalability. 

4.3 Theory 

4.3.1 Fetntosecond waveguide creation 

In order to write a waveguide in a transparent material, the first requirement must be to 

make sure the beam is absorbed. As the material is transparent, we must rely upon 

multi-photon absorption. Multi-photon absorption is the process whereby a number of 

photons excite a single electron from the ground to the upper energy state with a series 

of virtual energy states temporarily created in the bandgap (see Chapter 1). Multi- 

photon absorption is a highly non-linear process with a very low probability of 

occurring, but a tightly focused ultrashort laser pulse is able to produce a photon density 

high enough to create the conditions necessary. Due to their enormous peak power 

(typically 2GW) and short duration (100fs) amplified ultrafast lasers when tightly 

focused (e. g. a 5ýtm radius spot) can readily create these conditions. Multi-photon 

absorption in transparent media is material dependent and the bandgap of a particular 
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material dictates the threshold intensity level that a particular wavelength laser pulse 
must achieve to be absorbed within the material. 

For longer duration pulses, the pulse energy required to reach the modification threshold 
intensity is typically large due to the lower intensities of such pulses. Consequently, a 
large amount of energy is deposited into the material leading to extensive, damaging 

material changes. It is therefore assumed that for fs laser waveguide writing the pulse 
duration should be kept as short as possible. Pulses of even a few hundred 
ferntoseconds have been shown to produce structural changes larger than the focal 

volume, so degrading the machining precision [22,23]. 

In this study all waveguides were manufactured using pulses of 120fs duration, so to 

modify the intensity of the pulse, the pulse energies were modified, therefore in this 

chapter energy thresholds are discussed, but it is not true that the threshold is energy 
dependent, but rather it is intensity dependent. 

There are three relevant energy thresholds for fs material processing, first an absorption 
threshold, a modification threshold and a damage threshold. A pulse just above the 

absorption threshold will be absorbed in a multi-photon process but will have no 

permanent effect upon the material and no structural change will occur. At higher 

intensities, just exceeding the modification threshold, waveguides can be created. 
Above this threshold, localised melting can occur within the tiny absorption focal 

region, assuming that there are a sufficient number of consecutive pulses incident upon 

the area. When this melted material is allowed to cool it will do so non-uniformly (but 

symmetrically), leading to density variations and resulting in a refractive index gradient. 

At still higher pulse intensities the damage energy threshold is reached. Here the pulse 

energy is high enough to disassociate electrons from atoms. Damaging the region of the 

crystal where absorption takes place produces stress fields in the surrounding area that 

result in waveguides around the absorption/damage region. It is unknown what exactly 

happens to the material in the absorption region, but with the region's lack of optical 

transparency and its seeming expansion to produce the stress fields, it is probable that a 

random series of microcracks are formed which could account for both properties of the 

region. This is the region in which we operated to produce permanent waveguides in a 

crystalline substance. 
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Although waveguides in crystals are produced by damaging the material, the energy can 
only be increased to a certain level before damage occurs to the area surrounding 
absorption region. Operating above this energy results in hot electrons and ions 

explosively expanding out from the absorption site and into the surrounding material. 
This leaves a void in the material and has been shown to often result in a less dense 

region surrounded by a denser halo [24] compared to the original density of the 

material. This is an undesirable effect as waveguiding does not occur when damage 

extends beyond the absorption region. 

Assuming that the pulse energy is suitably chosen for the material, waveguides are 
created by moving the laser focus through the crystal (commonly by translating the 

position of the crystal relative to the focus) at a speed which will cause a sufficient 
number of pulses to be absorbed in any one point of the crystal to effect the necessary 
change. The translation speed is typically chosen to be slow enough to achieve 
substantial overlap between the regions irradiated by successive pulses. 

4.3.2 Frequency doubling with PPKTP 

KTP was first demonstrated in 1984 as a nonlinear crystal to frequency double 1064nm 

Nd: YAG lasers in type 11 birefringent phasernatching [25]. In 1997 KTP was 

successfully periodically poled at room temperature by electric field poling [26], the 

technique by which our samples were poled. The periodic poling technique is now a 

mature technology in KTP [27] and is commonly used to frequency double many 

wavelengths in the near infra-red (NIR). 

The crystal has five non-zero elements in the nonlinear susceptibility tensor, which 

takes the form, 
0000 d15 0 

000 d24 00 

_d3l 
d32 d33 000 

The nonlinear susceptibility coefficients for two wavelengths, 1064nm [28] and 532nm 

[29], the most commonly converted wavelengths, are shown in the table below. Values 

are in pm V-1. 
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Wavelength d3l d32 d33 d24 d15 

1064nm 2.5 4.4 16.9 4.4 2.5 
532nm 1.4 2.65 10.7 2.65 1.4 

In periodically poled KTP, all the waves are polarised parallel to the crystal z-axis and 
the refractive index is described by Fradkin et al [30] and can be expressed as 

2 
=A+ 

7- )2 

A2 

where the parameters of the fit are 

A 2.12725 D 0.6603 
B 1.18431 E 100.00507 
C 5.14852x 10-2 F 9.68956x 10-3 

This Sellmeier equation (4) results in a dispersion curve as shown in Figure 3. 
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Figure 3 Dispersion curvefor KTP 

(6) 

For the experiments described later in this chapter there were two sources available to 

be frequency doubled, one centred at a wavelength of 980nm and one at 800nm. The 

Sellmeler equation (6) produces the refractive index for these two wavelengths and their 

second harmonics. 

Wavelength (nm) Refractive index 
980 1.8338 
800 1.8452 
490 1.9055 
400 1.9674 
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The refractive index values at the fundamental and second harmonic wavelengths are 
used to calculate the domain period of the periodic poling in the KTP. The coherence 
length (1, ) for these two interactions can be calculated by, 

IC =z 
Ak 

where: 

Ak - 
k2(o- 2kco (8) 

and o) refers to the fundamental beam and 2co the converted beam, where 
2)zn (A) 

A 

Using the refiractive index values from the table above, the coherence length of the 
980nm to 490nm SHG interaction is 3.44ýtm and the coherence length for 800nm to 
400nm conversion is 1.68ýtm. A crystal with a poling period of 3.36ýtm is difficult to 
fabricate, so a third order crystal was manufactured to frequency double the 800nm 

laser, the crystal had a period of 10.07ýtm. A third-order crystal domain and a first 

order crystal domain are compared schematically in Figure 4. 

(b) 

(0-410- 
$ 
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3xl, 
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Figure 4 Representation of the domains in a (a) first order 

periodically poled crystal (b) third order periodically poled crystal 

A lower conversion efficiency is expected for third order phasematching since the 

effective nonlinear coefficient for a mth order quasi-phasematched process is 2/7rm of 

the effective nonlinear coefficient for perfect phasematching [31]. For a third-order 

interaction we therefore expect a ninefold reduction in conversion efficiency compared 

to an otherwise identical first-order phasernatched process. This is due to the back 

conversion occurring in a portion of each and every domain period, see Figure 5. 
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Figure 5 First order conversion (green), third order 

conversion (red) and no phasematching (blue) 

Despite the drawback of producing only I /9th conversion for a specific length, the third 

order crystal is necessary as it is allows the creation of a periodically poled structure in 

the KTP that will frequency double light at a wavelength of 800nm. 

4.4 Experimental configuration 

The two PPKTP samples were grown and poled by the Royal Technical Institute, 

Stockholm from a Imm thick c-cut flux grown KTP wafer. The 980nm crystal was 

9.3mm long and the 800nm crystal was 15.4mm long. In order to avoid any damage to 

the crystal surface that could disturb the incoming ferntosecond laser beam, no metal, 

which is normally used as electrodes, was deposited on any of the crystal faces. 

Instead, the crystal c- -face was patterned with 6.84ýtm and 10.07ýtm period photoresist 

gratings to act as insulation for the crystal. Potassium chloride (KCI) liquid electrodes 

were used to contact with the external poling circuit. The samples were poled by 

applying electrical pulses of 2.7kV/mm, each of duration 6ms. 

After the sample had been poled, the photoresist was removed with acetone. The crystal 

was mounted upon translation stages in the configuration shown below in Figure 6. 
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Figure 6 Experimental configuration for waveguide creation 
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Yrz 
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The focusing objective was a long working distance (17mm) near-IR corrected infinite- 

conjugate microscope objective from the Mitutoyo corporation. The objective had a 

numerical aperture of 0.42 and therefore could be focused to a spot size of 0.95ýlm in 

air. The laser polarisation was linear and along the x-direction in Figure 6. This was 

perpendicular to the direction in which the guide was inscribed, the y-direction in 

Figure 6. The waveguides in this study were all inscribed in the transverse writing 

geometry, see Figure 7. 

(a) 

COD 

Figure 7 Waveguide writing geometries (a) longitudinal and (b) transverse 

The longitudinal focusing geometry has the advantage of producing uniform circular 

cross section guides, but requires a narrow beam or wide crystal and also demands a 

very long focal length optic to focus the writing beam compared to the crystal length so 

as not to collide the objective and the workpiece. Transverse writing has the advantage 

that the crystal length, and therefore waveguide length is independent of the focal length 

of the writing optic. The disadvantage of transverse writing is that due to the Gaussian 

nature of the focused ferntosecond beam the guides produced are long in the beam 

propagation direction (z direction in Figure 6), even for high numerical aperture lenses. 

(b) 
fs laser pulses 

Focusing tens 
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Despite this drawback, the transverse writing geometry was chosen as it had the 
advantage of being able to write guides in arbitrary lengths of crystal. The problem of 
elongated guides can be solved by writing several guides that are slightly overlapping 
[6,32,33], see Figure 8, to produce a guide with identical horizontal and vertical 
dimensions. 

(a) (b) 

Figure 8 (a) Thefocusing of thefemtosecond beam produces elliptical waveguides 
(h) overlapping many waveguides in the x-axis produces symmetric guides 

This multi-scan technique involves scanning the beam along the full length of the 

crystal (y-direction in Figure 8), then moving the focal position along the x-direction by 

a small amount, usually of the order of a micron, then scanning the full length of the 

crystal again and repeating as many times as necessary. 

There are other methods employed to produce symmetric guides. For example, utilising 

an astigmatically- shaped beam and controlling the beam waist and position In the x and 

y planes will produce a circular profile of the desired size [34] or, alternatively, 

bearnshaping using a slit positioned before the focusing objective can also produce 

symmetric waveguides [35]. 

The sample was mounted onto a computer controlled 3-axis motion control stage 

(Newport, ILS 150 series) capable of resolution of 0-1ýtm. The stage was controlled 

using Agilent VEE software to scan the sample through the las er focus, pass'ng the 
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crystal through the beam several times, each scan overlapping the previous so the 
distance in the x-direction that the sample was moved did not leave any gap in the 

absorption regions of successive passes. 

4.5 Results 

4.5.1 UnpoledKTP 

Waveguides were first produced in an unpoled sample to verify which laser parameters 

produced the optimum guiding of NIR light (980nm and 800nm) and of the visible 

second han-nonic light (490nm and 400nm). Processing was carried out using a range of 

pulse energies and a range of laser passes of the material. The pulse energy was varied 
between 0.6ý0 and 2.2ý0 in 0.2[tJ steps and the number of passes of the laser beam was 

varied from I to 10 with a linear variation in scan separation between 0 and 0.6ýtm for 

the I and 10 scan waveguides respectively. 

In KTP it was found that there is a small pulse energy range above the material 

modification threshold which induced a refractive index change without incurring 

substantial collateral damage in the material. The optimal translation speed for 

waveguide writing was determined by comparison with work in a material that 

exhibited similar behaviour, boron and phosphorous doped glasses. Work by Nasu et al 
found that a translation speed of 10ýtm/sec was ideal for creating waveguides with a 
IkHz repetition rate ferntosecond laser source [32]. Consequently, all the waveguides 

reported in this chapter were manufactured at a translation speed of 50ý1m/sec, 

achieving an equivalent spatial overlap between successive pulses for the 5kHz 

repetition rate Hurricane laser. 

After the waveguides were created the end facets of the crystal were observed to have 

been slightly damaged, damage caused to the surface by the beam entering and leaving 

the crystal from free space during the writing process. Recent work by Li et al on 

ferntosecond laser induced surface structural changes in KTP described the threshold for 

producing "complete damage" as 30. OJ/cm 2 [36]. This data overlaps well with the tests 
2 

carried out here, our machining range was 0.6-2.2ý0, corresponding to 21-77J/cm . All 

of the samples produced below 30J/cm 2 exhibited no damage on the end facets where 

the laser would enter and exit the crystal. Damage then appeared once the sample had 

been processed with a fluence greater than 30J/cm 2. The facet could be polished to 

remove all of the damage for the characterisation of the guides. 
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To investigate the guiding properties of the fabricated waveguides the polished sample 

was mounted in a test system as shown in Figure 9, and was pumped by a 980nm fibre- 

pigtailed diode laser, which was butt-coupled into one end of the sample. At the 

opposite end of the sample was positioned a CCD camera capable of viewing the guides 

with visible light and of imaging the guided IR light also. 

Microscope 
objective 

CCD Array 

KTP sample 
x-y-z fibre 

launch stage II 

980nm 
diode laser 

Figure 9 Experimental configuration for testing waveguides inscribed in KTP 

The modification threshold was found to be 1.0ý0, below which no modification of the 

crystal structure could be detected. In the areas which were modified and that produced 

waveguides, 980nm light was launched along the guides, and images of the guided 

modes were captured from the camera by a computer and could be used to examine the 

guiding quality of the modified region. 

The highest quality guides, those deemed to be of the most unifon-n cross-section and 

highest confinement, were produced at a pulse energy of 1.4[tJ and with 6 passes of the 

laser beam. Images of the end facet of a waveguide inscribed with these optimal 

parameters is shown in Figure 10, (a) is a visible optical microscope pictograph of the 

end facet of a guide and (b) is a 980nm mode intensity picture at the output end facet of 

the guide, taken from the CCD camera, the scale is millimetres. 
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Figure 10 (a) optical micrograph of the endfacet of afemtosecond laser inscribed 

waveguide Ep=1.4pJ and 6 beam passes (b) the resulting mode from the guide 
above the damage region. The guided mode was 8. Ipm by 9.3pm FWHM 

At pulse energies of 1.0ý0 and above, the pulses from the writing laser were absorbed in 

the sample producing the darkened region in Figure 10(a), The square shape of the dark 

region arises from the multi-scan technique. Waveguiding occurred in two locations 

either side of the darkened region, in the y direction in Figure 10. No transmission of 
the 980nm light was observable in the dark region. 

After producing waveguides in various glasses [4], lithium niobate [10] and unpoled 

KTP, our findings indicated that in order to effect a refractive index change in a crystal 

structure, slight damage had to be inflicted upon the area within the crystal where the 

ferntosecond-inscription beam is absorbed. This damage cannot transmit light and will 

not act as a waveguide, but causes stress in the surrounding regions, resulting in a 

higher refractive index in the two locations either side of the darkened region. In 

contrast to index-modification guides, damage-induced waveguides are permanent and 

are not subject to annealing with time [ 10]. 

Burghoff et al [ 13] have reported that, in lithium niobate, the two guides occurred at the 

sides of the absorption region in the x-direction in Figure 10. it is possible that this 

difference in location of the waveguides is a result of different orientation of the 

polarisation of the writing beam in the their experiment and the experiments described 

in this chapter. It is also possible that is it the crystalline structures themselves that are 

more vulnerable to expanding in a certain direction to produce waveguides either at the 

sides or, above and below of the absorption region. 
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The mode profiles of all the created guides were analysed using a program written In the 
MATLAB environment. The program returned x and y direction mode profiles and 
calculated the full width half maximum (FWHM) beam diameter. Figures II (a) and 
(b) show the profiles of the mode shown in Figure 10 (b). 

1 
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Figure II Profiles of the guided mode in the (a) x and (b) y-directions 

The output of the waveguides was visually essentially circular, but elongated in the y- 
direction (increasingly -ve radial distance on Figure II (b)) on the opposite side to the 

damaged area (above the radial distance on I Oýtm on Figure II (b)) as the stress field 

fades further from the damage region. This resulted in a guided mode with a size of 
8.1 ýtm by 9.3 ýtm FWHM. 

These measurements were taken with very small levels of 980nm light (-ImW), in 

order to avoid saturating the CCD camera. This low level of pump produced no blue 

SHG light with which to test the modified regions for a waveguide at 490nm. 

Launching a high power along the guide (-300mW CW) produced a small quantity of 

blue light from the crystal's nonlinearity. The blue produced was too weak to be 

accurately measured with the CCD camera, but was guided in the waveguide. 

It was not possible to measure a refractive index profile across the waveguides as the 

equipment available was designed to measure the refractive indices of glasses (n-1.4) 

and was not capable of measuring the KTP crystal with a refractive index of >1.8. 

The threshold whereby damage was caused to the area surrounding the absorption 

region was found to be 1.8ý0 and modified regions produced with pulse energies above 
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this level did not guide light. The area around the absorption region In the sample was 
damaged by cracking along the length of the modified region within the crystal and did 

not result in a waveguide (see Figure 12). The 980nm light was scattered by the 
damage in the absorption region and by the cracks emanating from the centre, with the 
result that no waveguiding occurred. 

the resultant transmission of 980nm light. Scale in mm 

In addition to the previously mentioned damage threshold there was found to be a 
further damage level at which the cracking resulting from the damage altered from 

uniformly horizontal to vertical and diagonal cracks. Writing in several samples at 

1.8ý0 and 2.0ý0 caused cracking that was always horizontal, (x direction in Figure 10) 

following the polarisation of the laser, but at 2.2[tJ and above the cracking altered in 

direction to vertical and diagonal, see Figure 13. 

The reason for the crack propagation alteration in direction from horizontal to vertical 

with an increase in pulse energy is not known. There is the possibility that the 

polarisation of the laser causes the cracks to initially appear in the horizontal direction. 
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When the pulse energy is increased more damage is inflicted upon the crystal and 
therefore higher strain, this could cause splitting along a different crystal axis. The 

reason for the diagonal cracks is also unexplained. 

4.5.2 Periodically poled KTP 

From the characterisation described previously, the experimental parameters that 

produced the best guide in the unpoled sample were a pulse energy of Ep=1.4[tJ, a 

translation speed of v=50ýtm/sec and 6 passes of the laser beam. These parameters were 

then used to produce guides across the entire width of the two periodically poled 

samples. The entire width was covered because the poling quality can vary across the 

width of a crystal. 

To discover the efficiency of the frequency conversion taking place in the guide, two 

separate CW Ti: sapphire lasers were used as the pump sources. The Ti: sapphire laser 

was preferred over the diode laser used for the characterisation as the diode laser had a 

relatively broadband wavelength spectrum, -3.4nm. A wavelength spread of this size is 

undesirable due to the crystals having a very narrow bandwidth for conversion, 0.16nm 

for the 980nm crystal and 0.037nm for the 800nm crystal. This figure is calculated by 

taking the sine 2 function after the constants from (1) and using the definitions in (7)-(9) 

to plot the resulting intensity against wavelength, see Figure 14. 
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Figure 14 Theoretically calculated conversion bandwidth of the 980nm crystal 

The narrow conversion bandwidth dictated that a laser with a narrow emission spectrum 

should be used as a pump, but a tunable source was necessary to fine tune the laser 
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wavelength to the optimum conversion conditions of the particular crystal. The two 
lasers used to test the sample were both continuously tunable around their central 
wavelengths. The 980nm laser produced up to 600mW and the 800nm laser produced 
up to 1.1 W. The sample was mounted as shown in Figure 15. 

Microscope 
objective KTP sample 

CW Ti: sapphire 
laser 

Figure 15 Test configuration for SHG detection 

4.5.2.1 The 980nm sample 

The highest efficiency of generated blue light was produced when the Ti: sapphire laser 

was centred at 978.6nm,, where the emission spectrum was 0.63nm wide. The generated 
blue was centred at 489.4nm and had a bandwidth of 0.3nm. Figure 16 shows the 

spectral data of the fundamental and second harmonic beams. All wavelengths were 

measured with an optical spectrum analyser with a resolution of 0.05nm. 
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Figure 16 Measured Spectra of the (a) fundamental pump beam 

and (b) second harmonic light produced in the waveguided PPKTP 

The blue light produced had a maximum power of 0.20[tW from 9.5mW of pump 

power, an absolute efficiency of 0.002%, normalising to 0.22%/W. Due to the low 

overall conversion efficiency it was be assumed that there was no pump depletion. 
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The PPKTP sample was mounted upon a Peltier crystal to allow cooling or heating of 
the sample from room temperature (19'C). The temperature tuning of the crystal can be 
seen in Figure 17. 
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Figure 17 The measured temperature tuning profile of the second harmonic light 

The measurements were taken at 0.5'C increments,, the higher temperature lobe of the 

sinc 2 tuning curve is not seen as it was decided not to heat the crystal above 36'C. The 

temperature tuning FWHM was 13.5'C. 

4.5.2.2 The 800nm sample 

The highest level of generated blue light was produced when the 800nm Ti: sapphire 

laser was centred at 801. Onm, where the emission spectrum was 0.7nm wide. The 

generated blue was centred at 400.5nm and had a bandwidth of 0.35nm. These 

wavelengths were not measured with the optical spectrum analyser but with a grating 

spectrometer of resolution 0.1 nm. 

The power achieved from the 800nm sample was 0.51ýtW from a pump power of 

500mW, an absolute efficiency of 0.0102%, normalising to 0.02%/W. Applying the 

third order correction factor, discussed previously, to the 800nm sample's normallsed 

efficiency figure results implies a conversion efficiency of 0.18%/W should be 

achievable in first-order at 800nm. This predicted value is in close agreement with the 

independently measured value of 0.22%/W obtained for first-order phasematching at 

980nm. Both of these normalised efficiency figures compare well to the reported 

139 

lu 2u 30 40 
Temp (Deg C) 



0.5%/W efficiency in birefringently phasematched LN [13] and are significantly better 

than the 0.006%/W reported in PPLN [ 14]. 

4.6 Comparison of results to other work 
As the processes of QPM and bireffingent phasernatching are very different, and the 

experiments carried out used different lasers, direct comparisons between the reported 

results are difficult. To formally compare the results described here to the limited 

amount of similar published work, a normalising figure-of-merit calculation was 

performed. Initially, Suml considers the factors fixed by the choice of material 
(nonlinear coefficient and refractive index) and wavelength, and was calculated 

according to (1). Suml was: 

d2 
Suml eff 

n2n 122 
(10) 

The constants (speed of light, pi, permittivity) and the factor of 2 have been removed as 

they will not effect a normalised result. The fixed factors for each experiment and the 

result of Sum I is shown in the table below. 
kl (ýtm) k2 (9M) dijk deff ni n2 Suml 

Campbell 0.980 0.490 16.9 10.8 1.83 1.91 75.4 
Campbell 0.800 0.400 16.9 3.59 1.85 1.97 11.9 
Lee [14] 1.563 0.782 25.0 15.9 2.14 2.18 41.5 
Burghoff [ 13] 1.064 0.532 5.40 5.40 2.15 2.23 10.0 

The dijkvalues were taken from Cheng [28] (KTP) and Shoji [37] (LN). The refractive 

index values were calculated from Fradkin [30] (KTP) and Zelmon [38] (LN). The 

other factors influenced by the experimental design of each waveguide (length and 

mode area) were added to the consideration to produce Sum2, which was: 

Sum2 = Sum Ix 
A 

(11) 

The experimental design factors and the result of Sum 2 are shown in the table below. 

L (mm) A (ýtm 2) Sum2 Normalised 
_ Campbell 11.0 236.7 38.5 1.0 

C, ýmpbell 15.7 236.7 12.4 0.4 

Lee 44.8 319.8 260.7 9.5 

Burghoff 9.3_ 196.5 4.4 0.2 

These calculations do not take into account the suitability of the source lasers, the 

bandwidths of which are not precisely known, so it is impossible to compare them to the 

bandwidth of the crystals. It has been assumed that the sources are all equally well 
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matched to the bandwidth of the crystals. Now compare the result of Sum2 to the 
experimentally measured values of conversion efficiency given in the table below. 

Measured eff (%/W) Normallsed 
Campbell 0.22 1.0 
Campbell 0.02 0.1 
T ý- I LIV, - 0.006 

1 Burghoff 0.37 

The large crystal length in the Lee experiment produces a large Sum2 value, and 
suggests that the Lee experiment should yield an efficiency 9.5 times greater than our 
experiments. In reality our experiments produced a greater conversion efficiency by a 
factor of 36. It is likely that the long crystal in the Lee experiment produces large losses 

and a narrow conversion bandwidth resulting in low conversion efficiency. We also 
believe that our improved SHG efficiency over the work carried out in PPLN was due to 

the more circular shape of our waveguides producing better pump confinement. 

Although the Sum2 value is low for the Burghoff experiment, the method in which the 

waveguides are manufactured could explain the high conversion efficiency. The 

waveguides produced in the work reported in this chapter arise from the strain field 

created by damaging one point along the length of the crystal, the waveguide produced 

is butted against the damage region. The dual damage point method of the Burghoff 

experiment produces a waveguide removed from the damage region. See Figure 18 for a 

representation of the strain fields around the damage point. 

4 

Inscribing laser 

Strain fields 
Damage region 

Figure 18 waveguide location schematicsfor (a) this work and (b) Burghoff experiment 

The two waveguides produced from the single point inscription shown in Figure 18(a) 

are in close proximity to the damage region as the strain created by the inscription 

process reduces further from the damage region. The dual -damage-po i nt inscription 
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technique shown in Figure 18(b) produces identical strain regions to the single-point 

method, however, since these regions are designed to overlap, the highest strain is now 

removed from the position of the damage point. This difference in writing methods 
between the two experiments may explain the higher efficiency measured by Burghoff. 

It is clear from the previous calculations that the theoretical ability to produce large 

SHG efficiencies can be undone by waveguide quality in this new frequency doubling 

technique. The degradation of SHG efficiency will have come from high waveguide 
losses (absorption and scattering) or the unsuitable mode profiles (irregular shape or 

multimode). 

4.7 Conclusions 

Waveguide writing in KTP, waveguide writing in periodically-poled KTP and 

frequency doubling in a femtosecond-inscribed PPKTP waveguide have all been 

demonstrated for the first time. Our results show good conversion efficiencies which 

are similar in magnitude to those previously obtained using bulk lithium niobate, and 

exceed the performance previously reported in periodically-poled lithium niobate by a 

factor of 36. 

The fact that strong conversion is available after feratosecond processing implies that 

the local damage-induced index modification does not adversely affect the periodic 

domain structure in the material. We believe that further improvements in the second- 

harmonic conversion efficiency are possible, by carefully matching the numerical 

aperture of the launch optics to that of the waveguide. 

Further tests in which the waveguide writing parameters are finely varied may also 

increase the second harmonic efficiency. Producing damage regions adjacent to one 

another has resulted in smaller waveguides [ 13 ] which could also increase the output. 
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Chapter 5: Improving Femtosecond Laser Micromachining Using Adaptive Optics 

5.1 Introduction 

Ferntosecond-pulse laser amplifier beams are commonly slightly astigmatic, deviating 
from circular to enough of a degree to produce machined features that are noticeably, 
but only to a small extent non-circular, as was visible in some examples seen in Chapter 
2. In addition to this, after grating-based pulse compression out-with the amplifier 
cavity (see Chapter 1) the pulses are rarely bandwidth limited, typically greater than 
100fs in duration from commercially available systems. In this chapter, work will be 
described where, adaptive optics, in this case two deformable mirrors, were used along 

with a simulated annealing algorithm to correct the beam shape and tailor the pulse 
duration from an amplified Ti: sapphire laser to control the shape and size of single- 

pulse-machined micron-sized features machined in a thin film of chromium on a glass 

substrate. This work indicates that sub-micron sized ablative machining could be 

possible with an amplified Ti: sapphire laser operating at a wavelength of 800nm. 

5.2 Motivation 

Adaptive optics was conceived as a method of reducing the distortion introduced by 

atmospheric turbulence that appears in images taken by large astronomic telescopes [I]. 

Wavefront sensors observe the incoming light and measure the shape of the optical 

wavefronts and, via computer control, instruct a corrective element to rapidly 

compensate and correct distorted incoming wavefronts, removing the blurring and 

producing a true image. The corrective elements for astronomical use are usually large 

deformable mirrors (DMs) and are very expensive, costing in excess of E500,000 [2]. 

Recently however, compact, low-cost deformable mirrors have been shown to provide 

full-order correction of turbulence disturbance [3]. 

Deformable mirrors have also been demonstrated to have beneficial control over laser 

beams intra- and extra-cavity. One dimensional deformable mirrors have been shown to 

be able to reduce [4], minimise [5] and control [6] the pulse duration of femtosecond 

laser pulses. The pulse duration of a 5kHz Ti: sapphire amplifier has been reduced to 

15fs with the use of a deformable mirror [7]. Two dimensional deformable mirrors 

have been used in a variety of ways for wavefront correction [8] and to improve the 

beam profiles of lasers. The intra-cavity operation of a deformable mirror has been 

shown to optimise the mode shape and power output of a Nd: YV04 laser [9]. Shaping 
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and controlling laser focal profiles has been demonstrated [10], but no laser machining 
has yet been undertaken with a laser beam profile-corrected by deformable mirrors. 

Adaptive optics in the form of liquid crystal spatial modulators (LCMs) have been used 
to improve ferntosecond laser micromachining [11,12], but LCMs have two signIficant 
disadvantages. LCMs are pixelated and so can only introduce step-wise changes in 

transmitted light and secondly, any light passing in between these pixels will remain 
unmodulated so there will always remain a pedestal of unmodulated light. 

The ability to control focal profile and the pulse duration suggested that improved 

machining could be carried out using deformable mirrors to shape both the beam and 

pulse. Deformable mirrors are broadband by nature, and the designs that employ a 

continuous reflective membrane remove the chance of any incident light remaining 

unmodulated, making DMs very useful for compensating smoothly varying errors in 

spatial and spectral phase. DMs are not naturally programmable devices that can give 

truly arbitrary shapes, but with the use of a simulated annealing algorithm [13] an 

automated system has been custom-built to generate improved machining outcomes. 

Manual adjustment of the compressor inside the Hurricane reduced the pulse duration to 

138fs after the amplification process, but with a FWHM wavelength spread of 16nm 

(Ak) at a central wavelength of 800nm (k), the pulses had the potential to be compressed 

to a far shorter duration. The duration-bandwidth product was discussed in Chapter 1 

and is defined as 
Avx, r P=0.44 

(1) 

for an unchirped Gaussian-shaped pulse. So is the frequency spread (in Hertz) 

corresponding to the wavelength spread (AX) at a central wavelength (X). The frequency 

spread is calculated by 

JAVI = 
cAA 

A2 
(2) 

A simple calculation reveals that it is possible for the pulses from the Hurricane to be 

compressed to 58fs. With the critical necessity of having pulses under a few hundred 

ferntoseconds for the waveguide writing in the previous chapter, engineering pulses as 

short as possible can be advantageous, even when only considering the femtosecond 

scale. 
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In an alternative situation, adaptive optics can be used to strategically lengthen the 
machining pulses to reduce the sizes of ablated features. As discussed in Chapter 1, 
ferntosecond micromachining is a thresholded process, so any part of the beam below 
the intensity threshold will not modify the workpiece. As an alternative to carefully 
controlling the pulse energy to reduce the peak power below threshold [14], the peak 
power can be altered by an adaptive mirror which stretches the pulse temporally, thus 

resulting in a reduction in feature size. Figure I shows the effect that stretching a pulse 
has on the intensity. 

(a) (b) 

I(t) 

t 

I(t) 

>Tp *- 

Figure I Temporally stretching the pulse (measured at FWHg reduces the intensity 

Figure 2 shows the corresponding machining effects from the intensity reduction shown 

in Figure 1. 

(a) 

I(r) 

Ablation 
threshold 

(b) 

I(r) 

Figure 2 Intensity andjeature width, (a) from I (a) and (b) from I (b) 

The benefits of having the ability to alter the pulse duration are therefore: full 

compression of the pulse for cleaner machining arising from the increased peak power, 

and, stretching of the pulse to produce small scale features at machining powers near 

threshold. 
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The Hurricane's beam shape is essentially circular, with a knife-edge measurement 
carried out for the work in Chapter 2 showing identical x and y dimensions of 3.20mm. 
This does not, however prove the beam is truly circular since the technique does not 
fully profile the beam but merely records its cross section along two axes. In addition to 
this, the intensity profile of the focused spot is not necessarily uniform and there is the 

possibility that local hot spots exist within the beam. The presence of any of these 
imperfections will result in non-uniform machining, with the possibility of depth 

variations across the feature, irregular or non-circular shapes,, and the possibility of 
satellite features around the main feature. An adaptive optics system can correct both 

asymmetric intensity distributions, modifying non-circular beams to produce Gaussian 

and super-Gaussian beam profiles [13], and can also produce beams with flat top 
intensity profiles, a square/rectangular profile beam [10] and doughnut shape modes 
[15]. 

5.3 Deformable mirrors 
The two deformable mirrors that were used for this project were manufactured by OKO 

technologies and were both electrostatically driven deformable mirrors. The reflective 

surface of an electrostatic deformable mirror is a thin,, flexible layer of reflective metal, 

either gold (Au) or alurninium. (Al) depending upon the mirror model. This reflective 

surface is coated upon a thin membrane of silicon nitride, also flexible, which is held 

close to an array of control electrodes. The shape of the reflective membrane is dictated 

by the voltages applied to the various control electrodes while the membrane is 

grounded. The larger the applied voltage upon a control electrode, the closer the 

membrane will be pulled to the electrode. The deformation of the mirror surface is 

linear with the applied force, but the force varies with the square of the applied voltage 

and inversely with the membrane- electrode separation. A schematic representation of 

the mirror mechanics is shown in Figure I 
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Figure 3A representation of the structure of an electrostatic deformable mirror 

The substrate planar circuit board (PCB) and the silicon (Si) chip provide mechanical 

rigidity to the mirror device, while the adjustable spacers suspend the Al or Au 

membrane above the control electrodes, the number and position of which vary 
depending upon the model of mirror. The mirrors are available with the control 

electrodes arranged in either one-dimensional (ID) or two-dimensional (2D) arrays 

which can be used to control the pulse duration and the beamshape respectively. 

As mentioned previously, the mirrors used for the experiments reported in this chapter 

were both electrostatic deformable mirrors, however a second type of deforinable mirror 

is also available, a piezo-electric driven DM has the ability to push the mirror surface 

with its actuators as well as pull. The piezo-driven deformable mirror has been shown 

to compress ferntosecond pulses [16], and 2D piezo-driven deformable mirrors have 

been considered for correcting ocular aberrations [ 17]. Recently an improvement to the 

electrostatic mirror has also been proposed, transparent electrodes can be patterned onto 

the top of the mirror surface to produce a push-pull effect [ 18]. 

5.3.1 The ]-Dimensional mirror 

A typical I -Dimensional mirror is shown in Figure 4, the reflective coating in this 

example is Aluminium. 

jr-i 
41 

"'top 

Figure 4A photogt-aPh oj'a ID de/brinable mirror 
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The ID mirror sourced for the experiments had a linear array of 19 control electrodes 
along the length of the rear side of a gold-coated mirror surface, which was I Imm tall 
by 3 9mm wide. Figure 5 shows a map of the actuators upon the ID mirror. 

Mirror surface 

Ilmm 

Actuator # 12 position 

Mellon 

ON 
39mm 

Figure 5 Actuator positioning behind the ID mirror surface 

To test the operation of the mirror before delivery the suppliers use null- interferometric 

patterns reflected from the mirror surfaces with various voltages applied to different 

actuators. Figure 6, supplied by OKO technologies, shows the response of the ID 

mirror to various bias voltages. 

(a) All at OV(b) All at 180V(c) All at maximum (d) A single actuator set to maximum 

The ID mirror used in the experiments reported in this chapter had a maximum 

deflection of 6ýtrn when a supply voltage of 250V was applied to the actuators, taking 

2ms for the surface to settle. At a wavelength of 800nm this deflection corresponds to a 

maximum phase correction of 30a radians [ 19]. 

To alter the pulse duration, the ID mirror must be combined with a diffraction grating 

and an optic of focal length f in an arrangement to collimate the diffracted beam in a 
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"2f' configuration. This arrangement is based upon on the techniques of femtosecond 
Fourier-tran s form pulse shaping first demonstrated on the picosecond timescale by 
Froehly et al in 1983 [20] and used by extensively by Weiner et al upon picosecond [2 1, 
22] and ferntosecond timescale pulses [23,24]. These techniques use a transparent 
phase-mask in the Fourier plane in a "4f' configuration. For the pulse shaping 
described in this chapter, a folded version of these compressors was used. The mask is 
replaced by the deformable mirror and the second grating and curved mirror are 
removed to form the reflective 2f construction. Two possible pulse shaping 

arrangements are shown in Figure 7. 

MA (b) 
DG 

Figure 7 Two systems for pulse shaping with a diffraction grating (DG) and a 
deformable mirror (DA4) (a) using afocusing lens (FL) or a (b) curved mirror (CM 

The absolute axial position of the focusing optic with respect to both the DM and the 

DG corrects the second order dispersion, when the focusing optic is adjusted to lie in 

the Fourier plane of the grating system. The DM exploits the Fourier relationship 

between optical frequency and time to control the temporal profile of a pulse by 

adjusting the spectral phase of the pulse. The frequency components of the laser were 

spatially dispersed by the diffraction grating and then were Fourier transformed by the 

concave mirror to form a line spectrum on the DM. The DM modulated the spectral 

phase of the reflected beam. To achieve the shortest possible pulse duration the second 

and higher order dispersion present in a pulse must be corrected. Assuming the 

focusing optic is correctly placed, the second order dispersion is corrected and is also 

fixed, the shape of the ID deformable mirror will determine the temporal shape of the 

output pulse. 

The shape of the DM will correct the higher order dispersion across a pulse that is 

reflected from the mirror surface, a linearly varying frequency phase across the pulse 
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will be corrected by a flat but varying mirror surface set to oppose the phase shape. A 

quadratic phase variation across the pulse will be corrected by a quadratic mirror 
surface as shown in Figure 8. 

DG 

cm 

DM 

IA 
Corrective mirror shapes 

77c 
Desired 
output Input pulses 

Figure 8 Pulse duration (black) andftequency phase variation (red) and 

the necessary mirror shape (blue) tofully compress the chirpedpulses 

(i) 

The mirror can also create arbitrary pulse shapes if the phase of the pulse is known [6]. 

The frequency resolved optical gating (FROG) method [25] is typically used to measure 

the duration and spectral phase of femtosecond pulses. A FROG device was not used in 

the experiments reported in this chapter as the outcome of the machining was the 

measurement priority. 

5.3.2 The 2-Dimensional mirror 

The 2D mirror used for bearnshaping in these experiments had 37 control actuator 

electrodes arranged in a hexagonal array around the 15mm diameter circular, Al-coated 

mirror surface. A photograph of the 2D mirror used in these experiments is shown in 

Figure 9. 

Figure 9 The 2D mirror used for 

the work described in this chapter 
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The actuators behind the mirror surface were positioned 1-8mm apart centre to centre, 
and the actuator structure was located within a 12mm circle under the mirror membrane. 
See Figure 10 for a map of the actuators upon the 2D mirror. 

Actuator #9 
position , 

15mm 

Mirror 
surface 

Figure 10 Actuator positioning behind the 2D mirror surface 

The 2D mirror was tested in an identical fashion to the ID mirror before being 

delivered, and Figure 11, again supplied by OKO technologies, shows the response of 

the 2D mirror surface to various bias voltages. For the mirror used in our experiments 

the manufacturer specified a 10ýtm maximum deflection for a maximum actuator bias of 

220V with a settle time of 0.5ms. 

Figure 11 Null- interferom etric patterns of various bias voltages on different 

actuators (a) All at OV (b) All at 180V (c) All at maximum (d) maximum voltage 

to actuators 20 to 37 (e) non-zero voltages applied to some actuators 

To alter the beam shape with the 2D mirror, no other optics are required, a reflection at 

normal incidence or at an angle close to normal is sufficient for the mirror to be able to 

shape the beam. 

To produce an aberration free beam, a wavefront sensor, for instance a Shack-Hartmann 

[26] or a curved diffraction grating [27] could be used in close proximity to the 2D-DM. 

This would either measure the uneven wavefronts prior to the light striking the mirror 
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and set the mirror to compensate, or measure the wavefronts after the beam had been 

reflected from the mirror and set the mirror to minimise distortions 

To shape a beam, a CCD camera could be placed in the path of the beam "downstream" 
from the mirror to acquire an image of the beam intensity. This image would be fed to a 
computer where a software system would alter the mirror to produce the required 
beamshape. 

As with the ID mirror, neither of these commonly-used, available methods were used to 

monitor the wavefronts or the bearnshape as it was the machining outcome that was the 

main concern of the experiments. 

5.4 Experimental configuration 

5.4.1 Optical configuration 

If an adaptive optics system apparently compensates for the small flaws in the laser 

beam shape and intensity distribution by using a linear intensity there may still be flaws 

in the machining outcome because of the highly nonlinear dependence upon pulse 

intensity. Furthermore, there is the possibility of optics downstream from the adaptive 

system introducing beam distortion. Both the beam steering mirrors and the focusing 

optics have the potential to undo the corrections made by the adaptive optics. 

For this reason, monitoring of the beam shape and the wave-fronts was not used. The 

observation of the beam properties at the focus (as reported in [10]) is not possible due 

to the plasma generated by the enormous peak powers present at ablative-machining 

pulse-energy levels. Since the goal of the study was to produce better machining 

outcomes it was decided to measure the outcome of the machining directly and adjust 

the DMs to optimise the result. 

A configuration was developed that led the laser beam into a module containing the 

deformable mirrors and the supplementary optics, the adaptive optics module is shown 

in Figure 12. The curved mirror experimental arrangement shown in Figure 6(b) was 

chosen for the experiments described in this chapter so as to avoid any unwanted 

spectral phase distortion that is associated with using lenses [23]. 
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Diffraction Grating 

HR mirrors 
HR I From amplifier 

Figure 12 Adaptive optics module configuration (plan view) 

The beam would initially pass above HR2 as the incoming beam was high in the y 
direction (but level in the x-z plane), hitting the diffraction grating and curved mirror 

above centre. When the beam was reflected from the I D-DM, it hit below centre on the 

curved mirror and diffraction grating, resulting in a low, level beam that allowed the 

HR2 to be positioned low so as to avoid interrupting the incoming beam. The pulse 

shaper consisted of the ID-DM, a 1200 lines/mm diffraction grating and a concave 

mirror 50mm in diameter with a focal length of 500mm. The curved mirror was used to 

collimate (z-direction) and focus (y-direction) the diffracted beam to a line spectrum 

across the entire surface of the ID mirror. The 2.5x telescope was included as it was 

necessary to reduce the 6.40mm diameter of the beam from the amplifier to fit into the 

3.5mm diameter aperture of the focusing optic, a x50 microscope objective. The 

objective was a long working distance (17mm), near-IR corrected, infinite-conjugate of 

numerical aperture 0.42 manufactured by the Mitutoyo corporation. The adaptive optics 

module was inserted into the full experimental configuration as shown in Figure 13. 

w 
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Figure 13 Full experimental configuration 
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The computer shown in Figure 13 was used to directly control the shape of the mirrors 

via a digital output PCI computer card. The card addressed a home-made 12-bit multi- 

channel multiplexer, which supplied the high voltages necessary to drive the deformable 

mirrors. The computer's second controlling duty was to govern the position of the 

sample, mounted upon an x-y-z motion control stage. The motion control stages were 

three Newport ILS150 linear stages with a resolution of 0.1ýtm. All the samples 

machined in this chapter were identical; a thin film of chromium (-180nm) upon the 

surface of aI mm thick BK7 glass slide. The chromium was deposited onto the slide by 

evaporation in a vacuum chamber. 

A CCD camera was placed behind the sample to detect any machining of the film and 

to record the shape and size of that machined feature. The camera supplied an image of 

the hole created by the machining to the computer. The camera's imaging lens was a 

xlOO vi sib le- light-corrected infinite conjugate Mitutoyo microscope objective with a 

numerical aperture of 0.70 and a working distance of 6mm. This was utilised in 

conjunction with a 180mm focal-length tube-lens to produce an image of the machined 

feature with a sufficient resolution for detection and comparison. 
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To measure the pulse duration absolutely, a single shot autocorrelator (SSA) was used 
to observe the pulse duration of the beam when leaving the laser box and also shortly 
before the machining lens. 

A controlling program was written in the MATLAB environment which would oversee 
all the tasks required of the computer. Initially, manual (user) control was required over 
the individual mirrors and a separate program was written for each mirror. 

5.4.2 I-D mirror control 

The graphical user interface (GUI) created to control the ID mirror is shown in Figure 

14(a). This interface allowed individual control of each actuator on a graphic equaliser- 

style sliding-scale to select a voltage. In an attempt to avoid damaging the mirror 

surface by setting adjacent electrodes to greatly differing voltages a "nearest neighbour" 

smoothing function was used in the software before any voltages were sent to the 

mirror. After manually setting a voltage on a single channel, this function would set the 

two adjacent actuator voltages to half the difference of their two neighbours and is 

shown in Figure 14(b). 

Figure 14 (a) A screenshot of the GUI used to manually control the 

ID DM (b) with smoothing "nearest neighbour "function enabled 

A spline function was also written into the program to smooth the mirror, the user was 

able to choose the number of points required in the spline and set the voltage of those 

points, then the program would alter the voltages of all the other actuators to smooth the 

mirror with a polynomial shape. Figure 15 shows the spline function operating. 
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Figure 15 GUI screenshots of the splinefunction (a) choose spline 
points and set voltage (b) splinefunction completes the smoothing 

5.4.3 2-D mirror control 
To control the 2D mirror a separate MATLAB program was devised, this second GUI 

was colour coded to allow the user to have an intuitive view of the mirror shape. As the 
force upon the mirror surface is proportional to the square of the voltage the GUI does 

not display the exact shape of the mirror surface, merely a representation. A sample of 
the 2D mirror GUI is shown in Figure 16. 
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FHe No I Set to: 

Figure 16 2D mirror control software (a) all actuators set 

to 100 V (b) demonstration of colour coded voltage levels 

By frequently setting the voltages of adjacent actuators to greatly differing values, the 

2D mirror surface would be damaged and it would also be difficult to know what shape 

the mirror surface is deformed to. Applying a nearest neighbour smoothing function, as 
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with the ID mirror, would affect several actuators and remove the desired IeN'el of 
control over the mirror surface and so was not implemented. 

5.4.4 Simulated annealing 
In order to produce an automated system for producing the desired shape and size of 
machined features, a simulated annealing algorithm was used. The simulated annealing 
algorithm is one of a group of stochastic optimisation algorithms which is excellent for 
finding a global maximum or minimum value of an objective error function. The 

algorithm is well suited to pulse and beam shaping applications as it is able to 
independently optimise many variables at once, where in this case, each mirror actuator 

represents a single variable. 

Simulated annealing is an analogy with the thermodynamic process of a liquid cooling 

and solidifying, annealing, into a crystal. At high temperatures the molecules of a liquid 

move freely with respect to one another, where cooling reduces the thermal mobility. 
Assuming the rate of cooling is slow enough, the atoms will have time to line 

themselves up to form a crystal structure. The atoms in this crystal are in a state of 

minimum energy. The Boltzmann probability distribution function [28] gives the 

probability of atoms existing in an energy state for a specified temperature. The 

probability spread allows a system in thermal equilibrium to have a small probability of 

some atoms existing at a high energy. Therefore there is a corresponding chance for the 

system to get out of a local energy minimum to reach a lower global energy level as it 

cools. The system will sometimes result in a probability of higher energy, but the lower 

the temperature the less likely of any higher energies existing. This useful global search 

ability can be carried across to form a minimising algorithm within a computer program 

The algorithm works by assessing the quality of a proposed solution over a number of 

iterations by defining an energy function, E, usually a single number, indicating how 

close the solution is to the target, where a value of zero is full agreement with the target. 

The annealing begins by testing if the change in the error (AE) from the previous result 

is higher than a probability, according to 

- AE 
P= exp T 

(3) 

where P is the probability that the proposed set of voltages will be accepted, and T is the 

algorithm "temperature" which is slowly reduced with each iteration of the algorithm. 
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If only deformable-mirror voltage sets that resulted in P>0.5 were accepted, the process 
can be used to minimise the error between the current value and a defined target value. 

5.5 Pulse control 
5.5.1 Pulse control: I-D mirror experiment 

To give an indication of the ability of the ID mirror to alter the pulse duration, a 
0.2mm-thick fi7equency-doubling barium-borate (BBO) crystal (Type-I birefiringent 

phasematching) was placed at the focus of the 800nm wavelength machining beam and 
a silicon photodiode was used to detect the generated blue (400nm) light. The 

unconverted 800nm. beam was blocked by a BG39 filter that allowed the 400nm light to 

pass. When considering two pulses with identical pulse energy, the shorter duration 

pulse has a greater peak power, and due to the intensity-dependent SHG process, the 

shorter duration pulse will produce a greater quantity of blue light from the crystal. 

For a neutral starting point for all the subsequent experiments, the actuator voltages on 

the ID mirror were all set to 125V, the maximum permitted voltage was 250V. By 

using the curved mirror in the pulse shaper to bias the shaper's group delay dispersion 

to around zero fS 2, that is preventing any dispersion being introduced by the shaper 

optics by placing the deformable mirror at the focal point of the curved mirror. The DM 

could then be used to add either positive or negative dispersion by increasing or 

decreasing its curvature at various points along its surface. All the actuators on the 2D 

mirror were set to II OV which was 50% of the maximum permitted voltage. 

The greatest control over the pulse length was exerted by the curved mirror, 

compensating for the second order dispersion in the pulse. The curved mirror was 

placed on a manually controlled micrometer translation stage, and could be translated 

by hand to produce the highest voltage from the photodiode. 

For minimising the pulse duration, the target of the simulated annealing algorithm was 

simple, to maximise the voltage from the photodiode. The algorithm was incorporated 

into the MATLAB program that controlled the ID mirror. Beginning from the neutral 

position, the algorithm altered the 19 voltages controlling the ID mirror, then read the 

voltage generated by the photodiode after each mirror shape change. The algorithm 

typically ran for 400 iterations changing the actuator voltages randomly by no more 
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than 1% after each result had been taken. 

demonstrates the control process. 

Start 

The flow diagram shown in Figure 17 
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Figure 17 Flow diagram of the control processfor 

the ID mirror simulated annealing experiment 

After the neutral mirror position had been activated, the laser pulse energy was set to 

below 0.1 ý0 to avoid damaging the SHG crystal. After running the annealing algorithm 

the voltage produced by the photodiode was typically found to have increased by 25% 

over the neutral setting position. Using the SSA it was found the pulses that came from 

the laser's own compressor were 138fs in duration and that manual adjustment of the 

external compressor could reduce the pulse duration to 116fs at the DM neutral 

position. After simulated annealing, the pulse duration was reduced further to 94fs, 

which increased the peak power of a 0.15mJ pulse from 1.08GW to 1.59GW. 

After the annealing program had run, the ID mirror voltages did not smoothly vary 

across the length of the mirror, as had been expected to correct the 3rd order dispersion 

present across the pulse, but was a seemingly random array of voltages. After several 

repetitions of the annealing algorithm, the result would remain spiky and appear to be 
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random, but would always produce a short pulse. See Figure 18 for two examples of 
annealed voltages, annealed on separate days. 

17b ri 
171 0 

1970 

1 b7 0 

200 

177 0 

156 0 1,4 Ci 

50 150 142 G i45 0 

120 01H -j 

cri 

do 0 

110 0 

97 0 97 01 
ca 

820 

6d 0 

0 

11111111111hillm 

50 
A6b 10 12 14 lb 18 

0468 
10 12 16 

S, - 400 L.. W 

Figure 18 Two typical annealing results from the ID 

mirror, both produced a significantly shortenedpulse 

Various techniques were attempted to smooth the voltages while maintaining the short 

pulse duration but none was successful. This was believed to be due to a high-order 

spectral-phase being present across the pulse, or possibly the presence of time- 

frequency coupling across the beam profile. 

5.5.2 Pulse control: 2-D mirror experiment 

Once the shortest pulse had been found by annealing the ID mirror actuator voltages, 

the 2D mirror was used to increase the blue SHG output from the crystal. The 2D 

mirror had the ability to modify the wavefronts of the beam entering the crystal, where 

planar wavefronts produce the best conversion, and should also result in the best 

machining. The annealing algorithm was modified to control the 2D mirror voltages 

and inserted into the 2D mirror control program. 400 iterations of the 2D mirror 

algorithm were carried out, raising the detector voltage by a further 10%. 

In an identical fashion to the result from the ID mirror, the annealed result from the 2D 

mirror produced a voltage pattern that did not appear to be smooth, but, which always 

resulted in an increased voltage from the photodiode. Two examples of the annealed 

2D mirror actuator voltages taken on different days, are shown in Figure 19. 
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Figure 19 Two typical annealing resultsfrom the 2D mirror, 
both produced afurther increase in photodiode voltage 

To determine if there was a benefit to running the two annealing programs 

simultaneously, the two separate programs for controlling the mirrors were folded into 

one program and several tests were made in an effort to obtain further increases in the 

photodiode voltage. The high photodiode voltage level produced by annealing the 

mirrors separately could not be improved by annealing the mirrors simultaneously or by 

annealing the mirrors turn-about or in differing orders. 

The highest photodiode voltage was produced by annealing the ID mirror, then the 2D 

mirror, both with 400 steps of the annealing algorithm. After conducting the two 

simulated annealing SHG optimisation experiments several times, with no further 

reduction in pulse length or increase in SHG level after the initial annealing, it was 

assumed that the deformable mirrors had corrected the pulse duration and wavefronts to 

the best of their ability. 

5.6 Machining control 

To investigate the shape and size of the machined features in all the following 

experiments, the laser repetition rate and the motion-control-stage scanning-speed were 

set so that a row of separate, identical holes was machined across the width of a slide. 

This produced many sample features to analyse for any one combination of machining 

parameters. 
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For investigating machining control, the ID mirror was set to the neutral position and 
the 2D mirror was left with no applied voltages, producing a planar mirror surface. 
These settings were used in favour of the annealed settings to find out what size features 
the system was capable of machining before adjusting the pulse duration or beamshape. 
The machined feature size was investigated for a range of pulse energies between 0.2ý0 

and 3.0ý0 in 0.2[tJ steps. Also included was the 0.1ý0 result, but below this level the 

pulse energy became difficult to measure reliably. A graph of the results is shown in 
Figure 20. The graph also shows the trend line fitted to the data, which had a gradient 
of 2.15 ýirn ýJ- I- 
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Figure 20 Graph of machiningpulse energy vs hole diameter 

At a machining pulse energy of 0.1 ýJ the hole diameter was measured to be 2.0ýtm. A 

further reduction in pulse energy could be reliably achieved using a more accurate 

detector and by using neutral density filters to attenuate the beam further. It was 

decided not to pursue this line of investigation as the aim of the study was to produce 

smaller features by altering the pulse duration and not by beam attenuation. 

5.6.1 Machining control: I-D mirror manual experiment 

As mentioned previously, the peak power of a ferntosecond pulse can be reduced by 

temporally stretching the pulse. This will produce smaller ablated holes due to the fact 

that ferntosecond micromachining is a threshold-dependent process. Various voltage 

ually entered into the ID mirror program to reduce the SHG level 
patterns were man tn 
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from the crystal. Machining with the neutral mirror setting (I 16fs) was compared to 
machining with three mirror settings that produced lower SHG levels, 75% (155fs), 
50% (232fs) and 25% (465fs) of the neutral setting. In this experiment the pulse length 

alone was altered, but the mirror also has the capability to alter the pulse shape, e. g. 
long trailing or leading edge or a double peak etc. Autocorrelation results are shown 
below in Figure 2 1. 

The holes were machined with a pulse energy of 20ý0, high above the threshold of the 

material , in order to produce holes that were large, and therefore quick and simple to 

observe for these initial viability tests. Visible-light reflection microscope pictures of 

the results can be seen in Figure 22. 

ýep 

Figure 22 Holes machined with the (a) neutral 

setting (b) the low (c) lower and (d) lowest settings 

The hole size was reduced from 32ýtm x 30ýtm down to a 23ýtm circular hole. The 

reason that the holes were not circular was due to the fact the 2D mirror had not been 

optimised to produce a circular beam, and as such was distorting the beam from 

circular. 

To test the field of view of the CCD camera, transmission pictures were taken of the 

above results. The visible-microscope transmission pictures of the machining outcomes 
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of the neutral setting and the lowest setting result are shown in Figure 23 for 
comparison. 

Figure 23 Back-lit microscope images oj'the holes 

ftom the (a) neutral setting and (b) lowest setting 

Machining with a pulse energy many times (in excess of two orders of magnitude) over 

the threshold level, a 25% reduction in hole size was brought about by manually 

controlling the voltages behind the ID mirror. 

A machining test was also made using the result from the ID mirror simulated 

annealing test, that is the shortest pulse that could be produced corresponding to 125% 

(94fs) of the neutral setting's detector voltage. The resulting holes were 34ýtm x 35ýtm 

in diameter, and as expected they were larger than the neutral-setting holes. 

To find the machining threshold of the chrome layer, the results from this experiment 

were used along with a simulated plot of the beam width against peak power at the focal 

point for the five different pulse durations. All the curves have the same FWHM 

diameter, the only difference is peak power. The real effective beam diameter was not 

known, so an arbitrary width is shown in Figure 24(a). In Figure 24(b) the real, 

experimentally measured diameters of the machined holes are included on the graph as 

the vertical lines. The point where these measured widths cross the simulated beam 

profile curves are shown by the horizontal lines. 
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Figure 24 (a) Beam profiles of thefive machiningpulses at thefocalpoint (b) With the 
feature size lines added (vertical) and the corresponding threshold levels (horizontal) 

To discover the threshold, the estimated beam diameter of the five different 

measurements was altered as one, and the diameter that yielded the smallest variation in 

the five threshold measurements (horizontal lines) was taken to be correct. Figure 25 is 

a plot of the beam diameter against the spread of the resulting threshold readings. 
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Figure 25 Simulated beam diameter (F WH. A4) 
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When the beam diameter is set to 17.6ýtm, the spread of the corresponding powers is at 

a minimum. At this diameter, the total spread of the five lines was 8.1 MW, with an 

average value of 18.14MW, shown in Figure 26. 
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Figure 26 (a) Zoom view of the line intersections when beam diameter 

was I 7.6, um (b) further zoom, showing one side of the beamshape curve 

The graphs in Figure 26 show that the three mid range experiments (neutral, 75% and 
50%) have a close agreement of threshold, 20. IMW - 21.3MW. Also at the extremities 
of the experiments (annealed and 25%) the lines are in close agreement at 13.1 MW and 
15.1 MW respectively. 

Using the three mid-range results to assume the threshold, it can be said that the 
diameter of the beam that was greater than 20.9MW was machined with a beam radius 

of 8.8ýtm. This corresponds to an intensity of 85.9kW ýtrn-2 ,a fluence of 0.996J CM-2. 
This threshold result is lower than the threshold of BK7 glass (calculated in Chapter 2 to 

be 5.6J CM-2 ) by around a factor of 5, due to the single photon absorption of 800nm 

wavelength light in chromium. 

5.6.2 Machining control: 2-D mirror simulated annealing experiments 

Once the ID mirror demonstrated the ability to alter machining feature-size by altering 

the pulse duration, the beamshaping ability of the 2D mirror was used to alter the shape 

of the machining outcome. To achieve this, the SHG crystal was removed from the 

configuration and the CCD camera positioned behind the sample (see Figure 13) was 

now incorporated into the simulated annealing algorithm. 

The previous annealing program used a simple point detector (photodiode) which 

yielded a single scalar number that could be used directly as a measure of the fitness of 

the solution and then maximised. In this experiment however, producing a single 

number was not trivial as the measurement was a comparison between two shapes. The 
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error value between the recorded image and the target image had to be calculated by the 
computer. 

Before the annealing process began, the computer was given a target shape in the form 

of a monochrome digital graphics file. Once the annealing process had begun, the laser 

would machine a row of holes in the chrome, each hole produced by a single pulse, and 
the camera recorded an image of the shape of one of the holes. This image was sent to 
the computer via an IEEE1394 (firewire) connection for comparison with the target 
image. The computer converted the intensity image taken from the CCD camera to a 
monochrome image, then the two monochrome images were overlapped by the 

computer. An XOR function was executed upon the binary values for each image and 

where the images did not overlap there remained a "I" and all other values (the overlap 

and the background) now read "0". The remaining I values were summed and this 

value was used as the error function for the annealing process. The goal of the 

algorithm was now to minimise this number. The flow diagram shown in Figure 27 

demonstrates the control process. 
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Figure 27 Flowchart diagram depicting the 

control of the 2D mirrorfor shape annealing 

The computer was given three different targets, one circular and two elliptical. The 

circular target was designed to be similar in size to the hole created by the laser when 

the mirrors were held in neutral position. The ellipses were designed to be shaped in a 

2: 1 ratio of maximum to minimum diameters, one horizontal, the other vertical. 

The 2D miffor surface is fixed at the edges and the actuators can only pull the miffor, 

therefore any voltage upon the actuators produced a concave mirror surface. The II OV 

applied to every actuator to form the "neutral" mirror setting was chosen to be a mid- 

voltage setting to allow the mirror surface to be further pulled to a concave shape by a 

higher voltage or released towards a planar surface with a lower voltage. 

The focal point of the machining beam with respect to the sample was initially located 

in a "trial and error" approach, identical to that used in Chapter 3, which used a HP- 
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VEE program to raster scan a test sample through the focus of the beam in such a way 
that an incremental change of the focal position was made after each sweep of the raster. 
The resultant channels machined in the sample were analysed and the best example of 
machining was chosen and could be related back to a specific focal position. This test 
was carried out when the mirror voltages were uniformly set to II OV. Consequently, 
the magnitude of the uniform voltage was expected to affect the shape and size of the 
machined features as the mirror would alter the divergence of the beam heading into the 

machining objective, so altering the machining focal position. Changing the position of 
the focus with respect to the target has already been shown to produce irregular shaped 
machined features, see Chapter 2. 

A voltage of 70-IOOV would produce slightly elliptical features in the horizontal 

direction, round but non-circular holes at II OV and slightly elliptical holes vertically at 

a level of 120-15OV. Small holes were produced outside of these extremes but were of 

very low machining quality, with damage to the chromium film surrounding and 
dominating the feature. In advance of setting the SA algorithm running, the voltages of 
the 2D mirror actuators were all set to a level that would begin machining features of 

roughly the same shape as the target. 

The holes were machined with a pulse energy of 0.5ýd, which was at least five times 

above threshold, and 400 iterations of the simulated annealing algonthm were run in 

every case, limited by the space available upon the coated slide. Images depicting 

results from the shape annealing tests are shown in Figure 28. The images were each 

sampled by the computer after one row of holes was machined and each image depicts a 

different stage of the annealing process. The first row is the horizontal ellipse, the 

second row is the circular target and the third row is the vertical ellipse. 
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Annealing Progress 

Figure 28 Visible light microscope transmission images of machined 
holes Start position (I" column), Examples of progress during the 

annealing (2 nd & 3rd columns), Final result (4 Ih column) 

The image comparison results from the three tests are shown below in Figure 28. These 

are the images produced by the computer as it was running the comparison between the 

machined feature and the target image. The light blue is the target, the yellow is the 

machined hole and the red is the overlap. The number of pixels of light blue and yellow 

were summed up to form the value of the error function. The first row are the results 

for the horizontal ellipse, the second row corresponds to the circular target and the third 

row to the vertical ellipse. 

173 



Annealing progress Target 

column) 

The 2D mirror voltage levels after annealing the mirror to the two elliptical features is 

shown in Figure 30. 

to a (a) horizontal ellipse, and (b) a vertical ellipse 
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Figure 29 Images collected by the CCD camera and processed ky the 

computer. The target image (Is' column), Start position (2 nd column), 
Example of progress during the annealing (3d column), Final result (4 h 

Figure 30 Voltage levels of the 2D mirror when annealed 



The mirror voltages yield an idea of the shapes of the mirror surfaces, the horizontal 
ellipse is produced by drawing the central horizontal part of the mirror to a concave 
shape. The vertical ellipse is produced by shaping a vertical section of the mirror into a 
concave shape. 

The dimensions of the machined holes are shown in the following table. 

x-axis (ýtm) y-axis ([tm) 

Vertical 2.48 6.20 

circular 4.34 4.65 

horizontal 5.58 2.79 

The mirror was able to alter the hole shape in the x-direction by as much as 3.1 ýtm and 
by 3.41 ýtrn in the y-direction, while also being able to produce a circular hole shape 
between these two extremes. This small difference in achievable aspect ratio could be 
due to the hexagonal-pattern positioning of the actuators behind the mirror. 

5.7 Further work 
5.7.1 Increased automation of the system 
The selection of the appropriate uniform voltage level of the 2D mirror prior to shape 

annealing remained a manual process, including this process into the simulated 

annealing program would make shape-annealing quicker and easier for future users. 

Automating this pre-setting of the mirror by treating all the voltages as one and 

annealing the best hole shape before allowing individual perturbation of the mirror 

actuators would make the process more time efficient. 

5.7.2 Re-defining the annealing target 

During this project, annealing machined features to a desired shape with the 2-D mirror 

was achieved by photographing the shape produced by machining and then comparing 

that image to a 2-D target image stored by the computer. As an alternative to this 

method, the machined shape could be measured and annealed to the x and y dimensions, 

the user could define the required dimensions and the system would produce a feature of 

the correct size. Another aim could be to produce a symmetric shape by taking an 

image of a machined feature and comparing one half to the other to produce the figure- 

of merit. 
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5.7.3 Two mirror annealing 

Since control over the shape and the size of machined features has been demonstrated 
with each mirror individually, the mirrors could be combined to produce a two mirror 
annealing approach. The ID mirror could alter the size of the features in conjunction 
with the 2D mirror to alter the shape of the machined features. 

With the results described in this chapter, the goal of controllable sub-micron machining 
is within sight. Annealing with both of the mirrors at once to produce sub-micron 
features is an achievable prospect. The experiments reported here were demonstrated 

significantly above the machining threshold of chromium in order to produce feature 

sizes that were straightforward to record. With the mirrors set to neutral position, a hole 

of 2gm. in diameter was machined with a pulse energy of 0.1ý0, still above threshold. 
Applying to this feature the same 25% size reduction produced by stretching the pulse 
temporally with the ID mirror as demonstrated in Section 5.6.1, and the 45% size 
reduction demonstrated by bearnshaping with the 2D mirror in Section 5.6.2, the hole 

would now be 975nm in diameter and, of course circular. To reduce the feature size 
beyond the manipulation of the adaptive optics, the pulse energy could be further 

decreased and the laser could be frequency doubled to produce a smaller focussed spot 

size. 

5.7.4 Beamshapingfor circular waveguide creation 

Ferntosecond laser written waveguides is a technique that has been the subject of 

numerous recent studies (see Chapter 4). The most common method of writing 

waveguides with a ferntosecond laser is the transverse writing geometry. Transverse 

writing has the advantage that the crystal length, and therefore waveguide length, is 

independent of the focal length of the writing optic. The disadvantage of transverse 

writing is that due to the Gaussian nature of the focused femtosecond beam, the 

waveguides produced are elongated in the propagation direction of the writing-beam, an 

effect still seen for high numerical aperture (>0.5) lenses. Various techniques have been 

employed to produce circular profile waveguides, simplest and quickest of these is to 

alter the width of the ferntosecond writing beam with a slit before the machining optic 

[29]. As an alternative to this procedure the 2D mirror could be annealed to produce an 

elliptical beam to manufacture circular waveguides while maintaining the full pulse 

energy. This technique could also be used "live" to maintain the effect as a comer is 

turned to produce circular cross section curved guides. 
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5.8 Conclusions 

Pulse compression of an amplified Ti: sapphire laser beam has been demonstrated with a 
I-dimensional deformable mirror in a 2f configuration with a diffraction grating and a 
concave mirror. A simulated annealing algorithm was used to control the shape of the 

mirror which reduced the pulse duration by exploiting the Fourier relationship between 

optical frequency and time to control the temporal profile of the laser pulses by 

adjusting the IR spectral phase. The relative reduction in pulse duration was determined 

by measuring the corresponding increase in peak power of the pulse. 

Manual manipulation of the shape of the ID mirror to stretch the pulses to exploit the 

threshold-dependent nature of ferntosecond machining was applied to decrease the 

machined feature sizes. The experiments carried out produced a 25% reduction in 

feature size when machining a layer of chromium with a pulse energy well above the 

ablation threshold. A gradual, controllable reduction in feature size has been observed 

with the results suggesting a 20.9MW threshold for machining with a 17.6[tm diameter 
-2 -2 

circular beam, corresponding to an intensity of 85.9kW ýtrn ,a fluence of 0.996J cm 

The shape of features machined by the laser was automatically manipulated to fit a 

target profile with the aid of a simulated annealing algorithm. A 2: 1 aspect ratio ellipse 

was produced in both the horizontal and vertical directions, while non-circular holes 

were corrected by annealing the mirror shape to a circular target. 

The size reduction of the features in one dimension when producing the ellipses 

described above was 45%. When combining this figure with the reduction in machining 

size demonstrated with the ID mirror, ablated features with sub-micron diameters could 

be produced with a pulse energy still above threshold. 

The quickly adjustable control over the shape of the beam with the 2D mirror could 

allow the adjustment of beamshape to occur as the beam passes around a comer or 

changes direction. This could allow for optimisation of machining quality during a 

change of direction and open up an interesting area of research. 
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Chapter 6: Summary and Conclusions 

6.1 Introduction 

This thesis has reported micromachining of a range of materials: metal, dielectric and 
semiconductor samples have been machined. In non-ablative work, refractive index 
waveguides have been inscribed in the nonlinear crystal potassium titanyl phosphate 
(KTP). The two main goals of the work carried out in this project have been to 
characterise and improve ferntosecond machining and also to produce, by machining 
and by refractive index modification, devices for nonlinear frequency conversion. A 
general summary of the work described in this thesis will follow, and an outlook of 
possible further work presented, with brief conclusions to end. 

6.2 Technical summary 

In Chapter 2, concave features were machined in BK7 glass, each with a single pulse 
from the laser amplifier. The focal position dependence and effect of pulse energy level 

upon the feature shape, size and depth were investigated. The features machined with 

the sample positioned at the focal point of the beam followed the beamshape and were 

smoother than the glass surface they were machined from, demonstrating the high 

precision available from ferntosecond laser machining. At very low pulse energy, the 

features were concave in shape, but at higher pulse energies altered depth profile to 

become flat bottomed holes. When the sample surface was no longer at the focal point 

of the beam, different effects produced interesting feature shapes upon the glass. When 

the beam focus was incrementally moved further in front of the surface for each 

machining test, the features progressively deviated from circular to increasingly 

elliptical shape, following the direction of the polarisation of the beam. This is believed 

to be due to the polarisation direction becoming increasingly important in determining 

feature shape as the sample is moved closer to the edge of the useful machining focal 

depth. When the focus was moved significantly inside the sample, irregular shaped 

features were ablated upon the surface, along with satellite features around the main 

feature. These shapes also had widely varying depth profiles. These effects are likely 

to have been caused by self-focusing of the more intense, central parts of the beam 

inside the glass, producing highly irregular beam shapes at the focal point. Holes were 

produced that were half the diameter of the diffraction limited beam diameter, the holes 

were machined with the beam focus lying inside the sample, but close enough to the 

surface of the sample to prevent the beam from significantly self-focusing, maintaining 
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the circular shape demonstrated by machining with the focus upon the surface of the 
sample. 

In Chapter 3, gallium arsenide (GaAs) semiconductor wafers were machined in order to 
produce structures that could lead to the production of a device to efficiently frequency 
double infrared-wavelength laser beams. High aspect ratio trenches were machined 
through the GaAs wafers to produce a variety of comb-like shapes designed to be 
interlinked to form a solid device. A large quantity of important data was discovered 

about machining semiconductor crystals as part of this study. The focal point position 
should ideally be midway through the wafer to produce the best machining. The ideal 
beam polarisation was found to be linear and in the direction of motion of the beam 

across the sample. Finally, the direction of the cut with respect to the wafer major and 
minor axes was not detrimental to the machining quality. The comb fingers produced 

were robust and had sharp edges with negligible unwanted material removal. Although 

producing a device manufactured purely by micromachining is unlikely to be achievable 
due to the surface roughness of the sidewalls of the individual fingers, there is the 

possibility to smooth the necessary surfaces with one of a range of techniques, allowing 

the construction of a robust device of the radiator-grille design. 

Chapter 4 dealt with waveguide inscription and the application of waveguides to 

produce second harmonic demonstration in PPKTP. The aim of the study was to 

demonstrate the ferntosecond laser inscription of a refractive index waveguide in a 

nonlinear crystal that would produce second harmonic generation. The concept was that 

light guided by a waveguide in the crystal would have planar wavefronts and be 

continuously confined, and that this would produce superior efficiency when frequency 

doubling a CW near-infra-red laser beam. The production of waveguides in the crystal 

was very exciting as ferntosecond laser waveguide inscription is currently a very 

popular research theme. Despite the low throughput of the pump beam, the 

demonstration of second harmonic generation within PPKTP was a success and a result 

to be proud of The systematic range of pulse energy and inscription speeds used for the 

experiments had to be restricted in their incremental change due to the time that one 

waveguide took to fabricate. A higher repetition rate laser could provide the necessary 

pulse energy and allow the production of waveguides in a much shorter timescale, 

allowing for the ideal parameters to be found. 
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In Chapter 5, adaptive optics were utilised for a series of experiments designed to 
improve the quality and to control the size and shape of single pulse machined features 
in chromium films deposited upon a glass substrate. The ID deformable mirror was 
arranged in a chirped pulse compressor with a diffraction grating and a curved mirror, 
which was able to reduce the duration of the pulses from the amplifier by 25%, an 
important capability for many other applications. Of more interest to this study was the 
control over the size of a machined feature that the ID mirror provided. The ability to 
automatically reduce the feature size by setting the mirror is an important capability. 
The 2D mirror was computer controlled and altered by a program utilising a simulated 
annealing algorithm, which would detect the shape of the machining outcome via a 
CCD camera and alter the shape of the beam to match a pre-selected target shape. 
Horizontal and vertical ellipses were machined from an originally circular beam. The 

size reduction independently demonstrated with each mirror individually would strongly 
suggest that uniform sub-micron machining could be possible if using both mirrors in 

conjunction with a simulated annealing algorithm program set to minimise feature size. 

63 General summary and outlook 
This thesis describes a wide range of material processing applications for a ferntosecond 

laser amplifier. The materials involved in the processing described in the various 

experimental chapters differed greatly, the pulse energies used varying from the 

maximum level the amplifier could produce to the minimum measurable energy. The 

structure size varied from beneath the diffraction limit to single micron diameters up to 

several millimetres. Despite these wide variations in methods, the work in the 

individual chapters often related closely to one another. The work carried out in the 

GaAs and the KTP contrasts two methods of fabricating a device to achieve nonlinear 

frequency conversion of laser beams. The single pulse work and the adaptive optics 

work demonstrated methods to improve machining quality and the potentlal for sub- 

micron feature size machining. Indeed, the methodology of Chapter 2 directly informed 

the experimental design used in Chapter 5. The beamshaping produced in the adaptive 

optics work has the possibility of improving the waveguides produced in the KTP work. 

The results from the single pulse machining study of Chapter 2 could be repeated at a 

high repetition rate to monitor the quality of machined channels, and to improve the 

quality of the cut in a range of materials. A study cataloguing the optimal niachining 

pa ameters of a variety of materials, and in different gas or vacuum cnVironments, 
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would be very useful work, the aspect ratio of the machined channel could be 
maximised or minimised, a debris reduction study could be carried out. A study of the 
different qualities and sizes of channels formed in materials that absorb 800nm light on 
a 1-, 2- and 3-photon basis would be an excellent addition to this work. All of these 
experiments could be carried out with the adaptive optics altering the pulse length to 
alter the results as necessary. 

To produce a frequency conversion device from GaAs, effective measures need to be 
implemented to smooth the machined surfaces of the material. The experiments 
outlined above could improve results further, especially when combined with the 
smoothing process described in Chapter 3. 

The waveguide inscription reported in Chapter 4 is a very popular topic. As this area of 

work is still relatively new, the waveguides created in KTP during this research were 
the first of their kind. The demonstration of SHG within the PPKTP waveguide creates 

many possibilities for further studies. After optimising the inscription parameters with a 

more intricate study as mentioned earlier, there are many further questions to answer. 

The location of the waveguides with respect to the damage regions could be shifted by 

inscribing multiple damage regions to produce improved waveguide characteristics. 

The effect upon the changes to the waveguide quality and location arising from altering 

the polarisation of the inscribing laser should also be investigated. Full studies of the 

waveguides could be carried out, with insertion losses and waveguide losses fully 

characterised along with measuring any birefringence present along the guide. The 

numerical aperture of the guides should be measured to allow more efficient coupling 

into the guides by proper selection of launch optics. Further points of interest include, 

experiments to discover what, if any, effect the inscription process has upon the poling 

of the crystal and measurements to determine the refractive index change induced by the 

inscription process. Producing similar waveguides within semiconductor wafers such as 

silicon, gallium arsenide and indium phosphide is an attractive area of research. Silicon 

integrated photonic circuits could be developed for use in the computer industry for 

intra- or inter-chip optical interconnects. A different ferntosecond source would need to 

be used, one which produces the necessary pulse energy for modification at a 

wavelength at which silicon is transparent, for instance a high energy optical parametric 

oscillator. 
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The adaptive optics system from Chapter 5 could be improved upon by using only one 
compressor. The losses incurred by passing the beam through two compressor systems 
are high, 33% from the laser's own compressor and up to 50% in the adaptive optics 
compressor. Replacing the gratings with new, custom made diffraction gratings would 
also produce a greater diffraction efficiency. One of the properties of electrostatic 
deformable mirrors is that due to the mirror surface being continuous and fixed only at 
the edges, changing the voltage applied to one actuator changes the shape of the whole 
mirror. This can be a disadvantage when dealing with high order phase correction as 
truly arbitrary shapes cannot be produced by the mirror. A piezoelectric deformable 

mirror maintains the continuous reflective face of a electrostatic mirror, and in addition 
is able to push the membrane as well as pull. The piezo-driven mirror can offer the 
advantage that only a local area of the mirror is moved when the voltage is altered to 

any one actuator. Narrowing the effected deformed area of the mirror could allow the 

mirror to compensate for higher order dispersion across the pulses to produce transfon-n 
limited pulses. 

The work carried out in this Thesis demonstrates the many diverse applications of 
ferntosecond laser micromachining in a varied selection of materials for both ablative 

and non-ablative processing. The small scale machining capability demonstrated in 

Chapters 2, and 5 has many applications in micron and sub-micron scale manufacturing, 

and particularly of optics and photonics devices, from esoteric science like photonic 

crystal production to a commercial application like display manufacture. The larger 

scale machining demonstrated in Chapter 3 has applications as wide as can be imagined, 

in a world of miniaturisation and compacting of all products, femtosecond laser ablation 

will have a significant contribution to make to the precision manufacturing industry. 

The production of refractive index waveguides in transparent media in Chapter 4 and 

the unique advantages that ferntosecond lasers have in the manufacture process of these 

waveguides provides a large area of work, not only in nonlinear frequency conversion, 

but also in laser manufacture and telecoms devices. Ferntosecond laser machining has 

and will have a significant role to play in the fabrication of a large and growing diverse 

range of finely manufactured devices and components. 
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6.4 Conclusions 

In Chapter 2 it was demonstrated in a quantitative way how the quality, size and shape 
of features machined by single 150fs duration pulses from a 800nm laser varies as the 
pulse energy and sample focal position are changed. Evidence of sub-diffraction 
limited hole diameters has been presented, and from these results an ablation threshold 
of glass has been determined (5.6 jCM-2). It has been demonstrated how careful control 
of the laser pulse energy can be used to control the cross-sectional profile of holes 
n, k 
ablated in glass. 

In Chapter 3, a laser machining study of GaAs strongly suggested that the creation of a 
single quasi-phasematched GaAs device with high conversion efficiencies will bc 

possible using ferntosecond machining if the problem of the poor optical quality of 
machined faces can be solved or suitable post-processing techniques applied. 

In Chapter 4, waveguide inscription in KTP, waveguide inscription in periodically- 

poled KTP and frequency doubling in a ferntosecond-inscribed PPKTP waveguide have 

all been demonstrated for the first time. The results show good conversion efficiencies 

which are similar in magnitude to those previously obtained using bulk lithium niobate, 

and exceed the performance previously reported in periodically-poled lithium niobate 

by a factor of 36. The fact that strong conversion is available after ferntosecond 

processing implies that the local damage-induced index modification does not adversely 

affect the periodic domain structure in the material. 

In Chapter 5 manipulation of the shape of a ID deformable mirror to temporally stretch 

ferntosecond laser pulses to exploit the threshold-dependent nature of ferntosecond 

machining was applied to decrease the machined feature sizes. The experiments carried 

out produced a 25% reduction in feature size when machining a layer of chromium with 

a pulse energy well above the ablation threshold. The shape of features machined by 

the laser was automatically manipulated to fit a target profile with the aid of a simulated 

annealing algorithm controlling a 2D deformable mirror. A 2: 1 aspect ratio ellipse'W'as 

produced in both the horizontal and vertical directions, while non-circular holes Nk'cre 

corrected by annealing the mirror shape to a circular target. 
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The end. 

Hej da. 
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