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Abstract 

Glass-based aspheric optics are attractive for compact optical setups.  In addition, 

custom optics are useful for the correction of pointing errors of High Power Diode Lasers 

(HPDL).  The machining of fused silica (Corning HPFS® 7980), Schott N-BK7®, Schott 

N-LaF21 and Ohara S-TiH53 using a Trumpf TruMicro 5X50 laser which provides a 6 

picosecond pulse duration with a maximum pulse repetition rate of 400 kHz and 

maximum average power of 50 W has been explored in this thesis.  The machining of 

these glass materials was carried out using laser wavelengths λ = 1030 nm, 515 nm and 

343 nm at different pulse spatial overlap and fluence values.  Two scan strategies were 

used, namely the sequential raster scan strategy and the novel interlaced scan strategy.  In 

this thesis, we show the differences in the machining outcome.  The sequential scan 

strategy is similar to the standard raster scan technique and is limited to lower pulse 

repetition rates of 20 kHz due to a thermal build-up effect manifesting itself in the 

formation of fibres and fused debris on the surface.  On the other hand, given the same 

conditions of total pulse energy deposited on the surface, the interlaced scan strategy is 

found to provide up to 3 times larger ablation depths.  Furthermore, as the interlaced scan 

strategy has been found to suppress the effects of thermal accumulation, higher repetition 

rates up to 400 kHz could be used providing higher ablation rates up to 60 times more 

than the sequential scan strategy on the laser used.  A high-speed camera was used to 

observe the mechanism of material removal for the two scan strategies providing insight 

into the cause of the higher ablation efficiency of the interlaced scan strategy.  We 

demonstrate the capability of this process by machining cylindrical lenses.  One batch of 

the picosecond laser machined lenses was shipped to Fraunhofer ILT while another 

similar batch of lenses was shipped to PowerPhotonic Ltd. for polishing using their CO2 

laser polishing techniques.  The polished lenses were tested for their performance, and 

the accuracy of the process was measured.  Finally, the future scope of this technology 

along with its applications is discussed. 
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Introduction 

 Background  

The first red ruby laser was built in 1960 using the concept of stimulated emission 

postulated by Einstein in 1914.  Soon after its discovery, other lasers such as the HeNe 

laser (by Bell labs in 1961), semiconductor laser (by GE labs in 1962), Nd:YAG laser and 

CO2 laser (by Bell labs in 1964) were developed [1].  Many different types of lasers have 

since been developed opening new avenues for applications due to their different output 

wavelengths, power, pulse widths and beam quality.  The development of solid-state, 

diode and fibre lasers particularly, enabled lasers to be available with smaller footprints 

and higher power making it possible for use in many industrial applications like cutting 

and welding through to low power commercial applications like barcode scanners or CD-

ROMs. 

The concept of pulsing the output of lasers was first explored using optical choppers 

[2].  The use of Q-switching enabled the generation of pulsed laser outputs with high peak 

powers up to megawatts and pulse widths as short as nanoseconds [3].  In turn, the use of 

mode locking enabled the generation of ultrafast picosecond (ps) and femtosecond (fs) 

pulses [1].  Peak powers could be increased by orders of magnitude by use of chirped 

pulse amplification (CPA) where the laser power is amplified using a secondary 

amplification crystal without damaging it, by first stretching the pulse followed by 

amplification and then compression the amplified pulse.  High intensities have been 

achieved using the optical parametric CPA technique [3].  The development of ultrafast 

lasers opened up the development of ‘cold machining’ processes suitable for machining 

of glass substrates due to non-linear effects. 

Lasers and their applications have become an integral part of our everyday life, as 

we handle various products that either use lasers or have been modified by lasers.  Laser 

sources are available with different wavelengths, power, pulse widths and optical 

configurations making it possible to machine or process a wide range of materials ranging 

from metals, semiconductors, wood, fabric, polymers, glass and other materials.  The high 

intensity, monochromatic nature, and low divergence of laser beams enable tight focusing 

of the beams which have been used in various applications ranging from cutting, drilling, 

turning, to texturing, and micro- or nano-machining [1, 4, 5]. Although laser-based tools 
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are expensive, the non-contact nature of laser-based processing provides significant 

advantages over contact based machining which tend to have the added complication of 

tool wear and associated maintenance [6, 7].  Due to the high level of control of the laser’s 

output power using computer-based systems, they provide high machining precision [6, 

8, 9].  The integration of laser-based systems with CAD/CAM enables flexibility of 

design needed by industry to be able to produce a variety of patterns, parts or products 

[6]. 

The use of high peak power short and ultrashort pulsed nanosecond, picosecond 

and femtosecond pulses reduce thermal related damage as the heat affected zone (HAZ) 

is limited to a small region where the laser interacts with the material  [3, 5, 8, 10]. Hence, 

such pulses enable precise machining of a variety of materials including ceramics, glass, 

polymers, and thermally sensitive materials.  Ultrashort pulsed lasers have also been used 

to modify the refractive index of materials to create waveguides, splitters, couplers and 

Bragg gratings [11].  The rise of high durability thin glass materials used for cell phones 

and display panels requires the use of ultrashort pulsed lasers for cutting with high cut 

quality and low processing time, needed for the fast pace of the production line [12, 13].  

Lasers are also used to prepare micro-grooves and channels on glass and polymers for 

microfluidic and lab on chip devices [14, 15].  Micro- and nano-structures have also been 

prepared on various materials for applications like increasing surface roughness of metals 

for increased friction [16], changing the wettability of surfaces [17], and creating micro-

lens or micro-optics [18, 19] using ultrafast lasers. 

 Motivation  

This thesis covers aspects of ultrafast laser micro-machining of four glass materials 

namely fused silica (Corning HPFS® 7980), borosilicate crown (Schott N-BK7®), titanate 

high index (Ohara S-TiH53) and lanthanum flint (Schott N-LaF21).  Fused silica was 

selected due to its high damage threshold, N-BK7® was selected for matching of the 

coefficient of thermal expansion (CTE) with diode laser materials while N-LaF21 and S-

TiH53 were selected due to their high refractive indices making them an attractive 

solution for preparing thin refractive optics with high power.  

Laser micro-machining of fused silica has been widely reported [20, 21, 22, 23, 24] 

due to its low CTE.  However, the CTE of materials like N-BK7®, STiH53 and NLaF21, 

which is more than an order of magnitude higher than that of fused silica, make it difficult 

to process due to their susceptibility to thermal effects [25, 26].  Hence this thesis focuses 

on the use of ultrafast lasers which cause ablation using nonlinear absorption and is a 
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‘cold machining’ process, reducing thermal effects. 

This research has been carried out at the High Power Laser Applications (HPLA) 

group at Heriot-Watt University which works on a variety of applications of lasers.  The 

Laser and Photonics Applications (LPA) group at Heriot-Watt University was responsible 

for developing processes for micro-machining of fused silica using CO2 lasers [23] and 

for efficient polishing of fused silica [27, 28].  These technologies have been used by 

PowerPhotonic Ltd. for the manufacture of precision micro-optics, high power diode laser 

(HPDL) beam correction phase plates, microlens arrays and refractive diffusers [19, 20, 

29].  Furthermore, the prior work in micro-machining of fused silica using the picosecond 

laser [12, 24, 30, 31] set the background for the study described in this thesis.  This 

research was supported by PowerPhotonic Ltd. and has been carried out using a Trumpf 

picosecond laser machining facility at Heriot-Watt University.  This thesis focuses on 

improving the process by reducing the time needed to produce these optics, increasing 

the spatial resolution of the optical structures, and aims to expand the process to the 

machining of high refractive index glasses. 

 The need for the technology 

Glass components find their uses in various fields such as medical, industrial, 

military, entertainment, and consumer goods [5].  Many of these applications require the 

use of optics for imaging, projection, sensing, cutting and communication, where high-

quality optical components are desired.  With the miniaturisation of modern equipment 

comes the demand for smaller or single component optical systems.  Some of the key 

application areas demanding such glass components are listed in the subsections below. 

 Aspheric and freeform optics 

Aspheric lenses have surfaces that deviate from the shape of a sphere, and hence 

are difficult to manufacture using the standard lens manufacturing technique of grinding. 

The advantages of using aspherical lenses pointed out by Kepler (1611 AD), and 

Descartes (1637 AD) [32] are that they reduce spherical aberrations, and hence provide a 

higher quality of imaging.  Today the increasing demand for medical, analytical and 

industrial instruments that are portable while providing high-quality results call for the 

use of optical assemblies with low aberration while having fewer components.  The 

number of optical elements can be reduced thereby decreasing the weight and size of the 

optical assembly [7, 26] using aspheric optics . 

There is an increase in demand for instruments and consumer products with 
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aspheric optics due to the advantages they offer, although the cost of producing the optic 

increases the overall cost of the product.  For instance, ultrashort throw projectors are 

becoming popular today in classrooms due to the advantages of being able to fit into tight 

spaces, reduced effect of light in the eyes of the presenter or the shadow of the presenter 

on the screen [33].  Various high-end DSLR cameras also make use of aspheric optics to 

provide higher quality pictures while single component aspheric clip lenses are available 

for use with mobile phones [33].  A majority of LED-based lighting use aspheric total 

internal reflection lenses and beam shaping lenses [34] which are made from polymer 

materials.  Schindler described an alternative variable focus glass based Alvarez-lens that 

is made up of aspheric optical components [7].  Thus, aspheric optics are used in a variety 

of applications in industry, research, high-end products and low-cost everyday items.  The 

cost of manufacturing aspheric optics based on the accuracy required in the application 

and quantity needed is given in Figure 1.1. 

 
Figure 1.1.  Cost of producing aspheric optics using grinding techniques [7] showing 

that the cost increases with complexity of design.  

 

As seen in Figure 1.1, higher accuracy in optic design increases the manufacturing 

cost of aspheric optics.  Although the cost of manufacturing aspheric optics is high, the 

reduced cost of bulk manufacturing and the cost of the final premium product justify the 

manufacturing costs [32].  Plastic aspheric optics are used in many devices as moulding 

technology enables bulk manufacture of the optic.  Though some glasses with a low 

transition temperature (up to 700 °C) can also be moulded, the high temperature of the 

process requires the use of special materials with low thermal expansion [35].  The cost 

of producing moulds makes this process unsuitable for low production quantities. 

High precision computer controlled multi-axis grinding techniques can be used to 
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create aspheric optics [33].  However, the lack of symmetry in freeform designs increases 

the challenges in attaining the desired shape [7, 33, 36].  Hence conventional methods of 

grinding are expensive in time and manufacturing cost [7, 37].  Some of the challenges 

encountered using conventional machining and polishing of aspheric and freeform optics 

due to tool constraints include minimum local concave radius, spatial resolution of the 

process and maximum clearance for the tool-head [37].  Laser-based direct write 

machining technologies that are capable of producing freeform optics provide scope for 

machining and polishing these optical components at a lower cost, thereby making it 

possible to use them in a variety of applications [19, 20, 26, 38]. 

 Microlens arrays (MLA) 

MLAs have a wide range of applications such as beam homogenisers, beam 

shapers, imaging, focusing of light or creating micro-patterns [29] and can be found in a 

variety of day to day items.  Modern LED-based light assemblies often use total internal 

reflection (TIR) lens or parabolic lens along with MLAs and diffusers to effectively 

project light into the desired direction while reducing the glare [34].  Specialised lighting 

for machine vision and photography also uses MLAs to generate uniform non-Gaussian 

or flat top profiles required for the target application.  MLAs can also be used to generate 

specific patterns on the target such as spots or multiple copies of an image [39] which is 

a useful feature for photolithography enabling simultaneous processing [40, 41].  

Overlapping multiple spots can create a large uniformly illuminated field which is 

typically used for UV-curing, fluorescence microscopy and medical lasers, which use 

short working distances.  MLAs are also used for collimation of laser beams [42] and 

high power LEDs.  The use of custom MLAs for beam correction of high power diode 

lasers (HPDL) is discussed in Section 1.3.3.  In the telecommunication industry, MLAs 

are used for coupling light to optical fibres and reducing crosstalk [29, 40].  MLAs can 

also be used with solar cells and sensor arrays to increase their luminous efficiency by 

concentrating the incident light [43].  MLAs with long focal lengths can be used along 

with image sensors as wavefront sensors which are needed for adaptive optics. 

The shape of micro-lens arrays make them difficult to machine using grinding 

techniques and hence moulding techniques are often used for the production of MLAs. 

For example, low-cost MLAs which are used in many commercially available products 

like home lighting and torches, are often prepared using injection moulding, compression 

moulding or hot pressing techniques on polymer and silicone materials [40].  However, 

fused silica has been a material of choice for laser applications due to its high damage 
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threshold, high melting point and low CTE.  The high transition temperature of fused 

silica makes it difficult to mould the material [35].   

MLAs are also manufactured by the resist-melting technique [44], which uses the 

processes and equipment used in the semiconductor industry.  Another fabrication 

technique was demonstrated by V. Bardinal [42].  In this method, the curable polymer 

having a known viscosity is deposited on a transparent surface with a known wettability 

using a cantilever-based spotter.  The advantage of this process was that it could create 

convex lenses with diameters of a few microns with a well-defined hemispherical shape.  

However, this process is limited in the lens shape it can produce.  Another method 

involves the use of single femtosecond laser pulses to change the material properties of 

the glass surface followed by wet etching which selectively etches the regions exposed to 

the laser, leaving behind concave microlens structures [18, 41].  However, the etchant 

(HF) used for this process is highly toxic [45]. Polymer-based MLAs can also be 

manufactured by Excimer lasers using photo-masks [46, 47].  However, the cost of 

producing the masks adds to the overall cost of the process.  Laser direct write process, 

on the other hand, provides a more flexible technique to prepare custom MLAs [19, 20, 

29, 40, 48, 49]. 

 High Power Diode Laser (HPDL) correction optics. 

Many high power solid-state lasers and fibre lasers use diode laser bars (linearly 

aligned diodes) and stacks (multiple bars stacked) for pumping.  These laser diode bars 

and stacks can be manufactured at a low cost offering excellent efficiency in a small 

package.  However, due to manufacturing and physical limits or thermal stresses between 

the semiconductor material and the heat sink due to a CTE mismatch, these devices suffer 

from pointing errors and have a low beam quality reducing brightness (radiance) [50].  

One of the errors caused by these effects is ‘smile’, where the line of laser diodes becomes 

curved [51].  Figure 1.2 (a) and (c) shows the output of a diode stack with and without 

smile correction.  Other artefacts include fast and slow axis divergence which require 

collimators suited to the divergence angle.  Though standard off shelf components are 

used to correct these errors, since the output characteristics differ from device to device, 

this solution suffers from a lower output efficiency.  Hence, the optimum solution 

involves measuring the output errors [51] and producing correction optics suited to 

correct the specific error [52].  An example of the output of a diode stack measured in the 

far field with and without a correction phase plate [50] is shown in Figure 1.2 (b) and (d).  

A freeform machining technique enables the production of monolithic components that 
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correct for these errors using few optical elements [50, 53]. 

 
Figure 1.2.  Diode error correction using custom micro-optics developed by 

PowerPhotonic Ltd. [29] showing the efficiency of the beam correction optics. 

One of the most profound examples of the use of this technology developed by 

PowerPhotonic Ltd. can be seen in the building of the high repetition rate advanced 

petawatt laser system (HAPLS) by the Laurence Livermore National Laboratory (LLNL) 

at the ELI beamlines research center in Czech Republic, which will be used for the study 

of particle physics [54].  This laser can deliver a peak power of 1 petawatt at 10 Hz and 

is powered by high peak power diode laser arrays which are used as a pump source.  The 

ability to prepare diode correction optics based on the output characteristics of the 

individual diode stacks used increases their brightness by 2 to 10 times.  This enables a 

higher efficiency (up to 90 %) [52] of the entire system.  Furthermore, as the laser direct 

write technology enables the machining of aspheric shapes, these correction optics have 

a small footprint [54, 55]. 

 Beam shaping 

Many applications of lasers like welding and cutting show evidence of higher 

quality and efficiency when performed with specific beam shapes [8, 56, 57].  

Photolithography, in particular, relies significantly on the use of homogenous flat-top 

beams [47].  Illumination sources for specialised machine vision applications also require 

homogenous beams or particular beam shapes.  Other fields that use beam shaping include 
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laser-material interaction studies, and medical applications [56].  There are various 

techniques to achieve beam shaping like field mapping, beam integration, using lens 

arrays, and using diffractive optical elements (DOEs) [19, 56].  Though the most 

straightforward method used for beam shaping for good quality Gaussian beams involves 

the use of an aperture to select a reasonably flat portion of the beam [56], this method is 

only suited for beams with a good beam quality having a reasonably smooth profile from 

which it is possible to get the desired result.  Furthermore, this method clips the input 

beam and hence reduces the efficiency of the system. 

A standard method used for beam shaping is field mapping.  In this method, using 

reflection or refraction based optics, the input field is transformed into the desired field.  

The best results for field mapping are achieved using freeform optics [19, 57].  However, 

this technique is sensitive to the beam and requires prior knowledge of the beam shape.  

Secondly, this technique works only for single mode well-defined beams [56]. 

Beam integrators are built using a single or two MLAs to split the input beam into 

an array of beams.  These beamlets are then superimposed on the output process plane 

using a focusing lens.  As the output beam pattern is a sum of the beamlets created by the 

MLA, this technique is called beam integration [19, 40, 47, 56].  It is possible to generate 

different shapes of output beams using beam integration [19].  As the beamlets are 

focused on the second focusing lens, it tends to create hotspots, and hence materials with 

high damage threshold need to be used.  This beam shaping technique is still prone to 

damage for high power lasers.  As the MLA has a periodic nature, it tends to create 

diffraction artefacts that carry on to the output plane [19]. 

Another method used for beam shaping involves the use of DOEs which are field 

mappers using diffraction to create the required profile [56].  The surface design of the 

DOE is calculated using an iterative Fourier transform algorithm (IFTA) and is then 

manufactured using photolithography along with reactive ion etching [19].  A wide range 

of output profiles can be prepared using DOEs which are less sensitive to alignment 

errors.  However, DOEs suffer from lower efficiency, beam scatter, wavelength 

dependence and zero order leakage [19].  Photolithography has a high cost associated 

with the development of masks needed and hence is expensive for low volume or custom 

requirements.  A laser direct write technique provides the flexibility needed for custom 

DOE designs and enables the manufacture of DOEs with ease. 

PowerPhotonic Ltd. has developed a novel beam shaping technique called 

Pseudorandom Refractive Intensity Mapping Element (PRIME™) [19].  Though the 
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surface of PRIME™ is designed using IFTA, phase branching and discretisation of phase 

is avoided lowering the scatter loss.  Hence PRIME™ eliminates the zero order leakage 

observed in DOEs, has very low scatter, high efficiency and is wavelength independent 

[19].  Furthermore, it can handle high peak power being less prone to damage than DOEs.  

These optical elements, however, have pseudorandom patterns with smooth surfaces 

which are difficult to produce other than by laser machining due to their complex design. 

 Micro-fluidics and lab on a chip 

Micro-fluidic devices are used in various application areas such as chemical 

synthesis, bio-medical, drug development, environmental monitoring, and optofluidic 

instruments, where these devices provide a significant advantage over traditional testing 

procedures.  These microfluidic devices are prepared by creating micro-channels which 

enable transportation, mixing, and metering of fluids in an efficient manner needing very 

low volumes of test samples and reagents (micro to nano-litres) while providing highly 

accurate results.  Materials like glass and certain polymers are often used for such devices.  

Glass is a material of choice due to its chemical inertness, high hardness, transparency, 

thermal stability, support of electro-osmotic flow, and hydrophilic nature [11, 58].  These 

microfluidic devices can also be integrated with waveguides and optical elements 

(Optofluidic devices) that are true Lab On a Chip (LOC) [9, 11].  For instance, 3D 

microfabrication has been used to prepare nano-aquariums.  These nano-aquariums give 

a significant advantage over observation of microorganisms using conventional 

techniques (i.e. using a Petri dish or a glass slide), in that they allow the study of the 3D 

motion of the cells [11]. 

 Structure of the thesis 

The process chain for the manufacture of precision optics using a picosecond laser 

for machining and a CO2 laser for polishing is provided in this thesis.  The picosecond 

laser-based machining strategies used (sequential and interlaced) are described in detail 

providing the optimised results for fused silica.  The optimised machining parameters for 

these machining strategies were then applied to N-BK7®, N-LaF21 and S-TiH53. 

Chapter 2 contains an introduction to glass materials and their properties.  

Conventional glass machining techniques are explored providing the advantages and 

drawbacks of each process.  Finally, different laser-based machining techniques are 

reviewed. 

The apparatus used for the picosecond laser machining of glass is described in 
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Chapter 3.  The laser stability and the accuracy of the galvoscanner are discussed in detail.  

The chapter then describes the various instruments used for characterisation and 

measurement of the machined glass samples.  As the aim of the work reported in this 

thesis was to find the optimum processing window to machine fused silica, N-BK7®, N-

LaF21 and S-TiH53, the specifications for these glass materials are also given in this 

chapter.  Finally, glass handling procedures before and after machining are described. 

Chapter 4 describes the sequential scan machining process along with the 

machining results for fused silica.  The scan strategy and its limitations concerning pulse 

repetition rate (PRR) are provided in this chapter.  The issue of fused debris and fibres 

encountered during the machining process is discussed.  The outline of the parameter map 

used along with the results of machining using the output wavelengths available on the 

laser (UV, VIS and IR) is provided.  The measurement technique for the machined glass 

samples is discussed.  Finally, the sequential scan process is analysed using a high-speed 

camera and digital holographic imaging giving insight into the mechanism of the process. 

In Chapter 5, the novel interlaced raster scan technique used to suppress the 

problems encountered in Chapter 4 is discussed.  The scan strategy is described with the 

optimised parameters for machining.  The results of the parameter maps on fused silica 

using the three wavelengths of the laser are provided.  As the interlaced scan technique 

produces high roughness, a smoothing post process was developed to reduce the initial 

roughness to a value that can be suitable for polishing.  This interlaced scan process is 

also studied using the high-speed camera. 

The results of the parameter maps for N-BK7®, N-LaF21 and S-TiH53 are given in 

Chapter 6.  The parameter maps were prepared using the sequential scan and interlaced 

scan techniques described in Chapters 4 and 5.  As these materials had a higher tendency 

to crack, these maps were created using a lower pulse overlap.  Optimum processing 

windows for each of the materials are identified. 

Chapter 7 focuses on the fabrication of optics using the process chain involving 

picosecond laser machining and CO2 laser polishing.  The results of the parameter maps 

in Chapters 5 and 6 were used to machine structures on the glass materials to produce 

optical elements.  The repeatability of the process along with the machining errors are 

discussed.  The machined samples were polished using two different types of CO2 laser-

based polishing processes by PowerPhotonic Ltd. and Fraunhofer ILT respectively.  The 

results of these two polishing processes are discussed and compared. 

The conclusions are presented in Chapter 8.  The machining capabilities of the 
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process are compared with other laser-based machining processes.  Means to improve the 

machining quality by improving the laser stability and galvoscanner accuracy are 

discussed, as well as the potential to increase the productivity of the interlaced process 

using higher power and PRR lasers.  Finally, applications of the technology are discussed. 

 

 Summary 

The need for custom optics, MLAs, aspheric optical elements, diode correction 

optics and beam shaping optics and micro-fluidic devices has been growing with the 

growth of lasers, scientific instruments, industrial requirements and high-quality 

commercial equipment.   Although commercial techniques to produce these devices exist, 

they often lack the flexibility or cost-effectiveness for custom requirements. To address 

this need, we propose the use of ultrafast lasers for machining glass which can be followed 

by existing CO2 laser polishing techniques to provide optically smooth surfaces.  
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 Glass: material properties and machining technologies 

 Introduction 

Glass is one of the most widely used materials for optics due to its optical 

transmission properties, high hardness, high chemical resistivity and homogeneity [1, 5, 

59].  It is made up primarily of silica (SiO2), while different glasses have different 

minerals added such as lime (CaO), boron trioxide (B2O3), lead oxide (PbO), potassium 

oxide (K2O), sodium oxide (Na2O) and other metal oxides in low concentration [60].  For 

example, the commonly used Soda-lime glass is made up of silica, sodium oxide (Na2O), 

lime (CaO), magnesia (MgO) and alumina (Al2O).  Glass is manufactured by fusing the 

constituent materials and cooling it sufficiently quickly to form a solid rigid body without 

allowing crystallization to take place.   

 Properties of glass 

The transparency of most glasses is in the range between the ultraviolet and near-

infrared regions of the electromagnetic spectrum which makes the material suitable for a 

variety of optical applications.  However, by using additives or using different processes, 

it is possible to tune the optical, thermal and mechanical properties of glass for different 

applications [61, 62, 63, 64, 65]. These properties, in turn, affect the machinability of the 

material using laser processes. 

 

 Optical properties of glass 

The refractive index ‘n’ of a material is defined as the ratio of the speed of light in 

vacuum to the phase velocity of light in a medium.  

The complex refractive index can be defined as  

  𝑛 =  n + iκ (2.1) 

where κ is the extinction coefficient of the medium and describes the attenuation of the 

beam in the medium.  For most materials, κ > 0 and the light is absorbed in the material.  

The values of the n and κ are dependent on the wavelength.  Manufacturers can produce 

glass materials of refractive index tuned to the requirement by using additives in the glass 

[1].  Datasheets provide the details of the refractive index with respect to specific spectral 

lines [59, 63, 65].  For instance, nd is the refractive index of a material at λd = 589.3 nm, 
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which is measured at the yellow doublet D-line of sodium. The refractive index at 

different wavelengths can be calculated using the Sellmeier formula which has a general 

form of  

  𝑛 = √1 + ∑
𝐵𝑖𝜆2

𝜆2 − 𝐶𝑖
𝑖

 (2.2) 

 

where Bi is the absorption resonance strength, and Ci is the corresponding wavelength. 

Both Bi and Ci are experimentally determined and provided on most datasheets for a 

wavelength range of 2300 nm to 365 nm.  

 The Abbe number (Vd) provides details of the material’s dispersion, which is the 

refractive index change with respect to the wavelength and is given by: 

 Vd =  
nd − 1

nf − nc
 (2.3) 

 

where nf is the refractive index of the material at λ = 486.1 nm, and nc is the refractive 

index of the material at λ = 656.3 nm.  A low Abbe number means that the material has 

high dispersion.  Fused silica has a refractive index nd = 1.46 and Abbe number Vd = 

67.86, while S-TiH53 has a high refractive index (nd = 1.85) and low Abbe number (Vd 

= 23.78).   

Considering perpendicular incidence from air to the material, the reflectance, R, of 

the material can be calculated as follows [1, 28, 59]: 

 R = (
n − 1

n + 1
)

2

=  
(n − 1)2 + 𝑘2

(n + 1)2 + 𝑘2
 (2.4) 

Materials with a high refractive index have a high reflection coefficient.  Hence S-

TiH53 and N-LaF21 will produce higher back reflections compared to fused silica and 

N-BK7® (see Table 3.8).  The reflectance of glass can be reduced by using anti-reflective 

coatings which are applied as multiple layers.  These coatings have a refractive index 

(nlayer) value that is a square root of the refractive index of the glass material (at the desired 

wavelength) and a thickness of λ/4/nlayer [59].   

Though most glasses have a transparency window in the visible, UV or IR range, 

reduction in transmittance can still occur.  The presence of particles, oxides and other 

colouring agents can modify the transmittance or increase scattering.  The internal 

transmittance Ti is related to the thickness of the glass and can be expressed using Beer-

Lambert’s law. 
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 Ti =  
I

I0
 = e−α𝜆d𝑠𝑎𝑚𝑝𝑙𝑒  (2.5) 

where dsample is the glass thickness, I is the transmitted light intensity, I0 is the initial light 

intensity after reflection losses, and αλ is the spectral absorption coefficient. 

 𝛼𝜆 =
4πk

𝜆
 (2.6) 

 

For laser machining of glass using linear absorption, the spectral transmittance of 

the material indicates whether the incident laser beam will be absorbed by the material.  

The depth to which the incident radiation penetrates a material where the intensity drops 

to 1/e of its initial value (absorption depth of the material) is given by α-1.  For materials 

with higher transmittance, at the laser machining wavelength (using linear absorption), 

the energy is absorbed deeper in the material which can fracture the material due to 

thermal stresses.  The absorption coefficient of a material has been found to vary with 

temperature [66].  This feature has been used effectively to vary the absorption depth 

which is helpful for CO2 laser-based polishing [27].  As fused silica has high transmission 

in the visible spectrum (nearly 100%), it cannot be machined using linear absorption in 

that wavelength range.  However as the transmission drops in the far IR and UV 

wavelength range [63], linear absorption based machining is possible at these 

wavelengths using UV excimer lasers [46] or far IR CO2 lasers [27, 38, 67, 68].   

In the presence of a strong electric field generated by extremely high intensities of 

light such as that achieved at the focal plane for a picosecond pulse, the refractive index 

of the material can change based on the electric field.  This non-linear behaviour of the 

refractive index is referred to as the Kerr effect, and the non-linear refractive index is 

denoted as n2 [69, 70].  

 n(λ, I) = 𝑛0 + 𝑛2I  (2.7)   

The value of n2 for fused silica is 2.2 - 3.4 ×10-20 m2/W [71], while for BK7, the 

value is 3.2 – 3.9 ×10-20 m2/W [70, 71] although the values vary based on pulse width and 

wavelength [70, 71, 72, 73].  The non-linear refractive index can be used to predict the 

self-focusing in glass materials above critical power Pcr due to the optical Kerr effect [74].  

 𝑃𝑐𝑟 =  
3.77 𝜆2

8𝜋𝑛0𝑛2
 (2.8) 

The value of Pcr for most optical glasses is in the megawatt range.  Hence it is 

possible to have self-focusing inside the bulk of the material during machining if the 

incident energy is not absorbed on the surface of the material [75].   
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 Thermal properties of glass 

It is essential to consider the viscosity of the glass material in applications relating 

to the polishing [20, 26], annealing or melting of glass [76] by laser treatment.  The 

thermal and mechanical properties of glass materials at elevated temperatures are closely 

related to the viscosity of glass.  The viscosity of glass changes by nearly 15 to 20 orders 

of magnitude between its melting point and room temperature [59].   

This feature especially has been exploited for the polishing of glass using CO2 lasers 

[27].  The viscosity of glass materials changes smoothly with temperature as can be seen 

in Figure 2.1.   

 

 

Figure 2.1.  Typical viscosity vs temperature curve and viscosity ranges of glass 

[59] showing that the viscosity changes gradually with temperature.  

 

In general, the viscosity of glass between room temperature and its melting 

temperature can be divided into three thermodynamic states. The melting range is defined 

as the range of temperatures above the liquidus temperature where the glass would flow 

like a liquid.  The range between the liquidus and the solidification temperature is known 

as the supercooled melt range, and the range of temperatures below the solidification 
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temperature is known as the range of solidified melt [77].  However, in the glass 

manufacturing industry, the temperature ranges are divided based on manufacturing 

processes. 

Working point - This is the temperature range where the glass viscosity is 104
 

dPa·s.  At these temperatures, the viscosity of the glass is suitable for techniques such as 

blowing, pressing, drawing and rolling [59, 76]. 

Softening point - At this temperature range, the glass has a viscosity of 107.6 dPa·s 

and the glass begins to deform under its own weight rapidly.  This temperature range can 

be used effectively to cause the material to flow under its own weight and surface tension 

to reduce roughness or generate smooth shapes [2, 68]. 

Annealing point -The temperature indicated as the annealing temperature is the 

upper end of the annealing range.  At this temperature, the viscosity of the glass is 1013 

dPa·s and is best suited for the annealing process where the stresses inside the glass can 

be reduced in a short period.  The glass is frozen and only releases internal stresses [59, 

76].   

The process of annealing is needed especially after laser polishing of the surface as 

the thermal stresses generated needs to be released to avoid cracking [26, 76, 78].  

Annealing can also be used to reduce the micro-bending created due to stresses generated 

during the ablation or polishing process [27]. 

Strain point -This is the lower limit of the annealing range where the glass has a 

viscosity of 1014.5 dPa·s.  The relieving of stresses takes around 3 to 5 hours at this 

temperature and so below this temperature, the glass can be cooled at a faster rate without 

freezing in new stresses [59, 76]. 

The Coefficient of Thermal Expansion (CTE) α provides the relation between the 

changes in material volume with respect to the change in temperature.  This property is 

especially important in laser machining of glass as the processing takes place in a small 

volume whereby the glass can expand developing stresses.  For glass, the curve of the 

thermal expansion features two distinct regions.  From absolute zero to around room 

temperature, the CTE increases slowly and linearly.  At a certain point, most glasses show 

a distinct bend in the CTE curve which marks the transition of the glass from a 

predominantly elastic to viscous-elastic behaviour [59].  Most data-sheets provide two 

CTE values: CTE from temperatures -30 °C to +70 °C and CTE from +20 °C to 300 °C 

[62, 63, 65].  For instance, the CTE of N-BK7® is α = 7.1×10-6 K-1 for the temperature 
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range of -30 °C to +70 °C, and then α = 8.3 × 10-6 K-1 for the temperature range of +20 

°C to +300 °C.  With a few exceptions, most commercially available glasses have a 

positive coefficient of thermal expansion [59, 63, 65]. 

The specific heat ‘Cp’ of a material determines the amount of heat energy required 

to raise the temperature of 1 kg of the material by 1°C.  For laser processing, the laser is 

the heat source.  The ability of a material to conduct this heat to the surrounding regions 

is the thermal conductivity ‘k’ and is given by  

 

 k =  
∆𝑄 ∙ 𝑑

𝐴∆𝑇
 (2.9) 

where DQ is the heat transmitted through a layer of thickness d with surface area A due 

to a temperature difference of DT.  As glasses exhibit low thermal conductivity (typically 

k = 0.9 - 1.2 W/m·K at 90 °C [59]), high temperature differences between the different 

regions of the glass can develop if the material is non-uniformly heated (e.g. heating the 

surface using a point source).   The thermal diffusivity ‘D’ of the material is defined as 

the rate of heat transfer considering the thermal conductivity k, specific heat Cp and 

density ρ of the material [79, 80]. 

 D =  
k

𝜌𝐶𝑝
 (2.10) 

The depth ‘LD’ to which heat diffuses into the material (considering 1/e decay in 

temperature distribution) due to transient heating by a laser of pulse width τL is given by 

[80]: 

 𝐿𝐷 ≈  √4𝐷𝜏𝐿 (2.11) 

 

However, it is important to note that Equation 2.11 provides an approximation as 

the values of α, k and hence D are derived for static or quasi-static measurements whereas, 

in the case of laser processing, the short interaction time, high temperatures and strong 

temperature gradients can change these parameter values [28].  As these parameters are 

interdependent on temperature, a proper description of the process requires coupled non-

linear equations.  The material’s homogeneity, crystallinity, surface structure and 

chemical defects also affect its thermal and optical properties.  Furthermore, for ultrashort 

pulses, there exists a non-equilibrium between the electron and lattice temperature [81].  

Considering the values of D given in Table 3.8, the approximate thermal diffusion 



25 

 

length LD as a function of pulse width τL for the materials considered in this thesis is given 

in Figure 2.2.   The values of LD are calculated assuming equilibrium between the electron 

and lattice temperature.  

 

 
Figure 2.2.  Thermal penetration depth LD as a function of pulse width calculated 

using Equation 2.11 for fused silica, N-BK7®, S-TiH53 and N-LaF21 using thermal 

diffusivity values given in Table 3.8. The thermal penetration depth LD is in sub-

microns for picosecond laser pulses for the materials considered.  

 

It can be seen from Figure 2.2 that the thermal penetration depth is in the range of 

tens of nanometres for nanosecond pulses while it is around a few nanometres for 

picosecond pulses.  The calculated values of the thermal penetration depth for a six 

picosecond pulse for fused silica, N-BK7®, S-TiH53 and N-LaF21 are given in Table 3.8. 

Laser processes cause fast heating and cooling cycles in a localised area whereby 

due to the material’s CTE, Young’s modulus ‘EYoung’s’ and Poisson’s ratio ‘ν’ of the 

material, high stresses can develop.  During the heating of the material, these stresses can 

relax as the material’s viscosity reduces.  However, when the material rapidly cools, these 

stresses can be frozen into the material below temperature DTM.  The frozen in stresses 

σF is given by [82]: 

 𝜎𝐹 =  
E𝑌𝑜𝑢𝑛𝑔′𝑠α∆𝑇𝑀

(1 − 𝜈)
 (2.12) 

If these stresses are not relieved, it can cause the material to fracture if the stresses 

are frozen in.  Hence cooling of glasses is more likely to cause cracking rather than rapid 

heating [59].  Thermal stresses can also cause birefringence and bending of the glass 
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material [20, 26, 27, 59, 76, 82].  These stresses can be relieved by thermal annealing of 

the glass. 

 Conventional technologies for machining glass  

Glass has been used for various purposes for centuries.  Due to its unique plasticity 

at the transformation temperature, glass blowing techniques have been widely used for 

making jars and bottles.  Glass grinding techniques are widely used to prepare optics.  

Some modern techniques combine multiple machining technologies to achieve higher 

throughput or accuracy.  In this section, the conventional methods for machining glass 

are described with their advantages and drawbacks, considering the production of custom 

and freeform optics.   

 Grinding 

The grinding process is the most widely used method for preparing optical 

components.  It is one of the oldest, yet most preferred, methods for preparing optics that 

are commonly available in cameras, telescopes and spectacles which use glass-based 

optical components.   

 

 

Figure 2.3.  Grinding of optics (a) single optic (b) multiple optics [83].   

In the grinding process, a glass substrate is generally ground against a hard spherical 

surface as seen in Figure 2.3 (a and b) with some form of abrasive material like diamond 

or boron nitride [84] in between to create a spherical shape on the glass [32, 84].   Multiple 

optics can be ground together using a setup shown in Figure 2.3 (b).  In the case of glasses 

with a lower melting point, the glass can be press moulded before the grinding process to 
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reduce material waste.  The grinding process involves taking a preform blank of the 

desired glass material and performing several grinding steps to create the required shape.  

A slurry prepared by mixing grit and water is used to remove material, keep the glass cool 

during the grinding process, and to remove the debris.  The initial step uses a large 

abrasive grain (100 - 200 µm) to remove more material and to create the structure needed 

but with high surface roughness.  After this, the lens is further ground using smaller 

abrasive grain to get higher accuracy, while lowering the surface roughness with each 

successive step.  Finally, the polishing step uses wood tar pitch mixed with a resin, which 

being viscoelastic adjusts to the optic form while smoothing the surface without changing 

the shape of the optic [83].  Manufacture of non-spherical shapes is difficult due to the 

different types of tools required and the reduced processing area which increases the 

processing time [20].   

In modern production lines, aspheric optics are manufactured using diamond point 

turning tools with a precision multi-axis CNC machine [1, 33].  These multi-axis CNC 

machines enable a more accurate control and the production of aspheric shapes [32].  

However, greater deviations from the spherical form require complex procedures in 

grinding and polishing, raising the production cost of the component.  Furthermore, the 

tool head size determines the minimum contour that can be machined.  Modern polishing 

methods use a magneto-rheological figuring process where the slurry contains magnetic 

and abrasive diamond particles.  The hardness of the slurry can hence be controlled by 

changing the magnetic field [33].  This method of polishing can produce high-quality 

optics with λ/10 or λ/20 surface finish [83].  However grinding is still limited by the tool 

size and geometry [6, 22, 36].  Optics prepared from grinding can contain subsurface 

cracks [84], which can lead to laser damage when used with high power lasers [85].   

 Single point diamond turning (SPDT) 

 The computer controlled SPDT machining process uses a single-crystal diamond 

tool to remove glass material [5], creating surfaces with sub-micron accuracy [83].  

Different diamond tip tool heads are used to provide the required accuracy, with tool head 

tip radii as low as 20 nm [86].  Ductile mode (causing permanent deformation without 

fracture of the material on the micro-scale) machining of glass is possible if the depth of 

the cut is kept below 10 nm [5].  Hence turning machines with high precision nano-level 

positioning enable this technology to machine glass without causing a fracture.  However, 

the low feed rate makes the process slow.  Furthermore, to maintain ductile mode 

machining, the tool-head encounters high shear forces causing them to wear out quickly.  
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Using ultrasonic vibration, the cutting efficiency of this process is found to improve while 

also increasing the lifetime of the tool head [86].   

 Precision moulding 

Precision moulding is a widely used method for bulk manufacturing first introduced 

in the 1960s for plastic optics [1].  Many mass-produced plastic or polymer-based optical 

components are fabricated using this method.  This technology facilitates high volume 

manufacture of aspheric, asymmetric, freeform, diffractive and complex optics, making 

them available in many low-cost everyday items.  Furthermore, posts, alignment notches, 

mounting elements and clips can be manufactured as part of the optic itself [1].  Though 

polymer and plastic optics can offer the advantages of being low cost and lightweight, 

materials like glass offer higher thermal stability, better optical performance, resistance 

to scratching, high laser damage thresholds, wider range of refractive index and Abbe 

number.  So the choice depends on the application.  Furthermore, injection moulding of 

plastics can affect refractive index and birefringence.  In the case of glass, annealing can 

minimise these stress-related effects [1].  The common plastic materials used in precision 

moulding are PMMA, polyolefin, polycarbonate, polystyrene and SAN [1].  Silicone is 

preferred for applications where reasonably high temperatures (up to 160 °C) are 

expected, e.g. high power LEDs [34].  Some glass-based optics are press moulded, such 

as automotive headlight lens [60]. 

The precision moulding technique involves filling the casting mould with the 

molten material.  Once the mould is filled, the molten material is pressed into it to fill the 

mould and take the required shape [60].  For glass, the pressing temperature is between 

the yield point (viscosity = 1010 dPa·s) and the softening point [35].  The precision 

moulding of glass is an isothermal process involving the heating of the material to the 

pressing temperature, pressing the glass between the moulds (that have been kept at a 

homogenous temperature), and controlled cooling of the glass material to below the 

transition temperature [35].  During the entire process, the pressure applied to the glass 

between the moulds is precisely controlled to avoid deformation.  A typical cycle takes 

around 15 to 20 minutes and can yield multiple optics per cycle with the use of several 

moulds. 

The mould needs to be of a material that can withstand high temperatures (at least 

800 °C).  Furthermore, the material of the mould needs to have low thermal expansion 

and low distortion, as the moulding process cycles from elevated temperatures to around 
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200 °C [35] where the process ends.  The shrinkage and distortion of the mould still need 

to be calculated and compensated for the design of the mould to obtain the desired shape. 

 Many optical glasses can be moulded at temperatures between 350 °C and 800 °C 

and hence ceramics, like binderless tungsten carbide or silicon carbide, are often used as 

the material of the mould [35, 87].  The moulds are manufactured using an ultraprecision 

grinding process.  As these materials have high hardness, it often wears down the tooltip, 

and hence diamond is used as the abrasive.  The mould needs to be ground to an optical 

finish as defects in the mould get reproduced in the final optic.  After machining, the 

mould is coated using a physical vapour deposition process to increase its lifetime and 

reduce damage during the moulding process [35].  Hence the complexity and precision 

needed in this entire process make the manufacture of moulds expensive.   

 Though the cost of preparing a mould for precision optics can be high, the moulds 

can be used to mass produce the optic making the overall cost low for high volume 

production.  However, for fused silica, the high melting point makes it impossible to 

produce moulds, due to the limited thermal stability of the materials used for the moulds 

[20].   

 Laser-based processes 

Lasers are used for various micro-machining processes including the manufacture 

of optics [26, 27, 48], by controllably ablating the material or changing the material 

properties (for a secondary process to remove the material).  They provide non-contact 

machining without the need for replicable tool heads or use of chemical reagents1 and can 

precisely machine with low material damage or waste.  The flexibility of machining by a 

laser-based process makes machining of custom and freeform optics possible.  This 

section examines the different laser-based processes for machining glass, and their 

advantages and disadvantages.  The mechanism of linear absorption and non-linear 

absorption is first described, after which the physical setups and machining strategies of 

the mask projection and direct write techniques are discussed.  Finally, the results of the 

different laser-based machining processes are compared. 

 Linear absorption  

Manufacturing processes using continuous wave (CW) and long pulse (pulse widths 

down to nanoseconds) lasers usually rely on linear absorption of radiation.  Hence the 

                                                 

1 Chemical etching is used in some cases to smooth or enhance the machining as will be seen in a few 

processes mentioned in this section. 
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machining process is dependent on the use of laser wavelengths that are in the absorption 

band of the material.  Since most glass materials are transparent in the range from 350 nm 

to 3.5 µm [59, 88], the wavelengths that can be used for this process are outside this range. 

Machining using IR and deep IR wavelengths rely on coupling energy to the vibrational 

modes of the material thereby heating the material, while machining using UV 

wavelengths rely on photodissociation of molecules leading to direct ablation [4]. 

For example, fused silica has a high absorption coefficient at λ = 10.6 µm. The 

energy absorbed is used to increase the temperature of the material to the vaporisation 

temperature and supply energy for the enthalpy of vaporisation [28].  It is possible to 

attain high surface temperatures (above 3000 K) on fused silica using CO2 lasers with 

power ≤ 10W [28].  Phase explosion takes place when the surface temperature is equal to 

the thermodynamic critical point, causing the overheated liquid to change into a mixture 

of vapour and liquid droplets [10].  The dense plasma then ejects the molten droplets at a 

supersonic velocity at the end of the laser pulse, leaving a crater with a rim of re-solidified 

material [4, 89].   

Many glass materials have high absorption around λ ~ 10 µm [61, 62, 63, 65] and 

hence can be processed using a CO2 laser [20, 67].  However, the rapid heating and 

cooling associated with CO2 laser processing combined with the CTE of the material 

causes thermal stresses to build up usually leading to failure of glasses with high CTE 

[25, 82].  Fused silica has a low CTE, and the ablation characteristics for the CO2 laser 

based process can be accurately predicted and agree well with experimental findings [28].  

Furthermore, by controlling the incident energy so that the glass temperature does not 

exceed the evaporation temperature, it is possible to lower the viscosity of glass to allow 

it to flow under surface tension thereby polishing the surface [20, 27, 68, 90].  Hence CO2 

lasers are an attractive tool for machining and polishing of low CTE glasses such as fused 

silica.  CO2 laser direct write machining processes are further discussed in section 2.5.1 

while CO2 laser polishing processes are described in section 7.4.  

For UV wavelengths, excimer lasers are often the tool of choice due to their high 

gain and primary output in UV up to far UV wavelengths. Excimer lasers are broadly 

defined as lasers which have active media that are dissociative in the ground state and 

bound in the active state (exciplexes), thereby having high gain [91].  These lasers mostly 

use noble elements along with halogens to create an excimer molecule at high pressure. 

Examples are KrF (λ = 248 nm, 5 eV) ArF (λ = 193 nm, 6.42 eV) and F2 (λ = 157 nm, 

7.9 eV) lasers which are often used for machining fused silica and quartz [4, 91].  
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Although the photon energies of these lasers are not high enough to break or dissociate 

the molecular bonds of Si-O (~100 eV), excimer lasers can induce a mixture of 

photochemical and photothermal effects on the material thereby ablating it [91].  Excimer 

lasers are available with nanosecond to femtosecond pulse durations.  Furthermore, these 

lasers are available with repetition rates up to a few kHz, average power up to hundreds 

of Watts and pulse energy up to Joules [4].  Due to the short wavelength, which is 

absorbed by most materials, and the high peak power of excimer lasers, ablative 

evaporation takes place on the target material due to dissociation of molecules [1].  Hence 

clean ablation with excellent surface quality is achieved thereby eliminating the need for 

polishing [4, 46, 47, 92]. For example, flint glass has absorption in the near UV region 

and hence can be machined using a KrF laser at λ = 248 nm.  Similarly, polymers are 

readily machined at this wavelength [47, 92].  As fused silica has around 99% 

transmissivity at λ = 250 nm, KrF lasers cannot be used to machine the material, while F2 

lasers at λ = 157 nm are suitable for machining fused silica [93, 94] in inert gas 

environments.  The use of F2 lasers for machining fused silica provides an ablation rate 

of 20 nm to 100 nm per pulse with a smooth surface, and a low quantity of debris 

redeposited on the surface [94].  Current excimer lasers have output powers up to 100 W 

and PRR up to several kHz [80].  Hence removal rates achieved using excimer lasers have 

been low thus far although the smooth finish eliminates the need for post-process 

polishing [95].  However, these lasers offer low efficiency where the optical output is up 

to 3% of the electrical input increasing the laser’s operating costs [80].  

Due to short wavelengths, excimer lasers provide an extremely low diffraction 

limited half pitch in the nanometre scale and have nearly flat-top beam profiles and low 

spatial coherence [8].  Excimer lasers exhibit low beam quality and low coherence length 

due to the highly multimode nature of their output which suppresses interference [91].  

Hence these lasers become a perfect tool for mask projection techniques [46, 47, 92]. The 

cost of producing the masks for this technique increases the overall cost of the process 

making it unsuitable for custom optics or small quantities.  Furthermore, the machining 

process is slow, and depending on the laser used, its short wavelength is also absorbed by 

oxygen generating ozone, and hence machining has to be carried out in inert gas 

environment or vacuum [80, 91, 94].   

 Non-linear absorption  

The development of mode-locking and CPA enabled the production of ultrafast 

lasers with high peak power and ultrashort pulse durations in the order of picoseconds to 
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femtoseconds. The high peak power associated with these ultrashort pulses enables non-

linear effects like multiphoton absorption in materials, thereby enabling the use of 

wavelengths that the material is otherwise transparent at [96].  Due to plasma formation 

and surface breakdown, the material becomes absorbing at laser intensities above 108 

W/cm2. 

Micro-machining of silica surfaces using femtosecond pulses was first 

demonstrated in 1994 [96].  Ultrafast picosecond and femtosecond laser-based processes 

have since been applied to applications such as micro-machining [9, 14, 97, 98, 99], 

cutting/drilling/turning [12, 95, 100, 101], writing waveguides [74, 102, 103], structuring 

surfaces [78] and welding [104, 105, 106].  In the case of metals, as there are electrons in 

the conduction band, direct absorption of laser energy is possible due to inverse 

bremsstrahlung [4], while in the case of glass materials, the electrons first need to be 

excited across the large bandgap to enable them to absorb the laser energy [107].  The 

mechanisms that enable the excitation of the electrons are shown in Figure 2.4 and can 

be listed as follows: (a) multi-photon absorption (MPA), (b) tunnelling ionisation, (c) free 

carrier absorption, and (d) impact ionisation.   

 

 

 

Figure 2.4.  Illustration of the different processes taking place during interaction of 

ultrashort pulses with material.  (a) multi-photon ionisation, (b) tunnelling ionisation 

(c) free carrier absorption, (d) impact ionisation [11, 108]. 

 

(a) Multi-photon absorption 

Materials like semiconductors and dielectrics do not have electrons in the 

conduction band and hence need to be excited from the valence band.  The band gap in 

fused silica is 9.3 eV [109], while that of BK7 is 4.3 eV [110].  Wavelengths in the visible 
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or near IR do not have sufficient energy to excite the electrons of transparent wide band 

materials from the valence band to the conduction band [108].  The use of a focused 

ultrafast laser beam creates high irradiance in space and time due to the high peak power 

of the pulse. At this high irradiance, the electron can absorb multiple photons thereby 

getting excited [11, 74] as shown in Figure 2.4 (a).  Hence the number of photons ‘m’ 

being absorbed for MPA to take place is given by mћω > Eg, where ћω is the energy per 

photon and Eg is the bandgap energy of the material [11, 108].  For instance, the 

wavelength outputs of the Trumpf TruMicro picosecond laser is λ = 1030 nm (1.2 eV), 

λ = 515 nm (2.4 eV) and λ = 343 nm (3.6 eV) which is lower than the bandgap of fused 

silica.  Hence at λ = 1030 nm, fused silica will require ~8 photons while it will require ~4 

photons at λ = 515 nm and ~3 photons at λ = 343 nm. The MPA rate strongly depends on 

the intensity using the power relation  

 P(I) =  σ𝑚𝐼𝑚 (2.13)  

 

where σm is the MPA coefficient of absorption for ‘m’ photons. A Gaussian beam has 

higher irradiance in the centre compared to the wings, and hence it is possible to enable 

MPA in a smaller region compared to the spot diameter.  MPA using lower laser 

intensities and short wavelengths can cause better absorption as each photon has more 

energy to excite the electron across the bandgap with a lower number of photons [5, 24]. 

 

(b) Tunnelling ionisation 

In the case of extremely short pulse durations (τ < 10 fs) with high pulse energies, 

tunnelling ionisation can also take place.  The high laser intensity creates a strong field 

that oscillates the potential barrier by superimposing the nucleus Coulomb field with the 

laser’s electric field distorting the band structure.  The electron can then be transferred 

from the valence band to the conduction band by quantum tunnelling [11, 107, 108], as 

seen in Figure 2.4 (b).  This quantum tunnelling happens in the duration of a single cycle 

~ 2π/ω where ω is the frequency of oscillations of the laser’s electric field.  Keldysh 

described the multiphoton and tunnelling photo-ionisation using a theoretical framework 

where he showed that the transition between the two processes can be described using γ 

(Keldysh parameter) [11, 108, 111] given by:  

 γ =
ω

eE
√(2m∗Eg)  (2.14)  

where m* is the rest mass of the electron, e is the charge of the electron, and E is the 

amplitude of the laser’s electric field.  The process is dominated by multi-photon 
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ionisation when γ >> 1, while tunnelling ionisation dominates the process when γ << 1 

[74]. Hence at high intensities (~PW/cm2)  and materials with a large energy bandgap,   

tunnelling ionisation dominates the process [107].  For machining fused silica using the 

Trumpf TruMicro 5X50 picosecond laser at λ = 1030 (at maximum intensity = 

1.7 TW/cm2), γ = 5.1 while at λ = 515 (at maximum intensity = 3.3 TW/cm2), γ = 7.5 and 

at λ = 343 (at maximum intensity = 1.5 TW/cm2), γ = 17. Hence for the work described 

in this thesis, the process was dominated by multi-photon ionisation.  

 

(c) Free carrier absorption 

Although MPA can excite electrons to the conduction band, these excited electrons 

can further absorb photons, taking the electron to higher energy states, as can be seen in 

Figure 2.4 (c).  Similarly, the electron in the ground state can accept more than the 

necessary energy needed to excite them to the conduction band [108, 112] and get excited 

to higher energy states.  This excess energy can then be transferred to other electrons or 

the lattice in the form of thermal energy due to electron-phonon scattering.   

 

(d) Impact ionisation and avalanche photoionisation 

Excited electrons with higher energy than the conduction band minimum can 

impact a bound electron in the valence band, giving rise to two electrons at the conduction 

band minimum.  This process can repeat itself multiple times in the presence of strong 

laser fields creating an avalanche effect [4].  Avalanche ionisation requires the presence 

of electrons which are already in the excited state.  When the density of the electrons in 

the conduction band due to avalanche ionisation is high enough, the plasma frequency 

approaches the laser frequency where the plasma becomes strongly absorbing and 

reflecting [4, 11, 109, 113].  The excited electrons can then absorb laser energy by inverse 

bremsstrahlung.   

For glass materials with sufficiently large band-gaps (e.g. fused silica), avalanche 

ionisation contributes more strongly to the machining mechanism when longer pulse 

durations are used (e.g. > 10 fs for fused silica), while photoionisation dominates the 

process when short pulses are used (e.g. < 10 fs for fused silica) [11, 107, 114, 115].  Due 

to avalanche ionisation, the threshold fluence for materials with different bandgaps varies 

slightly.  Hence ultrafast lasers can be used to machine a variety of materials having 

different absorption wavelengths and bandgap energies [96].   
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Figure 2.5.  Behaviour of different types of materials after excitation by short and 

ultrashort (ns to fs) laser pulses and the mechanisms employed for energy 

dissipation and phase transformation [107].  

After absorption of the incident laser energy, the material can respond in different 

ways depending on the laser’s wavelength, energy, and pulse duration as well as the 

material’s properties [113], as seen in Figure 2.5 [107, 116].  The yellow boxes denote 

the processes involving excitation of the electronic states and the response of the material, 

the processes involving electron-phonon coupling and the material response to it are 

denoted in green, while the material cooling and re-solidification are denoted in turquoise 

[113].  If the time for the laser heating is larger than the time needed for material 

expansion, stresses develop in the material under the surface [107].  Voids can be created 

and grow to cause photomechanical spallation, which is an ejection of the top layer of the 

surface.  If the fluence is increased further, droplets of the molten material also eject from 

the surface.  Further increase in fluence causes phase explosion due to super-heating of 

the material [112], which then gets ejected from the surface in a mixture of vapour and 

melted liquid.  For Gaussian beams, due to the intensity distribution, it is possible for the 

centre of the beam (with higher intensity) to cause phase explosion while the edges of the 

beam (with lower intensity) cause photomechanical spallation, therefore both 

mechanisms can take place simultaneously [107, 117].  For certain glasses, it has been 
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observed that high temperatures ~1000°C can also cause dissolved gasses to be liberated 

from the surface [82].  After ablation, re-solidification of the material takes place which 

can form a complex surface structure due to the freezing of the liquid structures left 

behind from the ablation. 

The electron-phonon coupling time ‘τs’ is around 1 ps for most glass materials 

[118].  Hence within the first femtoseconds of the laser pulse-material interaction, the 

electrons absorb the incident energy increasing the electron temperature, while the lattice 

remains at a lower temperature.  After time τs, the electrons transfer the absorbed energy 

into the lattice due to electron-phonon coupling, and thermal processes start heating the 

material.  In the case of ultrashort femtosecond and picosecond pulses, excitation, melting 

and ablation can be temporally separated [116].  Hence, in ultrashort pulses, photoelectric 

effects can be separated from thermionic effects [119].   However in the case of longer 

pulses, e.g. nanosecond pulses, there exists an equilibrium between the electron 

temperature and the lattice temperature [119].  For longer pulses where the pulse duration 

is longer than τs, thermal effects dominate the process.  Hence the duration of the laser 

pulse ‘τL’ used for laser machining affects the ablation properties, which in turn affects 

the machining quality. 

Based on the pulse duration and photon energy, the ablation process can be thermal 

or non-thermal.  If the thermal diffusion depth in a material for a given pulse width and 

laser wavelength is greater than the optical penetration depth, the process is 

predominately thermal in nature. In this case, the ablation depth per pulse is related to the 

thermal penetration depth given in Equation 2.11.  On the other hand, if the optical 

penetration depth in a material is greater than the thermal penetration depth, the ablation 

process can be described by the former.  Hence the ablation depth per pulse LD can be 

written as: 

 L ≈ α𝑒𝑓𝑓
−1ln (

Fa
Fth

⁄ ) (2.15) 

where αeff is the effective material absorption coefficient (which is often used as a fit 

parameter as it can differ from measured linear absorption coefficient values [80]), Fa is 

the absorbed fluence and Fth is the threshold fluence. Hence in this case, the ablation depth 

varies logarithmically as the incident fluence.   

Nanosecond pulse widths that are a few orders of magnitude longer than τs cause 

the electrons in the lattice to reach a thermodynamic equilibrium.  Hence the material 

heats [4, 5, 118], making the process photothermal [120]. The ablation depth per pulse 

can be estimated by the thermal penetration depth ‘LD’ [120] given by Equation 2.11.  
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Considering ablation takes place when the material is evaporated from the surface, the 

threshold fluence ‘Fth’ for nanosecond pulses is given by: 

 Fth =  ρHv𝐿D (2.16) 

where Hv is the specific heat of vaporisation, and ρ is the density of the material.  Hence 

the threshold fluence increases for longer pulse durations.  The long pulse duration allows 

heat energy to become diffused to the surrounding region, leading to a large heat affected 

zone (HAZ).  This inevitably creates thermal stresses especially in materials with a high 

CTE [25].  Hence thermal defects like micro-cracks, melting and re-deposition of material 

can occur inside the HAZ [10].  Furthermore, for high repetition rates and pulse overlaps, 

heat accumulation can take place over multiple overlapping pulses, increasing the HAZ, 

and causing an increase in the stress, which can eventually cause material failure. 

For femtosecond laser pulses, since τL << τs, electrons in the conduction band are 

heated at a faster rate than the time taken to diffuse the energy by phonon scattering 

resulting in thermal non-equilibrium [96].  This causes ionisation of the electrons in the 

region of the pulse which leads to ablation or permanent modification in the material in 

the small localised volume without collateral damage to the surrounding region.  Hence, 

as the HAZ is highly reduced [75, 96, 118, 121, 122], the process can be considered as 

‘cold ablation’. The ablation depth per pulse can be estimated using Equation 2.15 

whereby the absorbed fluence Fa and threshold fluence Fth can be estimated as follows:  

 F𝑎 (absorbed fluence)  =  I0T𝑖τ𝐿 (2.17) 

where Ti is the transmissivity.  The threshold fluence is given by: 

 Fth =  
ρHv

α⁄  (2.18) 

The incident pulse can ionise the generated vapour, and at sufficiently high 

intensities, a plume can be formed that can have a higher or lower absorption compared 

to the material. Taking this into account, the ablation depth can be given as: 

   

 L𝐷 ≈
μ

𝜇𝑝𝛼
ln (1 +

𝜇 

𝜇𝑝
 (

𝐹 −𝐹𝑡ℎ

𝐹𝑡ℎ
)) (2.19) 

   

where µ = α/ρ is the mass absorption coefficient of the material and µp = αp/ρp is the mass 

absorption coefficient of the plume. For µ = µp, Equation 2.19 reduces to Equation 2.15 

and the ablation depth vs ln (Fa) plot is linear.  However, if µp < µ, the plot curves upward 

and if µp > µ, the plot curves downward.  It is important to note that changes in the 

chemical composition of the material at the high temperatures reached during laser 
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processing can also affect the absorption characteristics.  

As the pulse width for femtosecond pulses is small, the absorbed fluence is low, 

and hence the overall processing speed is low.  Increasing the repetition rate causes the 

plasma, vapour and debris generated to shield the material from the next pulse thereby 

reducing the efficiency [121].  Furthermore, high repetition rates cause cumulative 

heating of the material [121].  The use of shorter pulses (below 20 fs) causes cleaner 

ablation with fewer cracks and chips on the edges of the machined region [117, 122].  

Femtosecond laser pulses can also be used to change the refractive index of a material, 

birefringent modification and cause micro-explosions [11, 123].  This effect has been 

exploited to write waveguides into transparent materials like fused silica [11, 74, 97, 102, 

124].  In the case of fused silica, the incident laser energy influences the type of material 

modification [11]. 

 On the other hand, though picosecond laser pulses induce non-linear absorption in 

transparent materials, longer pulses (of the order electron-phonon coupling time τs ) cause 

heating of the surrounding regions, which cause chipping or cracks on the edges of the 

ablated region [114, 115].  The relation of ablation depth to incident fluence is the same 

as Equation 2.15.  However as the pulse duration is longer than τs, the absorbed fluence 

is larger, resulting in (up to two orders of magnitude) higher volume of ablation [117].  

Furthermore, the heat transferred to the surrounding regions affects the ablation process 

as some amount of melting takes place.  The damage threshold fluence of fused silica for 

different pulse widths was measured by Stuart et al. [117].   

 

Figure 2.6.  Damage threshold fluence as a function of pulse width for fused silica 

showing deviation from the τ1/2 relation  below 20 ps [117].   
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The results show that the ablation threshold is lower for shorter pulse durations.  

For pulses shorter than 20 ps, the damage threshold fluence deviates from the τ1/2 relation 

(see Figure 2.6).  Hence, the threshold fluence decreases at a lower rate below 20 ps where 

the values change from Fth ~ 2 to 6 J/cm2 for τL ~0.4 ps to 20 ps.  Similar results were 

reported in [122, 125] where the surface morphology of the craters ablated by single 

pulses at the threshold fluence was studied.  Nanosecond laser pulses formed smooth 

shallow craters with elevated rims on the side indicating melting taking place.  In the case 

of femtosecond pulses, ablation of the surface took place leaving behind less thermal 

damage while for picosecond pulses, the surface shows signs of a shallow melt pool 

generated during the ablation process.  Nieto et al. demonstrated the micro-machining of 

microfluidic channels on soda-lime glass using a 20 nanosecond Nd:YVO4 laser at λ = 

1064 nm [126].  Similarly, Nikumb et al. [127] used nanosecond pulses at λ = 355 nm for 

machining and drilling of fused silica but used a masking film to reduce the material 

deposition on the edges.   

Lenzner et al. [115] examined machining of fused silica by drilling holes using 80 

consecutive pulses in the material using 3 ps, 220 fs, 20 fs and 5 fs pulses (see Figure 

2.7).  As the machining of micro-optics requires the use of multiple pulses, these results 

provide an insight into the type of machining results we can expect considering multiple 

pulses.   

 

Figure 2.7.  SEM micrographs of fused silica ablated by 80 pulses using λ = 790 nm 

(a) pulse width = 3 ps, F = 19.9 J/cm2, (b) pulse width = 220 fs, F = 10.7 J/cm2,  

(c) pulse width = 20 fs, F = 11.1 J/cm2, (d) pulse width = 5 fs, F = 6.9 J/cm2 [115].   
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The results show that the regions machined using shorter femtosecond pulses 

produced shallow depth with a clean ablation, as can be seen in Figure 2.7 (c and d).  For 

pulse widths τL > 20 fs, the ablation was no longer clean [115].  The surface machined 

using 220 fs has higher debris content with some amount of chipping seen on the edges.  

For pulse width in the range of picoseconds (τp = 3 ps), ablation took place with significant 

thermal damage in the surrounding region observed in the form of chipping of the surface 

(Figure 2.7 (a)).  Similar results based on pulse widths were also observed in [10, 128]. 

The machining capabilities and efficiency of ultrafast lasers were tested by 

Schindler comparing the performance of pulse widths in the picosecond range (< 10 ps) 

and femtosecond range (350 fs – 10 ps), for machining of fused silica and SF6 [21, 22].  

This test was performed at IR (1030 nm or 1064 nm), VIS (515 nm or 532 nm) and UV 

(343 nm or 353 nm).     

The results presented by Schindler proved that ablation rates were higher for 

picosecond pulses compared to femtosecond pulses for similar fluence values [22]. This 

trend was especially observed at IR, where the difference in ablation rate was more 

significant.  For fused silica, the maximum ablation rate achieved at IR was 2.4 mm3/min 

for femtosecond pulses while it was 14 mm3/min for picosecond pulses. The ablation 

threshold was lower for femtosecond pulses, and the surface roughness was generally 

lower for femtosecond pulses compared to picosecond pulses given similar machining 

parameters and scan techniques [22].  For femtosecond laser pulses, the roughness 

gradually increased with fluence regardless of the wavelength.  However, for picosecond 

pulse laser ablated surfaces, the wavelength affected the range of roughness.  In the case 

of fused silica, the surface roughness was lowest for UV (≈ 0.5 µm ) while it was 0.8 - 1 

µm for IR and the highest for VIS between 1 - 1.5 µm [22].   

For shorter pulses, the ablation had higher controllability as the HAZ is highly 

reduced and most of the volume interacted with is directly ablated.  Hence high precision 

can be achieved with high reproducibility and better surface finish free of chips and cracks 

[115].  In general, for the same repetition rate and fluence, picosecond laser machining 

offered a higher ablation rate with higher roughness due to the longer pulse width [118] 

while femtosecond laser pulses had a lower ablation rate and lower roughness [21, 22].  

For ultrashort pulses below 100 fs, as the pulse terminates before the creation of the 

plasma, the pulse energy is absorbed more effectively by the material [6].   

During laser ablation, it has been reported that Laser-Induced Periodic Surface 

Structures (LIPSS) can form for nanosecond to femtosecond second laser pulses. It has 



41 

 

been postulated that this phenomenon takes place either due to optical interference of the 

incident laser pulse with the reflected light from the surface or due to optical interference 

of the incident pulse with the surface electromagnetic waves generated by the laser pulse 

[80, 129].  These periodic structures can have a low spatial frequency which is of the 

order of the incident laser wavelength and can be seen for femtosecond to nanosecond 

pulses. In the case of femtosecond to picosecond pulses, the periodic structures can have 

a high spatial frequency with spacing less than half the incident wavelength. These 

structures are formed for normal incidence with fluence below the ablation threshold for 

a single pulse. The surface patterns are perpendicular to the polarisation of the laser beam 

[80, 129].  

 Laser machining approaches 

Two conventional approaches in using lasers for machining are direct write and 

mask projection.  In the direct write machining technique, the laser beam is scanned 

across the workpiece to create the desired pattern [20, 26, 67].  In mask projection, the 

beam is projected on to the workpiece using a mask [47, 130, 131].  In both cases, the 

laser can be used to either ablate the workpiece or to change the material properties of the 

workpiece for selective etching [132, 133, 134].  The typical setup used for mask 

projection is shown in Figure 2.8. 

 

 

Figure 2.8. Typical setup of an excimer laser mask projection system showing the 

beam homogeniser, field lens, mask projection lens and workpiece [47].  

 

In the mask projection technique, a flat-top beam is made incident on a mask and is 

then projected on to the target using a lens.  As this technique does not use a focused 

beam, high laser pulse energy is required.  Excimer lasers have low beam quality, low 

coherence, and spatially uniform beams which make it possible to easily obtain uniform 

intensity without speckle on a mask making it suitable for mask projection [6, 94].  The 

beam is made homogenous for the process using a beam homogeniser which uses an MLA 
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to split the beam into multiple beamlets which are then superimposed on the mask to 

provide uniform illumination.  The mask contains the desired pattern which is then 

focused on to the substrate [91].  The masks can be either etched into metal foils or metal 

on quartz can be used for complex patterns where the quartz holds the non-connected 

features [91].  

 The process usually uses a single laser pulse or a few pulses to modify or ablate 

the material [79].  Materials that have lower absorption for the wavelength used are coated 

or embedded with photo-sensitive additives, e.g.  Foturan® glass [135].  Although the 

laser exposure part of mask projection requires a few laser pulses, the process chain can 

include wet etching increasing the total processing time.  Depending on the number of 

steps needed to create 3D structures, the total processing time can vary widely [79]. 

Mask projection technology has the added cost of preparing the high precision 

masks.  3D microstructures need multiple masks which cause the overall cost to increase, 

and the process requires multiple cycles during which the sample and the masks need to 

be aligned accurately.  The structures prepared using masks tend to contain transitions 

between levels associated with the masks and need polishing [68].  Hence this process is 

not suitable for small volume production or prototyping [93]. 

The direct write technique involves scanning a focused beam across the target’s 

surface as seen in Figure 2.9 which can either be achieved by deflecting the beam or by 

moving the sample.  The beam deflection method uses galvoscanners which consist of a 

coil, a spring and a magnet whereby the angle of rotation can be changed by adjusting the 

current flowing through the coil. Here, a pair of galvoscanners deflects the beam in the 

‘x’ and ‘y’ direction, and an F-theta lens  focuses the beam on to the sample (see Figure 

2.9 (a)) [20, 26, 79, 136].  Alternatively, the beam is stationary, and the sample is moved 

using precise X-Y stages as seen in Figure 2.9 (b).  As the process uses sequential 

information transfer, it has a speed limitation based on the scan speed used [79].  

Furthermore, due to localised irradiation, the surfaces machined using direct write usually 

have rough surfaces.  The surface roughness can be reduced by using multiple scans 

where the scan direction is changed between the scans [22]. 
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Figure 2.9.  Direct write (a) using a galvoscanner (b) using X-Y-Z stages.   

 Modern laser-galvoscanner systems are often equipped with CAD software 

compatibility which enables the user to import designs and patterns (like .dwg, .dfx or 

.plt) needed for machining [79], e.g. Trutops.pfo which is available for use with the 

Trumpf Trumicro 5X50 laser.  This feature gives the user the flexibility to process a 

variety of designs, with minimal change to the setup. 

 Laser machining of glass 

In this section, present glass machining technologies using lasers are discussed.  

 CO2 laser-based direct write process chain 

As the ablation characteristics of CO2 lasers can be controlled to high accuracy, 

they have been used in industry especially for the machining of fused silica to prepare 

micro- and macro-optics [20, 26]. 

Nowak et al. [23] described a process to ablate fused silica using a 200 W average 

power CO2 laser with a variable pulse width (10 – 500 µs) and PRR up to 200 kHz.  The 

laser beam was translated over the fused silica sample by moving the glass using an X-Y 

stage.  Nowak tested the ablation depth with spot diameters of 47 µm, 94 µm and 141 

µm.  The absorption coefficient was found to be independent of the spot diameter and 

pulse duration but increased linearly with temperature.  The maximum material removal 
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rate achieved using this setup was 0.33 μm per J/cm2 with a depth control of < 50 nm 

(considering the laser stability of ± 0.05 J/cm2).  The process was efficient (minimum 

energy loss) for pulses between 20-80 µs and fluence between 40-160 J/cm2.  At higher 

fluence, vapour pressure driven melt displacement reduced the precision of the process 

[23].   

The process chain adopted at the Fraunhofer ILT institute comprised of a three-step 

laser-based process to machine fused silica into the desired optics [20, 26, 137].  The first 

process step ‘High-Speed Laser Ablation’, is used to cut the glass into the desired shape 

for the optic using a 1.2 kW CW CO2 laser with a minimum spot of ds = 450 µm.  Using 

the laser, the material is heated to a temperature exceeding the evaporation temperature, 

resulting in ablation of the surface.  The laser beam was scanned over the glass material 

using a galvoscanner setup.  To vary the machining depth, the scan speed and effectively 

the scan direction pulse overlap was varied keeping the laser power constant.  A 

preheating mechanism reduced the thermal gradient during the process and hence 

prevented the glass materials from cracking [38].  High ablation rates up to 30 mm3/s with 

a surface roughness Ra ≈ 11 µm at 2 m/s scan speed were achieved during the high-speed 

machining step.  Higher scan speeds of 10 m/s provided lower surface roughness Ra ≈ 3 

µm and a lower ablation rate of 20 mm3/s.  The machined surface was polished using the 

same CO2 laser and preheating setup as the high-speed ablation laser process.  Further 

details about the polishing process are provided in Chapter 7.  Following this, a high-

precision laser ablation step using PL < 50W corrected the form errors (deviations from 

the desired shape) introduced during the polishing process [20].  Optics manufactured 

using this process has been successfully demonstrated as seen in Figure 2.10.  These 

optics were machined (without polishing) in approximately 30 seconds.  
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Figure 2.10.  Optics machined by high speed laser ablation using a CO2 laser in ≈ 30 

s with PL = 1.2 kW and pitch = 0.1 mm [26].   

 Photolithography 

The commonly used 2D photolithographic process is used to manufacture 3D forms 

by a multistep process involving etching of layers of the material to generate the required 

surface profile.  Tölke [135] describes a process for microfabrication of Foturan® glass 

for the production of fuel cells.  In this process, the glass was first coated with chromium 

and platinum with circular holes based on the design, where the coating acted as a mask.  

The coated substrate was then exposed to UV radiation.  The UV radiation caused seeds 

to be formed in the material which causes crystallisation during annealing.  Then using a 

10% HF solution, the crystalline regions were etched at 25 °C.   

3D structures can also be machined by contour mask techniques [92, 93] as seen in 

Figure 2.11.  Here the UV laser beam is scanned at fixed laser parameters (scan speed 

and repetition rate) on the region to be machined. This technique has been applied to 

polymers and can be extended to glass materials like fused silica using the F2 laser at λ = 

157 nm or copper vapour UV laser at λ = 255 nm. The mask used (see the upper left 

corner of Figure 2.11 a and b) defines the contour (slice) of the design on the surface [92].  

Microlenses with diameters from 10 µm to a few millimetres and height of 2.5 µm to 

greater depths > 40 µm have been successfully made using this technique.  However, the 

edges of the mask cause errors in the form of ripples on the machined surface.  In Figure 
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2.11 (a),  the contour mask used defined a cylindrical lens on quartz using an F2 laser, 

while in Figure 2.11 (b), the contour mask used defined a square profile during the 

fabrication of microfluidic channels on borosilicate glass using a UV copper vapour 

nanosecond laser [95].  In this case, as the beam was scanned across the sample, the 

contour mask defined the shape of the channel without introducing ripples. 

 

 

Figure 2.11.  (a) Cylindrical lens machined using a molecular fluoride excimer laser 

using a contour scanning technique using the mask shown in the upper left corner 

[91]. (b) Flat floor channel machined using a copper vapour UV laser with a square 

mask shown in the upper left corner [95]. 

 

Another method of machining uses greyscale masks which have different 

transmissions thereby modulating the intensity of laser beam intensity according to the 

design [92].  The greyscale masks were prepared using photolithography by varying the 

density of square shaped holes of size 5 × 5 µm.  As the greyscale mask was projected on 

to the sample, the size of the holes were approximately 330 nm2, which is below the 

diffraction limit and hence modifies the local intensity.  As the intensity on the projected 

beam is modulated as per the required shape, the substrate is ablated in these different 

regions at different rates.  Hence 3D structures can be produced using these masks and 

exposing the surface to the required number of laser pulses.  However, the micro-hole 

structures used to form the greyscale image creates surface ripples.  Alternatively, Holmes 

et al. described a process of 3D fabrication of microstructures using halftone masks [47], 

which were easier to fabricate using direct write lithography. 
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 Ultrafast laser direct write machining of glass.   

Ultrafast lasers have been extensively used for direct write micro-machining of 

glass materials for applications such as drilling [127, 138], cutting [12], development of 

microfluidic devices [58, 94], manufacturing of sensors [30, 139, 140], and fabrication of 

micro- and macro-optics [20, 21].  Precise control of ablation depth up to 20 nm is 

possible by machining fused silica near the ablation threshold with the use of 1-2 ps pulses 

[94].  It is also possible to control the ablation depth by changing fluence and pulse 

overlap. 

 Albri [24, 30, 141] demonstrated the capability of picosecond lasers for micro-

machining the tip of a conventional single mode fibre Corning SMF-28 (core diameter of 

9.3 µm) to create a cantilever-based sensor using a 6 ps laser pulse at 40 kHz at λ = 343 

nm.  Using the right set of parameters, it was possible to machine the glass fibre without 

cracks or chips forming.  Cantilevers with dimensions of 110 ×18 ×8 µm were machined 

in less than 6 minutes.  The machined cantilever was trimmed further and polished using 

a focused ion beam.   

The machining of (50 µm and 100 µm) thin flex glass using a picosecond laser was 

demonstrated by Wlodarczyk et al. [12].  The glass material was cut, and holes were 

drilled using multiple passes (depending on the thickness) by moving the beam in a spiral 

path.  The use of λ = 1030 nm provided higher machining rates but caused micro-cracks 

to form on the surface while λ = 515 nm and 343 nm provided crack-free machining.  The 

use of λ = 515 nm provided machining speeds of up to 100 mm/s (for 50 µm thick glass) 

and a drilling speed of 8 micro-holes per second with a good cut quality.  The work carried 

out by Albri et al. and Wlodarczyk et al. demonstrated the ability of picosecond laser 

pulses for delicate micro-machining of glass with minimised thermal damage.   

Heidrich [20] also used a femtosecond laser with a pulse width of 500 fs, 160 W 

average power, spot diameter d = 22 µm to machine fused silica with scan speeds ranging 

from 4 m/s to 8 m/s.  He found that the ablation rate was nearly constant at 1.5 mm3/s (or 

90 mm3/min) regardless of the scan speed.  The surface roughness was found to be 

between Ra = 0.9 – 1.5 µm.  The high ablation rates were possible due to the high scan 

speed, power and repetition rate used (though the repetition rate used is not mentioned, 

the lasers in this product range have a maximum repetition rate of 40 MHz). 

Schwarz [48] demonstrated the use of femtosecond laser pulses (222 fs) to machine 

the surface of fused silica with a 1 µm accuracy.  In this process, the glass surface was 

first roughened (using the fs laser with fluence F = 2.38 J/cm2 and pulse to pulse pitch = 
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4 µm in both the ‘x’ and ‘y’ direction) to improve the absorption and hence get predictable 

ablation characteristics.  The femtosecond laser was then used to machine the surface of 

the glass with a depth of ~ 1µm per pass.  Schwarz demonstrated the capability of the 

process by machining a cylindrical lens with a radius of curvature RoC = 2 mm, 

maximum depth = 300 µm and machined region = 3 mm × 3 mm.  As the process had an 

ablation depth of ~ 1 µm per pass, 300 passes were used to get the maximum depth of 

300 µm.  The surface roughness on the crest region (top) of the lens was measured to be 

Ra = 0.63 µm.  The lens was then polished using a CO2 laser to reduce the surface 

roughness to Ra = 6 nm.   

Using a similar process chain (femtosecond laser-based micro-machining followed 

by CO2 laser-based polishing), Choi [49] was able to produce micro-lens arrays.  A 250 

fs laser with maximum PRR = 100 kHz and maximum output power of 6 W at 

λ = 1030 nm was used to machine the required shape.  In this process, the beam was 

stationary while the sample was translated at 10 mm/s using an X-Y linear stage with 

5 nm resolution.  Micro-lenses with radii up to 20 µm and depths ranging from 10 µm to 

40 µm were machined using the femtosecond laser producing surface roughness of 

Ra = 4.3 µm post machining.  The prepared structures were polished using a CO2 laser 

with working point power = 12.5 W to reduce the surface roughness to Ra = 0.8 µm.  

Although the surface roughness pre- and post-polishing was significant, Choi 

demonstrated the capabilities of femtosecond lasers for precise microfabrication. 

The femtosecond laser-assisted etching (FLAE) method [142] for preparing 

microfluidics uses the ultrafast laser direct write method to change the material properties 

inside the glass block followed by selective wet etching, which affects the regions 

exposed to the laser by up to 50 times higher than the regions not exposed to the laser [9].  

This is done by focusing an ultrafast femtosecond laser inside the bulk of the material 

causing hard dielectric breakdown, photo-polymerisation, stress accumulation and 

densification in the glass material at the focal point [118, 123, 143].  Picosecond lasers 

are not used as the longer pulses cause unwanted stress to develop inside the material 

resulting in micro-cracks [118].  As the material is usually transparent to the wavelength 

with induced nonlinear absorption at the focal spot, it is possible to create modifications 

inside the bulk of the material.  By moving this focal spot around in the sample, 3D 

structures can be created inside the glass.  These modified regions can then be removed 

using wet chemical etching.  Sub-wavelength features can be written inside materials by 

using a lens with high numerical aperture (NA).  This is because the nonlinear effects take 
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place only above the threshold fluence which can be in a region smaller than the 

diffraction limited focal spot size.  Finally, the sample is treated thermally to remove 

stresses created during the laser direct write process [11, 126].  This technique has been 

successfully used to manufacture microfluidic devices with complex geometries [124].  It 

has also been used to prepare microlens arrays with minimum feature heights of 12 µm 

[18].  Clean edges free of debris can be obtained using a wet etching process [79].  

Holographic lithography uses multiple beams to create interference patterns resulting in 

a regular pattern [143].  Hydrofluoric acid (HF) is the common etchant [18, 118] used for 

the process which is known to be hazardous and toxic requiring special care while 

handling [45]. 

Another method used to machine 3D microstructures in glass is using water-assisted 

femtosecond laser drilling (WAFLD) [123, 142, 144].  In this method, a femtosecond 

laser is focused starting from the back of the glass material to ablate it, while the glass is 

kept immersed in distilled water.  Capillary action draws the water into the hole which 

removes the debris, increasing the efficiency of the ablation process.  The glass is then 

annealed to release any internal stress.  Since this process uses a direct write method, it is 

flexible in allowing complex structures to be produced.  The width of the channels can be 

smaller than the diffraction limit [9].  Unlike FLAE, this process does not need chemical 

etchants such as HF [144]. 

 Conclusion 

Due to the wide range of optical properties available, thermal stability, chemical 

inertness, high laser damage threshold and hardness of glasses, they are the materials of 

choice for use in optical applications.  However, due to the mechanical and thermal 

properties of glass materials, it has proven to be hard to machine aspheric shapes with a 

high degree of precision using grinding technologies.  Though precision moulding can be 

used for bulk manufacture of optics, glass materials need moulds that can withstand the 

high-temperature cycles required for glass processing with minimum distortion.  

Furthermore, the cost of producing these moulds makes this technology expensive for 

production of small quantities or custom optics.  Lithographical techniques offer the 

means to produce micro- and nano-structures.  However, this technology also suffers from 

the high cost of producing new designs due to the cost of the masks needed.  Laser direct 

write machining has been proven to be flexible and enables freeform designs with a low 

cost of production for custom optics.  Linear absorption based CO2 laser micro-machining 

has been successfully demonstrated as an industrial level fabrication technique by 
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Fraunhofer ILT and PowerPhotonic Ltd. The benefits of smaller spot diameters providing 

higher spatial resolution, reduced thermal effects and non-linear absorption on a variety 

of glass materials cause ultrafast lasers to be an attractive solution for micro-machining 

of glass.  Ultrafast laser-based micro-machining, however, suffers from high surface 

roughness and requires a polishing post process.  The choice of pulse width in the ultrafast 

domain depends on the target application.  Femtosecond laser pulses provide higher 

precision and lower thermal damage, while picosecond laser pulses provide higher 

machining rates with higher roughness and thermal effects such as chips and cracks at the 

edges.  Furthermore, while the use of UV wavelengths provide more control and less 

thermal damage due to its higher photon energy, the use of IR wavelengths provide higher 

throughput for the process.   
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Experimental setup 

 Introduction 

In Chapter 2, the properties of glass materials were discussed giving insight into the 

challenges faced in micromachining of glass.  The different laser-based techniques used 

for machining glass were reviewed highlighting the advantages and drawbacks of each 

process.  Machining using a CO2 laser process risks thermal issues which are not suitable 

for glass materials with a high CTE [145]. Although deep UV lasers provide high-quality 

machining without the need for polishing, the process speed is slow [95].  Observing the 

results obtained by Schindler et al. [22], it can be seen that picosecond lasers provide a 

higher ablation rate compared to femtosecond lasers but at the cost of higher surface 

roughness and an increased heat affected zone.  Hence we describe a picosecond laser-

based direct write technique using the Trumpf TruMicro 5X50 laser.  

This chapter describes the laser machining system, measurement tools and 

techniques, as well as the glass materials used in this research.  Section 3.2 describes the 

laser machining system, including details of the laser, galvoscanner, translation stages, 

and fume extraction system.  This section also provides information about the laser power 

fluctuations and galvoscanner positioning errors.  Section 3.3 covers details of the 

instruments and techniques used for measuring the laser machined glass samples.  Section 

3.4 describes the four glass materials investigated in this thesis.  Section 3.5 contains the 

safety procedures used during handling and machining the glass samples. 

 Laser machining system 

The experiments described in this thesis were conducted using the laser machining 

system shown schematically in Figure 3.1, which is based on the picosecond pulsed 

Trumpf TruMicro 5X50 laser.  The optical path of each of the laser’s output channels is 

given in Figure 3.2. 
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Figure 3.1.  Laser machining setup based on the Trumpf TruMicro 5X50 laser.  The setup 

consists of the laser providing outputs at the fundamental wavelength λ = 1030 nm, second 

harmonic λ = 515 nm and third harmonic λ = 343 nm.  Each output channel had a separate 

beam expander, mirrors and galvoscanners. An x-y-z stage was used to position the sample 

accurately under the scan head.  The direction of the electric field of polarization was along 

the ‘X’ axis of the stage for λ = 1030 nm and along the ‘Y’ axis of the stage at λ = 515 nm. 

 

 
Figure 3.2.  Optical path diagram of the picosecond laser showing details of the mirrors, 

BEX (beam expanders) and galvoscanners of each wavelength channel of the laser.  

 

 

The laser has three output channels, each providing a different wavelength at 

λ = 1030 nm (fundamental), 515 nm (2nd harmonic), and 343 nm (3rd harmonic) as seen 

in Figure 3.2.  Separate external optics (consisting of lenses and mirrors) were used for 

guiding the beam from each laser output to specific galvoscanners (fitted with an F-Theta 

lens).  The beam diameter before and after the beam expander was measured using the 
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knife-edge beam profiling technique.  The setup was prepared to be a generic setup used 

by various members of the group.  The laser provides 6 picosecond long pulses (FWHM) 

with a fixed pulse repetition rate (PRR) of 400 kHz.  An integrated pulse picker electro-

optic modulator (EOM) enables the reduction of PRR by dividing 400 kHz by an integer.  

The manufacturer supplied specifications of the laser are given in Table 3.1. 

 

Table 3.1.Trumpf TruMicro 5X50 specifications. 

Output average power at 400 kHz 50 W @ 1030 nm (125 µJ) 

25 W @ 515 nm (62.5 µJ) 

15 W @343 nm (37.5 µJ) 

Pulse duration (FWHM) 6 ps 

Pulse repetition rate (PRR) Up to 400 kHz 

Beam quality (M2) <1.3 for all three wavelengths 
 

 Measured output of the laser 

Due to degradation of the laser components, as well as losses at the optics in the 

setup, the laser output power as well as the beam quality were found to differ from the 

laser specifications listed in Table 3.1.  Furthermore, the laser’s output power and beam 

characteristics may change during the lifetime of the laser because the high pulse energy 

of the laser tends to damage the laser optics (including harmonic generation crystals) over 

time.   

 Power stability  

Measurements of the laser power stability were performed using an Ophir thermal 

power sensor (model FL250 A-LP1 SH-V1), which had a response time of approximately 

2 seconds.  During the measurements, the laser was turned on at its full repetition rate 

(400 kHz).  The power measurements were performed after the laser had completed its 

start-up cycle and allowing around 30 minutes of warm up.  The sensor was placed in the 

path of the beam after the beam expander (see Figure 3.1) to have an approximately 12 

mm spot on the sensor.  The sensor was connected to a computer-based data logger to 

record the power for 20 minutes with a sampling frequency of 14.9 Hz.   

Figure 3.3 shows the output laser power fluctuations measured at λ = 515 nm.  

These results demonstrate that the output laser power fluctuated by 1.7 % around a 

nominal value of 26.55 W.  Measurements at lower settings for output power also had 

similar PV values of fluctuations, as shown in Table 3.2. 
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Figure 3.3.  Typical power fluctuations measured at λ = 515 nm for 20 minutes with 

set point = 100% power after the laser completed its start-up cycle and allowing 30 

minutes of warm-up.   
 

The power measured showed two types of fluctuations, one with high frequency 

(above 0.05 Hz), and the other with low frequency (below 0.05 Hz) appearing like a step 

or like glitches (see points ‘a’ and ‘b’ in Figure 3.3).  Such steps were observed in all 

measurements of power. 

Table 3.2 shows that the laser power fluctuations were around 2.5% when the 

nominal power (PAVE) was set to be ≥ 15 W.  For the lower PAVE values, the fluctuations 

were measured to be in the range between 3.5 and 8% of the set average power, increasing 

with decrease in average power, as shown in Figure 3.4 .   However, the fluctuations were 

in a range of 0.8% to 2.7% of maximum output power and did not have a clear trend when 

compared to the maximum output power of the laser.  Hence it can be concluded that the 

glitches, like those shown at points ‘a’ and ‘b’ in Figure 3.3, occurred at all laser power 

settings and appeared intermittently for λ = 515 nm. 

 

Table 3.2.  Laser power fluctuations (PV values) at different laser set points. 

PAVE [W] PV [W] PV / PAVE [%] PV / 30.22W (%) 

30.22 0.6 1.99 1.99 

26.55 0.44 1.66 1.46 

23.09 0.36 1.56 1.19 

19.26 0.49 2.54 1.62 

15.82 0.3 1.9 0.99 

13.76 0.81 5.89 2.68 

12.62 0.46 3.64 1.52 

9.39 0.33 3.51 1.09 

3.21 0.25 7.78 0.83 
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Figure 3.4.  Laser power fluctuations (expressed in percentage) measured  

for different average laser powers at λ = 515 nm. 

 Measured M2 and spot diameter  

The laser beam diameters and M2 values at the focus for three different wavelengths 

were measured by using a scanning slit beam profilometer (DataRay Beam-Map 2).  This 

instrument contains a rotating puck which has four pairs of slits at four different planes, 

at z = 0 (reference), +d, -d and 4 × d, where d is 500 μm.  This instrument has a spatial 

resolution of 0.1 µm for beam waist measurements.  The instrument is schematically 

shown in Figure 3.5. 

 

 

Figure 3.5.  Slit configuration of DataRay Beam-Map 2 beam profilometer [146]. 
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The incident beam was attenuated using an optical setup shown in Figure 3.6 to 

protect the sensor from damage.  This setup consisted of a dielectric front coated fused 

silica mirror, and an optical blank of the same material (and thickness) that corrects for 

the lateral beam shift.  The angle between the blank facet and the mirror facet was 90°.  

When the output energy was still too high for the sensor, the beam was attenuated further 

by using a second front coated mirror instead of the optical blank.  In this case, the output 

was 0.0025% of the input beam intensity.  This setup was placed after the beam expander 

to avoid damage to the optics.  Due to lack of space after the beam expander, the beam 

attenuating setup was placed before the beam expander for λ =1030 nm.   

 

 
Figure 3.6.  Optical setup used for the reduction of the output laser power for beam 

M2 measurements. 

 

The average beam diameter at λ = 1030 nm in the ‘x’ and ‘y’ direction at the focal 

plane was 35.5 µm defined at 1/e2 of maximum intensity.  However, it should be noted 

that as the beam was elliptical, the waist in the ‘x’ and ‘y’ direction varied at different 

distances from the focal plane.  At λ = 515 nm, the beam’s ellipticity was around 0.9 on 

either side of the focal plane.  The average beam diameter at the focus was 19.85 µm.  

The spot diameter can be considered as 20 µm for practical purposes considering the 

measurement fluctuations in spot diameter observed during the measurement.  The 

ellipticity of the beam was around 0.7 for λ = 343 nm on either side of the focal plane.  

The average beam diameter was 20.5 µm, but considering the fluctuations, the diameter 



57 

 

was also considered to be 20 µm for practical purposes.   

The results for the three outputs of the laser are presented in Table 3.3.  The 

measured laser beam quality (M2 value) for λ = 515 and 1030 nm was similar to the laser 

manufacturer values (see Table 3.1).  The 1030 nm and 343 nm outputs were observed to 

have a beam ellipticity.  For λ = 343nm, however, the laser beam quality was measured 

to be significantly worse than the laser specifications.  The beam quality of λ = 343 nm 

(M2 = 2.1) is most likely associated with degradation of the third harmonic generator 

crystal.   

 

Table 3.3.  Measured M2 values and laser spot diameters  

(measured at 1/e2 of maximum intensity) for the three laser wavelengths. 

Wavelength  1030 nm 515 nm 343 nm 

M2 1.3 1.4 2.1 

Rayleigh 

range  

732 μm 426 μm 707 μm 

Measurement 

at the plane 

where the 

beam was its 

narrowest 

along the ‘x’ 

axis.   

 Ellipticity = 0.87 

z = -200 µm 

 
Ellipticity = 0.97 

z = -200 µm 

Ellipticity = 0.70 

z = -163 µm 

Measurement 

at the plane 

where the 

laser beam 

was circular 

Ellipticity = 1.03 

z = 0 µm 

 
Ellipticity = 0.90 

z = 0 µm 

 

Measurement 

at the plane 

where the 

beam was its 

narrowest 

along the ‘y’ 

axis.   

Ellipticity = 1.14 

z = 300 µm 

Ellipticity = 0.98 

z = 200 µm 

Ellipticity = 0.74 

z = 133 µm 
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Machining of the glass substrates was done with laser beams of different diameters.  

This was achieved by placing the sample below the focal plane to get a diverging 

defocused beam of the required spot diameter.  Machining at the plane where the focus 

was below the material surface (converging beam) resulted in machining the back surface 

of the glass and often led to material cracking.  The laser spot diameter (defined at 1/e2 

of its maximum intensity) was measured at different planes along the laser beam 

propagation axis (z) below the focal plane.   

Figure 3.7 shows the measured spot radius in the ‘x’ direction and ‘y’ direction at 

λ = 1030 nm.  The measured values were compared to theoretical values considering the 

measured M2 of 1.3 in both the ‘x’ direction and ‘y’ directions using the equation: 

 

  ωz = ω0 × √1 + (
M2λ∆z

π ×  ω0
2

)

2

 (3.1) 

where ωz is the spot radius at z, ω0 is the radius of the beam waist, M2 is the beam quality 

factor, and Δz is the beam propagation distance from the focus. 

 

 
Figure 3.7.  Laser beam width measured as a function of a distance from  

the laser focus.  Results presented for λ = 1030 nm. The M2 of the fitted curve was 

taken to be 1.29 in the ‘x’ direction while the M2 of the fitted curve was taken to be 

1.33 in the ‘y’ direction. 

 

As the beam showed ellipticity at λ = 1030 nm, the beam diameter in the ‘x’ and 

‘y’ direction was different (see Figure 3.7).  However, at the focal plane, the ellipticity 

reduced and the beam was nearly circular.  As the beam was imaged further away from 
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the focal plane, the difference in spot diameter in the ‘x’ and ‘y’ direction increased.  For 

instance, the difference in spot diameter in the ‘x’ and ‘y’ direction at a distance 2.3 mm 

from the focal plane was 28.5 µm. 

Figure 3.8 shows the λ = 515 nm laser spot radius measured as a function of the 

distance from the focal plane.  The theoretical values plotted as the trend line had been 

calculated using the measured M2 values of 1.3 in the ‘x’ and ‘y’ direction. 

 
Figure 3.8.  Laser beam width measured as a function of a distance from  

the laser focus.  Results presented for λ = 515nm.  M2 of fitted curve was considered 

to be 1.3 in the ‘x’ and ‘y’ directions. 

 

Figure 3.8 shows that the laser beam at λ = 515 nm was circular along the ‘z’ 

propagation distance.  The laser spot diameter changed from 20 μm at the focus to 

approximately 120 µm at z = 3.0 mm, while the beam ellipticity remained close to 1.  

Although the beam at λ = 1030nm suffered from ellipticity, the beam at λ = 515 nm had 

low ellipticity due to the thresholding effect of the harmonic generation crystal.  

 Stage setup 

The laser machining system contained x-y-z translation stages (Aerotech Pro 115), 

used for positioning the glass samples below the relevant galvoscanner with an accuracy 

of ± 0.25 μm.  A sample mount was prepared for the experiments with the following 

requirements: 

1. Suspending the glass mid-air to avoid back reflections from the surface below.   

2. Keeping the glass perpendicular to the beam without a tilt to avoid focusing errors.   
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3. Clamping the glass to fix it during the machining process. 

Figure 3.9 shows the mount for the glass samples which features a clamping 

mechanism to hold the glass sample when machining.  In Figure 3.10 a hood was added 

over the mount to capture the debris and fumes created during the machining process.   

 

 
Figure 3.9.  Mount prepared for holding the glass sample in place, suspended mid-

air during the machining process.   

 

 
Figure 3.10.  Mount with fume extraction mechanism and hood with a top opening 

to allow the beam to interact with the glass material. 

 

 

The laser process generated debris and fumes from the machined material.  Hence, 

a fume extractor unit (Fume Cube from Purex UK) was used to extract these fumes.  

However, as the volume of the debris was high, it caused choking of the pre-filter creating 

a need to change the filter very frequently.  A simple foam block was added and used as 

a coarse filter mechanism near the workpiece, as shown in Figure 3.11 to capture a more 

significant portion of the debris.   
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Figure 3.11.  Air filter mechanism used for extracting dust and fumes generated 

during the picosecond laser machining process. 

 

The enclosure hood (see Figure 3.10), was prepared with an opening for the laser 

beam and air intake.  The design was created to cause a flow that would drag the debris 

and fumes into the filter without the need for a glass window.   

An air jet mechanism was introduced during the initial phase to minimise the 

formation of debris and glass fibres on the sample.  This air jet was prepared using a 

25 mm wide multi-channel flat jet nozzle (Lechler 600.562.1Y) connected to an oil-free 

air compressor (Welding Star - 1.5hp 24L).  The air pressure (up to 8 bar) could be 

adjusted as required using a valve provided on the compressor.  The air jet was positioned 

to provide an air flow parallel to the glass surface creating a cross flow to blow the debris 

away [147].  The fume extractor nozzle was placed on the opposite side to capture the 

debris.   

 Galvoscanner resolution  

The Trumpf TruMicro 5X50 laser was integrated with three identical galvoscanner 

heads (ScanLab HurryScan II 14), each was used for a different laser wavelength.  The 

galvoscanner heads were driven by using a 16-bit computer interface card.  The 

galvoscanner specifications are listed in Table 3.4.   

Table 3.4.  HurryScan II 14 galvoscanner specifications [136]. 

Input aperture 14 mm 

Typical scan angle ± 0.35 rad = ± 20° 

Image field size  95 × 95 mm (for 160 mm focal length lens) 

Repeatability (RMS) 2 µrad (0.32 µm calculated for a 160 mm focal length lens) 

Positioning resolution 

(max) 

10.6 µrad (1.7 µm calculated for a 16-bit card and 160 mm 

focal length lens)  

Long term drift (8 hour 

after 30 min warm up) 

<35 mrad / 44° angle (temperature induced gain and offset 

drift) i.e.  5.6 mm / 44° angle 
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As the experiments for micro-machining of glass required a high laser beam overlap 

(over 80 %), the galvoscanner had to translate the laser beam with a step (1.8 µm at 95% 

overlap for 35.5 µm spot, 2 µm at 90% overlap for 20 µm spot) close to the positioning 

resolution (1.7 µm).  An offset line test was conducted to measure the positioning 

resolution for a 16-bit system.  In this test, parallel lines separated by 32 µm (y-axis) are 

sequentially offset laterally (x-axis) by 2 µm, as shown in Figure 3.12.  The scan speed 

was 50 mm/s (similar to the scan speeds of the real process), whereas the pulse repetition 

rate was 1 kHz.  For such settings, the laser spots were separated by ≈ 50 µm in the scan 

direction and ≈ 32 µm in the step direction.  The lines were marked on a mirror finish 

stainless steel surface with the workpiece at the focus.   

 

  
Figure 3.12.  Program example to find the smallest step recognised by the Trumpf 

galvoscanner software equivalent to its smallest step.  The lines were offset by 2µm 

and separated by 32µm while the scan speed was set to obtain a spot- spot distance of 

50 µm in the scan direction.  

 

The surface was inspected under an optical microscope (Leica DM 6000M) using 

a 20 × objective.  A composite image was created through image stitching, as shown in 

Figure 3.13.  This image was then imported into a CAD software and calibrated according 

to the scale bars provided by the microscope.  The individual spots were located by 

manually drawing a circle around the spot contours, to obtain the centre.  The distances 

between the spots and the line offset were then measured using the centre of the circles.  

The region where the images were stitched introduced an offset error due to the alignment 

of the stitched images, which is marked by a red circle in Figure 3.14 and Figure 3.15. 
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Figure 3.13.  Result of program described in Figure 3.12 showing the 2 µm offset 

between lines on the mirror finish stainless steel surface. 

 

During this test, positioning errors were observed.  The spot to spot distance 

measurements in the scan direction revealed the presence of a beam wander (Δx).  The 

consecutive spots measured were not positioned at regular 50 µm intervals but had an 

error of up to ± 3 µm in spacing, as shown in Figure 3.14.  This can lead to a change in 

pulse to pulse overlap in the scan direction.   

 

Figure 3.14. Result of measuring the spot to spot distance Dx between consecutive 

spots in a line of Figure 3.13.  The spots did not have the same distance between them 

but showed positioning errors in the scan direction. 

 

Another positioning error observed was a change in the ‘y’ direction of consecutive 

spots marked in the same line.  This error was up to ± 3 µm, as shown in Figure 3.15.  

These errors can result in increased/decreased overlap of up to 15 % for a 20 μm spot. 
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Figure 3.15.  Result of measuring the spot to spot height Dy between consecutive 

spots in a line of Figure 3.13.  The spots did not have the same distance between 

them but showed positioning errors in the step direction. 

 

A beam wander was also observed while performing the M2 measurements.  During 

these measurements, although the galvoscanner was on, there was no program running.  

The beam wander was measured for 300 measurement cycles at λ = 1030 nm.  Since the 

laser was switched on without using a program to run the galvoscanner, the error recorded 

was the static error of the system.  The beam wander in Figure 3.16 shows that the 

deviation was random and not based on the pulse energy.  A beam wander of up to 5.1 

µm was observed, and the direction of the wander was random.  Hence the static beam 

wander of the laser could contribute to the positioning errors seen in Figure 3.14 and 

Figure 3.15.  Similar beam wander was also observed at λ = 515 nm, and since the 

galvoscanners used for all three wavelengths were similar, we can assume a similar 

response at λ = 343 nm.  
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Figure 3.16.  Beam wander measured at λ = 1030 nm using  

DataRay Beam-Map 2 beam profilometer.  As no machining program was running 

during this measurement, the results show the static positioning error of the system. 

 

The measured positioning errors of the galvoscanner, along with the fluctuations in 

the laser power, can contribute significantly to the laser machining quality of a workpiece. 

The average distance between 19 pairs of spots from consecutive lines (see Figure 

3.12 and Figure 3.13) was taken to verify the lateral line offset.  This average data 

indicated whether the galvoscanner moved by the programmed offset.  Due to the errors 

mentioned above, it was not possible to directly measure the minimum step equivalent to 

1 bit.  Hence, an indirect method was implemented to measure this step distance.  Since 

the smallest step recognised by the galvoscanner (equivalent to the smallest bit) was close 

to 2 µm, the galvoscanner interpreted the programmed 2 µm step and quantised it 

(approximating the value to the closest bit value).  It was observed that for most of the 

lines, the galvoscanner was able to position the consecutive offset lines by the 1-bit step.  

Occasionally, however, the galvoscanner moved the laser beam by 2-bit steps.  This took 

place at regular intervals, as can be seen in Figure 3.17.  Considering that the 16-bit 

galvoscanner driver would round the value to the closest bit step, different values for step 



66 

 

size were iterated until the peaks (places where the galvoscanner took 2-bit steps) of the 

theoretical value matched the measured value.  Hence the smallest step recognised by the 

laser CAD software that was interpreted as a 1-bit step was 1.829 μm.  Since the program 

was the same for all wavelengths and the program was conveyed to the galvoscanner via 

a selector switch, the value of 1.829 µm is the minimum step recognised by the three 

galvoscanners of the laser. 

 

 
Figure 3.17.  Measured (blue marker) number of steps (1 bit) taken by the 

galvoscanner while executing the program described in Figure 3.12 where the offset 

between lines was 2 µm.  The orange marker denotes the iterated value of the 

minimum step (1 bit) such that a 2 µm offset between lines would result in a similar 

behaviour as that measured.  

 

 Analysis Equipment  

The measurement instruments and techniques used to analyse the laser machined 

samples are described in this section.  Each of these pieces of equipment had limitations 

in the measuring capabilities.  As the surface properties of the machined material changed 

from scattering rough surfaces to optically smooth, it was not possible to measure every 

type of surface using a single instrument.   

 Leica DM6000 M microscope 

A Leica microscope (model DM6000 M) was used for measurement and visual 

investigation of the machined samples.  This microscope had a variety of lighting options, 

including bright-field and dark-field incident light, and transmitted light with polarisation 

control.  These illumination techniques enabled various surface features like cracks, 

backside machining, and surface grooves to be visible.  For instance, cracks on the sample 

surface were visible with bright-field front illumination, while cracks inside the material 
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were visible using transmitted light.  The automated stages enabled stitching of images 

as seen in Figure 3.13.  The Leica was also capable of performing 3D surface 

measurements using a measurement technique based on focus variation.  However, due 

to the highly scattering nature of the picosecond laser machined surface, along with the 

transparent nature of the glass, the measurement resulted in many missed data points.  

Hence, the Leica microscope was not used for 3D surface profile measurements of the 

machined glass samples. 

 Alicona 3D surface profilometer 

Measurement of the picosecond laser machined glass surfaces was performed using 

the Alicona InfiniteFocus optical profilometer.  This instrument uses a non-contact optical 

3D measurement technique based on focus variation and is capable of measuring depth 

up to 345 mm and surfaces with roughness Ra > 9 nm [148].  The coaxial LED light (with 

the option of a polariser) and ring light illumination options enabled a variety of surfaces 

to be measured. 

The detailed specifications of the Alcona InfiniteFocus are summarised in Table 3.5 

per objective.  The lateral resolution improved with the increase in magnification.  

However, as this decreased the field of view, it was necessary to stitch images of the 

measurement area at higher magnification.  The use of a higher magnification with a 

stitching mode did not provide significant advantages because the Alicona reduced the 

measured data for large datasets, reducing the resolution. 

 

Table 3.5 Specifications of Alicona InfiniteFocus [148]. 

Objective magnification 5×  10×  20× 50× 100× 

Numerical aperture 0.15 0.3 0.4 0.6 0.8 

Working distance (mm) 23.5 17.5 19.0 11 4.5 

Calculated lateral optical limiting resolution (µm) 2.18 1.09 0.82 0.54 0.41 

Finest lateral topographic resolution (µm) 3.52 1.76 0.88 0.64 0.44 

Measurement noise (nm) 120 30 10 3 1 

Vertical resolution (nm) 410 100 50 20 10 

Vertical measurement range (mm) 22.5 16.5 18 10 4 
 

 

The measured 3D dataset could then be used for profile, depth and roughness 

measurements using the analysis software provided by Alicona.  The 3D dataset could 

also be imported into Matlab and Gwyddion (an open source software for analysing 3D 

data [149]) for analysis.   
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 Dektak contact profilometer  

Some picosecond laser machined surfaces were polished using a CO2 laser beam to 

reduce the surface roughness.  Due to the high smoothness of these surfaces, it was not 

possible to measure them using the Leica microscope or Alicona surface profilometer. 

Hence, these surfaces were measured using a stylus-based profilometer Dektak 3.  The 

vertical resolution of the Dektak was as small as 0.1 nm.  The maximum scan length was 

50 mm.  The Dektak profilometer used a 12.5 µm stylus tip for the measurements which 

could provide data of the surface form, but was limited in the measurement of high-

frequency surface structures.  The stylus shape introduced errors during the measurement 

of steep wall surfaces.  As the vertical range of the Dektak 3 was 131 µm, this device was 

not able to measure deep structures.  Hence some of the scan results featured only part of 

the machined structure.   

 Zygo white light interferometer 

Another instrument that was used for measuring the CO2 laser polished surfaces 

was a white light interferometer Zygo NewView 5000 capable of measuring optically 

smooth surfaces.  This machine featured 5 ×, 10 × and 50 × objectives, with a vertical 

resolution of 0.1 to 20 nm and lateral resolution of 0.64 to 2.6 µm, dependent on the 

objective used.  It was capable of measuring a maximum vertical step of 5 mm.  Due to 

the measurement technique limitations, it was difficult to measure sharp features or 

surfaces with steep slopes.  This profilometer was used for the measurement of optics that 

were machined by the picosecond laser and polished using the CO2 laser.   

 Material specifications  

This section describes the material specifications and physical properties of the 

following glass substrates: Corning HPFS® 7980 fused silica, Schott N-BK7®, Schott 

N-LaF21, and Ohara S-TiH53.  These materials were the object of interest in this thesis.   

 Corning HPFS® 7980 Fused silica  

Fused silica is an amorphous form of SiO2 while Quartz is the crystalline form of 

the same material [91].  Corning HPFS® 7980 fused silica is manufactured using flame 

hydrolysis and is known for its high purity (< 1000 ppb metallic impurities), high laser 

damage threshold, and low thermal expansion which makes this glass ideal for use as 

laser optic components [63].  The refractive index of the material is 1.46, and the Abbe 

number is 67.9.  Fused silica has a high softening point of 1585 °C which was more than 

twice the softening point of the other materials considered in this thesis.  The material 
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exhibits low birefringence of ≤ 5 nm/cm.  The material is characterised by a high 

transmittance in UV, visible and mid-IR range, as shown in Figure 3.18 and is transparent 

at the output wavelength of the picosecond laser. 

 

 
Figure 3.18.  Internal transmittance in percent per centimetre of Corning HPFS® 

7980 fused silica standard grade [63]. 

 Schott N-BK7® 

N-BK7® is a borosilicate crown glass that consists of the materials listed in Table 

3.6.  The material has a refractive index of 1.52 and an Abbe number of 64.2.  The CTE 

of N-BK7® is 7.1 ppm/°C for the temperature range -30 °C to 70 °C [88], which is close 

to the CTE of Gallium Arsenide (GaAs), commonly used in the production of diode laser 

stacks.  Hence this material can be used as a substrate for diode correction optics where 

the CTE match of the diode stacks and N-BK7® could provide stability to the system over 

the operating temperature range.  The softening point of N-BK7® is 719 °C. 

 

Table 3.6.  Composition of N-BK7® [61]. 

Chemical name Proportion of weight (%) 

Boron Oxide 10 - 20 

Barium Oxide  1 - 10 

Calcium Oxide  < 1 

Chlorine < 1 

Potassium Oxide 1 - 10 

Sodium Oxide 10 - 20 

Antimony Trioxide < 1 

Silica 60 - 70 

Titanium Oxide < 1 
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Figure 3.19 shows that this glass has a high transmission between 350 nm and 

2.5 µm.  A 25 mm thick N-BK7® material shows 100% internal transmittance at 1030 nm 

and 515 nm and approximately 86% transmittance at 343 nm, as can be seen in Figure 

3.19.  Hence linear absorption of λ = 343 nm is possible in this material.   

 

 
Figure 3.19.  Internal transmittance of Schott N-BK7® 25mm thickness.[64] 

 Schott N-LaF21  

Schott N-LaF21 is a lanthanum flint glass that consists of materials listed in Table 

3.7.  This glass has a high refractive index (nd = 1.78) and thus can be used for the 

manufacture of thin refractive optics.  The Abbe number of this material is 47.5.  The 

softening point of this glass is 729 °C which is close to that of N-BK7®.  The CTE of this 

glass is 6 ppm/°C for the temperature range -30 °C to 70 °C and increases to 7.1 ppm/°C 

for the temperature range 20 °C to 300 °C.  The material has a Knoop hardness of 

730 kg/mm2.   

Table 3.7.  Composition of N-LaF21 [62]. 

Chemical name Proportion of weight (%) 

Boron Oxide  30 - 40 

Barium Oxide < 1 

Lanthanum Oxide 40 - 50 

Niobium Pentoxide 1 - 10 

Antimony Trioxide < 1 

Silica < 1 

Tungsten Trioxide < 1 

Yttrium Oxide 1 – 10 

Zinc Oxide 1 – 10 

Zirconium Oxide 1 - 10 
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Figure 3.20.  Internal transmittance of Schott N-LaF21 for 10 mm thickness [150]. 

 

Figure 3.20 shows that N-LaF21 has a transmittance of 64.4% at 343 nm, while for 

515 nm and 1030 nm it is 100% transparent.   

 Ohara S-TiH53  

Ohara S-TiH53 is a titanate glass characterised by a high refractive index (nd = 

1.84).  The glass has an Abbe number of 23.8 which is the lowest of the materials 

considered in this thesis indicating high chromatic dispersion.  The transmittance of S-

TiH53 is shown in Figure 3.21.  The data for the transmittance of the material at 343 nm 

is not available.  However, it can be assumed that this glass is opaque at 343 nm by 

extrapolating the data in Figure 3.21.  Hence this material most likely can be machined 

using linear absorption at this wavelength.   

 
Figure 3.21.  Internal transmittance of Ohara S-TiH53 for 10 mm thickness [150] 
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S-TiH53 has a softening point of 692 °C and Knoop hardness of 520 kg/mm2 which 

was the lowest of the materials considered in this thesis.  However, the material had the 

highest CTE of 8.8 ppm/°C for the temperature range -30 °C to 70 °C which increased to 

10.4 ppm/°C for the temperature range 100 °C to 300 °C.  S-TiH6 which has similar 

thermal properties to S-TiH53 has been successfully polished using CO2 lasers with the 

aid of a preheating stage [67]. 

 Comparison of glass materials  

The material composition of the glass affects its physical properties.  These 

differences in physical properties create challenges in machining the different glass 

substrates as they may react differently to the laser parameters used.  A comparison of the 

material properties is listed in Table 3.8.   

The refractive index of the glasses ranged from n1030 = 1.45 to n343 = 1.48 for fused 

silica, while it ranged from n1030 = 1.81 to n515 = 1.86 for N-LaF21.  This range in 

refractive index concerning wavelength is also evident from the Abbe number Vd of the 

respective materials.  The high index glasses (N-LaF21 and S-TiH53) were selected to 

manufacture thin refractive optics and micro-optics [151].  However, considering the 

refractive index of the materials based on the wavelength, the reflectivity at normal 

incidence from the top surface of fused silica was the lowest of R1030 = 3.37% while, 

while it was highest for N-LaF21 where R515 = 9.09% and S-TiH53 where R515 = 8.10%.  

Hence back reflected light will need to be taken into account, specifically in regard to 

protecting the optical system during the machining of N-LaF21 and S-TiH53.  The 

reflectivity was lower for λ = 1030 nm while it was higher for λ = 343 nm for all the 

materials considered.   
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Table 3.8.  Comparison of properties of the 4 glass materials[61, 62, 63, 65]. 

Material 
Fused Silica 

7980 (Corning) 

N-BK7® 

(Schott) 

N-LaF21 

(Schott) 

S-TiH53 

(Ohara) 

Refractive 

index  

(Calculated using 

Sellmeier formula) 

nd 1.46 1.52 1.79 1.85 

n1030 1.45 1.51 1.81 1.77 

n515 1.46 1.52 1.86 1.80 

n343 1.48 1.54 - - 

Reflectivity  

R1030 3.37% 4.09% 8.34% 7.72% 

R515 3.52% 4.26% 9.09% 8.10% 

R343 3.72% 4.53% - - 

Abbe number ‘Vd’ 67.86 64.17 47.49 23.78 

CTE (ppm/°C)  

0.48 

 (-100/200 °C) 

7.10 

 (–30/70 °C) 

6.00 

 (–30/70 °C) 

8.80 

 (–30/70 °C) 

0.57 

(0/200 °C) 

8.30 

 (20/300 °C) 

7.10 

 (20/300 °C) 

10.40 

 (100/300 °C) 

Knoop hardness (kg/mm2) 522 610 730 520 

Poisson ratio ‘ν’ 0.16 0.21 0.29 0.27 

Young’s modulus 

‘EYoung’s’ (GPa) 
73 82 124 96 

Softening point (°C) for T 

107.6 dPa·s 
1585 719 729 692 

Annealing point (°C) for 

T 1013 dPa·s  ‘DTM’ 
1042 557 659 596 

Transformation 

temperature (°C) 
 557 653 624 

Heat capacity ‘Cp’ J/(g·K) 0.77 0.89 0.55 0.61 

Thermal conductivity 

W/(cm·K) 
0.014 0.011 0.008 0.010 

Density (g/cm3) 2.20 2.51 4.28 3.54 

Thermal diffusivity D 

(cm2/s) 
0.0075 0.0051 0.0035 0.0046 

Thermal penetration depth 

LD for 6 ps pulses (nm)  
4.24 3.51 2.91 3.33 

 

 

It is clear from Table 3.8 that N-BK7®, N-LaF21 and S-TiH53 have similar CTE 

and softening points while they differed from fused silica by a significant amount.  For 

instance, the softening point of fused silica was 1585 °C while it was 719 °C for N-BK7®, 

729 °C for N-LaF21 and 692 °C for S-TiH53.  On the other hand, the CTE of N-BK7®, 

N-LaF21 and S-TiH53 was higher than fused silica by one order of magnitude.  The high 

softening temperature along with the low CTE of fused silica make it comparatively easy 

to machine using CO2 and ultrafast pico- and femto-second lasers as the thermal 

accumulation during the process does not damage the material [20, 26, 27, 38, 48, 67, 
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68].  However, the high CTE of N-BK7®, N-LaF21 and S-TiH53 make laser-based 

machining and polishing process difficult due to stress being generated in the material 

causing cracks [25].  Thermal conductivity was the highest for fused silica (0.014 

W/cm·K) while it was the lowest for N-LaF21 (0.008 W/cm·K).  Hence, the thermal 

penetration depth was the largest for fused silica LD = 4.24 nm while it was the lowest for 

N-LaF21 LD = 2.91 nm.  

The constituent materials of the glass have been classified as inorganic compounds 

that are not dangerous.  However, standard glass safety procedures need to be followed 

while handling the glass and care must be taken while processing the glass as the dust or 

fumes can be hazardous [61, 62, 152].   

 Preparation of samples before and after laser machining 

Nitrile gloves were used for handling the glass samples to avoid contamination.  

Before laser machining, the glass samples were observed for dust, fingerprints and other 

stains, before being thoroughly washed with tap using a pair of rubberised tip tweezers.  

If oil or fingerprint stains were found on a sample, they were washed with methanol, 

wiped with a clean lens tissue and dried with compressed air to clean the surface.  When 

the sample was free of any stains, it was mounted on the stage and locked in place using 

the clamp for machining.   

After laser machining, the glass sample’s surface was littered with glass debris and 

glass fibres.  Some of the fibres were loosely held, while others were firmly stuck to the 

surface.  The samples were not air dusted immediately after machining as the fine debris 

could spread in the lab creating a health hazard; instead the samples were placed in an 

ultrasonic bath with water for 5 minutes.  The sample was subjected to multiple ultrasonic 

bath sessions to remove the strongly held fibres.  The samples were then rinsed under tap 

water and subsequently air dusted before placing under a microscope for measurement.   

 Conclusion 

The equipment used for laser machining of the glass materials has been discussed 

in this chapter.  The fluctuations in the laser’s output were measured to be up to 2.6% of 

the maximum output which can significantly affect the quality of machining as the 

process is non-linear.  Furthermore, the galvoscanners used showed pointing errors which 

were measured both dynamic during the machining process and static with no program 

running.  These errors are known to exist for commercial pulsed lasers [80].  These errors 

contribute to changes in pulse overlap which in turn affect the machining results.  The 
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minimum step recognised by the galvoscanner was measured and used to avoid missed 

or double steps associated with quantisation errors.  The machining process in the later 

chapters was developed to reduce the effects of these measured errors.  

The equipment used for analysing the machined surfaces has also been discussed 

providing the advantages and limitations of them.  The machined surfaces were analysed 

using the Leica microscope and the Alicona optical profilometer while the optically 

smooth CO2 laser polished surfaces were analysed using the Dektak stylus-based 

profilometer and the Zygo white light interferometer.  

  The specifications of the glass materials have been discussed and compared in the 

context of the effects they have on laser processing.  As fused silica has the lowest CTE 

among the materials considered, it is less likely to fracture due to thermal stresses, while 

N-LaF21 and S-TiH53 have a higher likelihood to crack due to their high CTE. 

Furthermore, the high refractive index of the S-TiH53 and N-LaF21 cause higher back 

reflections from the surface which can interfere with the machining process.    

Finally, the material handling procedures followed were discussed. Although the 

process was not carried out in a clean room environment, care was taken to see that the 

glass samples were free of debris, fingerprints or stains before the laser machining 

process.  
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Sequential laser machining of fused silica 

 Introduction 

In this chapter, the experimental procedure for machining fused silica glass 

(Corning HPFS® 7980) using a sequential raster scan technique is described in detail, 

providing results and optimum laser processing parameters for this material. 

Section 4.2 explains the principles of the sequential raster scan technique.  The 

layout of the parameter maps prepared to test the machining capability of this process is 

also provided.   

Section 4.3 describes some of the constraints of this laser beam scan technique.  

This section then provides the approaches used to reduce some of the unwanted 

machining effects associated with the generation of debris and fibres and the appearance 

of partial machining.   

The results of the sequential raster scan machining technique obtained with three 

different laser wavelengths (λ = 1030 nm, 515 nm, and 343 nm) are provided in Section 

4.4.  The machining results for these three wavelengths were compared, with regards to 

the ablation depth and surface quality, and the optimum laser processing parameters for 

machining fused silica are identified.   

In Section 4.5, with the help of a high-speed camera and a digital holographic 

imaging system, the machining process was analysed to understand the mechanism of 

laser ablation of glass by using the sequential raster scan technique.  The conclusions for 

sequential machining are provided in Section 4.6. 

 Experimental procedure 

This section explains the 'Sequential raster scan' strategy.  The scan strategy, scan 

overlap and method of programming parameter maps using this technique are described 

in this section.  This scanning technique was used to prepare the parameter maps that are 

described in Section 4.4. 

 Sequential machining technique 

The sequential raster scan technique, as illustrated in Figure 4.1, refers to the 

standard raster scan technique, which can be either unidirectional or bidirectional.  The 

process of machining a region comprises of scanning lines across the surface with a 
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specific scan speed to obtain a required pulse-to-pulse overlap in the scan direction.  The 

lines are then stacked with a line overlap of ∆y (step overlap).  Since the order of these 

machined lines was consecutive as shown in Figure 4.1, this process was called sequential 

machining. 

 

 

Figure 4.1.  Sequence of raster scan lines in sequential machining. The successive 

lines are machined in sequence in the step direction. 

 

 

Figure 4.2.  Step and scan direction overlap for sequential raster scan. The individual 

circles indicate individual pulses. The scan speed is adjusted to get a scan pitch Dx 

which is selected to get a specific scan direction overlap (Oscan %). The distance 

between the successive lines (step pitch) is adjusted to be similar to the smallest step 

recognised by the galvoscanner system. 
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The pulse overlap in the laser scan direction (described in terms of Oscan %) can be 

calculated by using the equation: 

 O𝑠𝑐𝑎𝑛 % = (1 −
νs

d × PRR
) × 100% (4.1) 

 νs(scan speed) =  ∆x × PRR (4.2) 

 

where d is the laser spot diameter, and ∆x is the pitch between two adjacent laser pulses 

along the scan direction, as shown in Figure 4.2.  The ∆x for a required scan overlap can 

be calculated using the equation: 

 ∆x =  d −  
𝑂𝑠𝑐𝑎𝑛 × d

100
 (4.3) 

The scan direction pitch (∆x) and scan speeds (νs) calculated for λ = 1030 nm, 515 

nm, 343 nm for spot diameter at the focal plane (d = d0) are listed in Table 4.1 for the 

corresponding scan direction overlaps (Oscan) at PRR = 20 kHz.   

 

Table 4.1.  Scan direction pitch and scan speed calculated for different values of Oscan at 

PRR = 20 kHz 

 ∆x pitch (µm) Scan speed (mm/s) 

Oscan 

(%) 

λ = 1030 

nm 

d0 = 35.5 

µm 

λ = 515 

nm  

d0 = 20 

µm 

λ = 343 

nm 

d0 = 20 

µm 

λ = 1030 

nm 

d0 = 35.5 

µm 

λ = 515 

nm  

d0 = 20 

µm 

λ = 343 

nm 

d0 = 20 

µm 

98.75 0.44 0.25 0.25 8.88 5 5 

97.5 0.89 0.5 0.5 17.75 10 10 

95 1.78 1 1 35.5 20 20 

90 3.55 2 2 71 40 40 
 

 

The step direction overlap (∆y), as indicated in Figure 4.2, was set according to the 

smallest step recognised by the galvoscanner system (1.829 µm).  This was done to avoid 

missed lines or repeated lines due to quantisation errors of the 16-bit galvoscanner system.  

All the experiments discussed in sequential machining were carried out using this step 

size.  This step direction pitch (1.829 µm) was equivalent to 90.9% pulse overlap in the 

step direction for a 20 µm spot diameter (λ = 515 nm and 343 nm) and 94.8% for a 

35.5 µm spot diameter (λ = 1030 nm). 

The predicted surface profile in the step direction for sequential scan with pitch = 

1.829 µm is given in Figure 4.3 considering the measured spot profile in Table 3.3.  The 

surface profile was calculated by overlapping the ablation profile per spot based on the 

pitch. The beam profile was scaled to the maximum fluence measured on each of the 

wavelength channels and the effective volume removed per pulse was calculated using 
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Equation 2.15 with α = 1 and Fth as the threshold fluence given in Table 4.2 for Oscan = 

95%.  Although the profile of the groove (a line) machined using different scan overlaps 

would provide a better understanding, it was found that a machined line contained chips 

at the edges and hence did not have a clearly defined profile or width. Furthermore, the 

width and depth of the machined line varied widely from ~14 µm to ~30 µm for different 

fluence values.  Hence the beam profile used in this calculation provides insight into the 

spatial wavelength components introduced by the machining process purely due to the 

overlap and the beam profile.  The spectrum of the surface generated by using the 

sequential scan technique is given in Figure 4.4 with the wavelength of the peaks marked.  

Due to the high overlap, the surface was mostly flat but contained roughness with 

spatial wavelengths below 2 µm for all three wavelengths.  The common peak at spatial 

wavelength = 1.8 µm corresponds to the pitch of the step.  However, due to the lower 

beam quality at λ = 343 nm, the surface is expected to contain higher spatial wavelength 

components.   
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Figure 4.3. Predicted surface profile in the step direction for sequential scan with step 

distance = 1.829 µm considering the spot profile for (a) λ = 1030 nm with d0 = 35.5 

µm, (b), λ = 515 nm with d0 = 20 µm and (c) λ = 343 nm with d0 = 20 µm. The 

measured spot profile (as seen in Table 3.3) was used to calculate the surface using 

Equation 2.15 where Fth (Table 4.2) is the threshold fluence for Oscan = 95%, Fa is the 

maximum fluence and α = 1. 
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Figure 4.4. Step direction surface spectrum of the predicted surface profile sequential 

scan with pitch = 1.829 µm (a) λ = 1030 nm with d0 = 35.5 µm, (b), λ = 515 nm with 

d0 = 20 µm and (c) λ = 343 nm with d0 = 20 µm. The measured spot profile (as seen 

in Table 3.3)  was used to calculate the surface using Equation 2.15 where Fth (Table 

4.2) is the threshold fluence for Oscan = 95%, Fa is the maximum fluence and α = 1. 
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 Preparation of calibration map 

Calibration maps were generated on the surface of 1 mm thick fused silica substrate.  

The maps contained an array of 1 mm × 1 mm areas (called pockets); each pocket was 

produced by using different laser processing parameters, as shown in Figure 4.5.  The 

pockets in each column were generated with a specific scan overlap (Oscan), but with 

different laser fluence, which was changed in 10% steps using the laser power set point.  

The Oscan values were selected such that the subsequent scan overlap had a pitch that was 

twice the value of the previous scan overlap (see Table 4.1). 

 

 
Figure 4.5.  Example of a calibration map prepared on Trumpf Trutops software. 

The borders (darker lines) were marked prior to the machining step. 

  

For a specific overlap, the pockets of subsequent fluence values were machined 

adjacent to each other without a gap between them.  This was done to emulate the 

machining of optics where the fluence is continuously varied over the surface.  There was 

a gap between the adjacent columns of different scan overlap values. 

The parameter maps were generated by using the software Trutops, which was 
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provided by the laser manufacturer for creating and running laser machining programs 

utilising a galvoscanner.  To maintain the sequence of the lines, a box of 1 mm × 1 mm 

was drawn and then converted into a hatch pattern with the distance between the hatch 

lines equal to ∆y.  The scan speed and fluence (power setpoint) were then assigned to the 

hatch pattern.  As the Trutops software recognised the hatch pattern as a single entity, the 

sequence of the lines was maintained.  Before running the parameter map program, a 

separate program was executed which drew outlines around the regions to be machined 

as well as marking different identification characters on the glass sample.   

 Measurement technique 

The 3D surface profiles of the pockets were measured using the Alicona optical 

profilometer.  The 10 × objective was used, with a field of view (FoV) of 1 mm × 1 mm 

machined region.  This provided a vertical resolution of 200 nm and lateral resolution of 

2 µm.   

The Alicona 3D data were imported into Matlab for analysis.  A region of interest 

(RoI) of 700 µm × 700 µm was selected in the laser irradiated machined pockets (see 

Figure 4.6 (a)) for surface analysis, which avoided the debris found at the edges of the 

machined areas.  As the Alicona cannot measure optically smooth surfaces, the residual 

debris left on the machined glass surface was used to provide a height reference (indicated 

by the red line in Figure 4.6 (a)). 

A Matlab script calculated the machined depth as the difference between the 

average 'top' and 'bottom' heights. An example profile of the machined region is given in 

Figure 4.6 (b) where the distance between the top green dashed line and the bottom green 

dashed line ( average height in the 700 × 700 µm region) is taken to be the machined 

depth.  The depth measurement error (DDepth) is taken as the difference between the 

maximum and minimum heights indicated by the red dotted line in Figure 4.6 (b).  To 

ignore the false data points due to particles of debris that were sometimes found on the 

surface, a histogram based filter was used.  This filter used the histogram of the depth 

data in the RoI and ignored points lying below 1/e2 of the histogram from the depth 

measurement.  The DDepth is indicated as error bars in the ablation depth results of the 

parameter maps.  
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Figure 4.6.  (a) Top view of surface data measured using the Alicona profilometer 

showing the measurement of depth and roughness values using the Matlab script. 

(b) Profile of blue dotted line in (a) showing the machined depth and DDepth error.  

 

The surface texture is usually categorised into roughness (micro-roughness), 

waviness (macro-roughness) where λc = 80 µm, lay (direction of the predominant surface 

pattern) and flaws (unintentional and unexpected surface characteristics, e.g. debris, 

bubbles and fibres on the surface) [153].   
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Sq (surface texture RMS value) was measured for the entire RoI, (as shown in 

Figure 4.4) without applying any spatial filters.  The Sq value provides information about 

the overall surface roughness without including direction or spatial frequency 

information.  One hundred line profiles were selected in the step and scan direction, 

respectively within the RoI to provide direction based roughness data.  These lines were 

used to measure the step direction roughness (RqSTEP) and the scan direction roughness 

(RqSCAN).  The RqSTEP and RqSCAN values were the average values of the measured Rq of 

the 100 lines.  The error bars on the measured Rq is the standard deviation of the 100 

values.  To calculate the RqSTEP and RqSCAN values, a Butterworth high pass filter with a 

cut-off wavelength at λc = 80 µm was applied to the selected lines.   

Similarly, the waviness in the step direction (WqSTEP) and scan direction (WqSCAN) 

was measured for the same line profiles.  For the measurement of waviness, a Butterworth 

low pass filter was used on the selected lines with a cut-off wavelength of λc = 80 µm.  

The cut-off wavelength λc = 80 µm was selected because the CO2 laser polishing step had 

a cut-off wavelength of 100 µm.  Hence the roughness values can be reduced using the 

CO2 laser polishing step while the waviness values would remain unchanged.  

Furthermore, the λc value was selected to be consistent with ISO 4287 and ISO 4288 cut-

off values [153].  

As the machined surfaces contained ridges along the scan direction, the step 

direction roughness (RqSTEP) and waviness (WqSTEP) were often higher than the scan 

direction roughness (RqSCAN) and waviness (WqSCAN).  To examine the spectral content of 

the produced ridges and identify the spatial frequencies of recurring patterns, the step 

direction profile spectrum was calculated by averaging the spectrum of the 100 lines 

spread 7 µm apart.  As the scan length was 700 µm, the spectra did not contain data 

beyond this spatial wavelength. 

 Optimising the laser process parameters 

Though the picosecond laser was capable of a wide range of parameters; PRR, scan 

speed (and hence Oscan), laser fluence (ranging from 0 to 100% of highest fluence), the 

results in this chapter are provided for a limited range of laser parameters, which provided 

useful machining results.   

 Repetition rate 

The Trumpf TruMicro 5X50 picosecond laser has a maximum pulse repetition rate 

(PRR) of 400 kHz, together with a pulse picker function enabling the use of lower 
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repetition rates.  Sequential raster machining of fused silica performed by using different 

values of PRR has demonstrated that this machining technique is effective at low 

repetition rates (PRR <20 kHz).  The use of higher PRR values led to the formation of 

fibres [89, 154] (solidified thread like melt ejected material) as shown in Figure 4.7 (a) 

and the fusion of debris to the machined surface [24], as shown in Figure 4.7 b.  The 

average power of the laser at PRR = 400 kHz is twenty times higher than the average 

power at PRR = 20 kHz for the same value of pulse energy.  As the glass materials 

considered have low thermal diffusivity, thermal accumulation takes place thereby 

causing these undesirable effects.  

 

 

Figure 4.7.  (a) Sparse fibres formed on glass machined (1 mm ×1 mm area) using λ 

= 1030 nm, PRR = 400 kHz, Oscan = 99%, fluence F = 10.6 J/cm2 (b) Dense fibres 

and debris fused to the surface machined using λ = 343 nm, Oscan = 99%, F = 9.2 

J/cm2. 

 

During the laser machining process, the ablated material was deposited onto the 

surface of the glass.  This debris resembled a white powder.  The use of high laser fluence 

and scan overlap (e.g.  Oscan = 98.75%) produced large volumes of these debris and fibres 

on the glass surface.  Though most of these particles were loosely held to the surface, as 

can be seen in Figure 4.7 (a), the dense fibres and debris were often fused on the glass 

surface at higher repetition rates [24], as shown in Figure 4.7 (b).  This form of fused 

debris needed abrasive techniques to remove hence increasing the possibility of damage 

to the machined structure.  As this debris can also create a physical barrier in front of the 

material being machined, it typically interferes with the ablation process causing lower 

surface quality and reducing the efficiency of the machining process. 

The particle size of this debris and diameter of the fibres was observed to vary from 

sub-micron scale to up to 30 µm, as shown in Figure 4.8.  The debris was also found to 
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form clusters, as can be seen in Figure 4.8 (a).  These clusters were observed to break 

down into smaller fragments on the application of a small force.  The fibre structures were 

delicate and could be easily removed when not fused to the surface. 

 

 
Figure 4.8.  (a) Debris produced by picosecond laser micromachining of fused silica 

observed with Leica microscope (b) Fibres produced by picosecond laser 

micromachining of fused silica observed using the Leica DM6000 microscope, (c) 

SEM image of fibres produced by picosecond laser micromachining of fused silica. 

 

To determine the directionality of the debris ejection, 1 mm × 1 mm pockets of 

different orientations were generated on the glass surface, as shown in Figure 4.9.  These 

pockets were generated with pulse energy Ep = 62.3 µJ, Oscan = 97%, at PRR = 20 kHz 

and λ = 515 nm.  The step pitch (Δy) was chosen to be 50 µm.  It was observed in every 

case that the debris was deposited in the direction opposite to the scan direction.   
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Figure 4.9.  Direction of debris scatter considering laser scan direction.  Machined 

using λ = 515 nm, Ep = 62.3 µJ, PRR = 20 kHz, Oscan = 97%, 50 µm step pitch.  No 

air jet or fume extraction system was used in this experiment. Images were captured 

using the Leica DM6000 microscope 

 

A similar experiment was performed with a higher step overlap (above 80% 

overlap).  Here, the debris was deposited in the direction opposite to the step direction as 

can be seen in Figure 4.10.  These two experiments indicated that the debris is deposited 

in the direction opposite to the cumulative machining direction.  A similar effect was also 

observed by Albri [24, 141].   

 

 
Figure 4.10.  Fused silica machined with high step overlap using λ = 515 nm, 

F = 13.4 J/cm2, PRR = 20 kHz.  The direction of debris was found to be opposite to 

that of the step direction. 

 

An air jet mechanism was introduced to minimise the collection of debris and the 

formation of fibres.  This was prepared using a 25 mm wide ‘Lechler 600.562.1Y’ multi-

channel flat jet nozzle connected to an oil-free air compressor.  The air pressure was 

adjusted to 8 bar providing a blowing force of 4.8 N.  The air jet was positioned to get an 

air flow parallel to the surface of the glass material to blow the debris away, and was 
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placed in a position such that the direction of the air flow was same as the direction of the 

debris deposition.  Though the air jet mechanism reduced the deposition of loose debris 

and fibres, it was not effective in suppressing the formation of fused debris at higher 

repetition rates.  The machined surfaces also had up to 20% higher roughness (RqSTEP) 

than surfaces machined without the use of the air jet.  This might be due to either the 

turbulence in the air flow or due to air pressure causing the glass plate to vibrate.  

Furthermore, as the air jet mechanism and fume extraction system were not enclosed, it 

had the potential of spreading the debris across the lab thereby creating a health hazard.  

Hence the use of an air jet mechanism was discontinued, and the machining was carried 

out at PRR = 20 kHz.   

 Ablation threshold 

The ultrafast laser ablation process is a non-linear process operating through multi-

photon absorption [155].  Hence the process had a threshold fluence above which the 

machining took place [24], as seen in Chapter 2 (Section 2.4.2).  The ablation threshold 

for individual pulses using different pulse widths demonstrated that for pulse durations 

below 10 ps, the threshold fluence decreased by a small amount, while for pulse durations 

above 10 ps, the threshold fluence increased by a factor of 10 (from Fth ≈ 5 J/cm2 for 10 

picosecond pulse to Fth ≈ 50 J/cm2 for 1 nanosecond pulse) [122].  This is due to the 

higher fluence needed to induce non-linear ablation for longer duration pulses [1, 4].  

Furthermore, the ablation threshold dropped with multiple pulses due to the incubation 

effect [4, 75, 94, 156] whereby individual pulses affect the material creating defect states 

even though the fluence is below the threshold fluence [80].  This effect was demonstrated 

by Albri [24] who showed that the ablation threshold for fused silica dropped from 

F = 6 J/cm2 for a single pulse to F = 1.9 J/cm2 for 50 pulses at λ = 1030 nm.  Similarly, 

for λ = 515 nm, the ablation threshold dropped from F = 5.8 J/cm2 for a single pulse to 

F = 1.9 J/cm2 for 50 pulses.  At λ = 343 nm, a smaller difference was observed where the 

ablation threshold dropped from F = 3.7 J/cm2 for a single pulse to F = 1.1 J/cm2 for 100 

successive pulses on the same spot.  A similar trend was also observed by Wlodarczyk 

[31].  The relation [4, 8] between single pulse threshold (Fth(1)) and multi-pulse threshold 

(Fth(N)) is given by the equation: 

 Fth(N) = Fth(1)Nξ−1  (4.4)  

where ξ is the degree of incubation (incubation effect is absent if ξ = 1), and N is the 

number of pulses.  A scan direction overlap (Oscan) of 98.75 % corresponds to 80 pulses 

interacting within the same surface area, while Oscan = 97.5 % corresponds to 40 pulses, 
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Oscan = 95 % corresponds to 20 pulses, and Oscan = 90 % corresponds to 10 pulses.  The 

theoretical ablation threshold (using Equation 4.4  and data from [24]) is given in Table 

4.2.  

Table 4.2.  Theoretical ablation threshold calculated for different Oscan using Equation 4.4 

λ 1030 nm 515 nm 343 nm 

ξ 0.706 0.715 0.737 

Fth(1) (J/cm2) 6 5.8 3.7 

Oscan    

Fth(N) 
(J/cm2) 

98.75% 1.654409 1.663594 1.168662 

97.50% 2.028363 2.02694 1.402361 

95% 2.486843 2.469645 1.682794 

90% 3.048957 3.00904 2.019304 
 

 

 The experimental results showed a reduction in the ablation threshold with the 

increase in scan overlap, as can be seen in Figure 4.11.  However, the threshold fluence 

values did not match with the theoretical values.  The ablation characteristics near the 

theoretical threshold fluence were not predictable. For instance, lower scan overlap values 

(Oscan < 90 %) produced undesirable machining results (see highlighted regions in Figure 

4.11) where partial machining and back side machining [4] was found to take place 

around the ablation threshold. 

 
Figure 4.11.  (a) Front side (b) Back side (the image is flipped horizontally) of the 

ablation threshold parameter map on fused silica.  The surface was machined using 

the sequential raster scan technique at λ= 1030 nm at PRR = 20 kHz with the glass 

sample placed at the focus. Regions highlighted ‘Red’ were partially ablated on the 

top surface, regions highlighted ‘Yellow’ had cracks, and regions highlighted ‘Blue’ 

were machined on the back surface. Images were captured and stitched using the 

Leica DM6000 microscope.  
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Partial machining is defined to be the case where the fluence is close to threshold 

such that the top surface is machined in the presence of surface defects and may continue 

to machine in the event that the previously machined region creates a defect for the next 

pulse.  Partial machining is often seen with modification in the bulk of the material due 

to self-focusing or ablation of the back surface since the glass was 1 mm thick.  The effect 

of fluence on the machining characteristics is given in Figure 4.12 [75].  Ablation on the 

back surface of the glass takes place below or around the ablation threshold of the front 

surface. This is due to the higher electric field at the back surface due to the Fresnel 

reflection. In some cases above the ablation threshold, back surface ablation takes place 

with the first incident pulse but is not seen through the rest of the machined area.  This is 

because the rough surface generated by previous pulses creates a scattering area reducing 

the intensity transmitted into the bulk of the material.  This spot of back side machining 

does not affect the machined optic because it only occurs at the leading edge of the 

machined region as long as the fluence used is above the ablation threshold.   

 
Figure 4.12. Effect of the pulse interaction with the surface for fluence values above 

surface threshold, near surface threshold and below surface threshold [75].  
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The ablation threshold of the material can be reduced by introducing surface defects 

before the actual machining.  These surface defects increase the electric field lines thus 

initiating electric breakdown due to the surface defects [69].  These surface defects can 

be generated, for example, by machining an outline of the area, using a high Oscan (above 

90%) and pulse energy significantly higher than the ablation threshold.  These borders 

create a rough surface at the edges of the region to be machined.  The rough surface lowers 

the ablation threshold at these edges likely due to the scattering nature of the surface.  

Provided that subsequent machining begins at one of these edges, the whole area could 

be machined using pulses that would otherwise be below the ablation threshold.  The high 

pulse to pulse overlap means that a new pulse is mostly incident on an already-machined 

surface.  Hence marking a border using F > Fth and high scan overlap before the machining 

process reduces the ablation threshold. 

The spot diameter (d > d0) was altered by defocusing the laser beam for experiments 

requiring a larger spot diameter as discussed in Chapter 3.  A ramp was machined on 10 

mm × 10 mm × 10 mm fused silica cubes with polished edges to test the effect of spot 

defocus on the machining characteristics.  The ramp consisted of increasing laser power 

with each subsequent overlapping line.  The tests were carried out with the sample placed 

at different ‘z’ positions with respect to the focal plane.  The best machining 

characteristics were obtained when the sample was placed at the focal plane (see Error! 

Reference source not found.).  Machining inside the glass surface was observed in cases 

when the focal plane was inside the glass.  In cases where the glass cube’s surface was 

placed below the focal plane, the defocused spot had a lower tendency of machining 

inside the glass. 

 Sequential machining at PRR = 20 kHz 

The results of the unidirectional sequential raster parameter maps at PRR = 20 kHz 

are provided in this section.  The key measurements are ablation depth, surface roughness 

(Sq), step and scan direction roughness (RqSTEP and RqSCAN), and step and scan direction 

waviness (WqSTEP and WqSCAN).  The laser wavelength of λ = 1030 nm was used with a 

spot diameter (d0) 35.5 µm, λ = 515 nm with both d0 = 20 µm and d = 35.5 µm, and λ = 

343 nm with d0 = 20 µm.  These spot diameters were chosen to directly compare the 

machining results of λ = 1030 nm with 515 nm; and λ = 515 nm with 343 nm.  The 

available optics meant that λ = 1030 nm could not be directly compared with λ = 343 nm 

except with d = 35.5 µm where the process was below the ablation threshold for λ = 343 

nm.  Each of the parameter maps was created with Oscan of 98.75%, 97.5%, 95% and 90%. 
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The overview of the machining results of the parameter maps prepared with the 

sample placed at the focal plane is presented in Figure 4.13 with examples of the surfaces 

in Figure 4.14.  This chart provides a snapshot view of the useful parameters for 

machining fused silica.  The regions highlighted in green show acceptable quality 

machining while the regions highlighted dark grey exhibited large amounts of debris 

fused to the surface.  The regions highlighted light grey exhibited less debris which was 

scattered around the surface.  The parameters marked Green with a dark border at the 

bottom denote surfaces that although machined well, had debris stuck at the leading edge 

of the machined area.  The parameters resulting in partially machined surfaces are 

highlighted in orange.   

 

 
Figure 4.13.  Overview of sequential raster machining with the sample placed at the 

focus using (a) λ = 1030 nm, d0 = 35.5 µm, (b) 515 nm, d0 = 20 µm and (c) 343 nm, 

d0 = 20 µm at PRR = 20 kHz.  The regions inside the dark borders provide good 

results for machining.  
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Figure 4.14.  Examples of 1 ×1 mm surfaces machined using sequential raster scan at 

PRR = 20 kHz highlighting the different types of results achieved.  The surfaces were 

measured using Alicona InfiniteFocus. 

 

Figure 4.10 shows that a majority of the parameters provided useful results for 

machining of fused silica.  Machining using λ = 515 nm and 343 nm produced debris at 

Oscan = 98.75% and maximum fluence (see Figure 4.14 (d) and (g)).  While λ = 343 nm 

had some debris scattered on the surface at lower fluence, λ = 515 nm did not produce 

debris at lower fluence at Oscan = 98.75%.  Some of the pockets machined using lower 

Oscan had debris stuck to the leading edge of the machined region similar to Figure 4.14(a).  

This type of debris was mainly observed in deeper machined pockets and only at the 

leading machined edge of the pocket.  Hence if these parameters are used for preparing 

optics, the debris would be fused only to the leading edge of the machined optic and 

would not affect the rest of the machined region.  Examples of partial machining obtained 

at three different wavelengths (λ = 1030 nm, 515 nm, and 343 nm) are shown in Figures 

4.11 (c), (f), and (i), respectively.  The mean ablation depth as a function of fluence plotted 
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on a log scale is given in Figure 4.15 for (a) λ = 1030 nm with d0 = 35.5 µm; (b) λ = 515 

nm with d = 35.5 µm; (c) λ = 515 nm with d0 = 20 µm; and (d) λ = 343 nm with d0 = 20 

µm.  The peak-valley of the machined surfaces are indicated by the error bars.   

 

 
Figure 4.15.  Ablation depth as a function of fluence for sequential raster machining 

of fused silica using PRR = 20 kHz (a) λ = 1030 nm d0 = 35.5 µm, (b) λ = 515 nm 

d = 35.5 µm, (c) λ = 515 nm d0 = 20 µm and (d) λ = 343 nm d0 = 20 µm. 

 

The results followed the logarithmic trend as predicted in Equation 2.15.  The 

ablation depth as a function of log (fluence) mostly shows a linear trend for λ = 1030 nm 

and 515 nm with a curve upwards for higher scan overlap.  This could be due to lower 

absorbed fluence as the beam impinges on an angled surface for higher overlap.  At λ = 

343 nm the response is seen to curve upwards indicating that the plume has a lower mass 

absorption coefficient µp compared to that of the material [157].  However, it should be 

noted that the depth measurement had large error bars due to the high surface PV values.  

Higher scan overlaps produced deeper ablation depths for the same fluence values due to 

the higher pulse density.  Greater ablation depths were achieved using λ = 1030 nm with 

a spot diameter 35.5 µm compared to machining using λ = 515 nm and λ = 343 nm, with 
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a spot diameter = 20 µm.  For instance, the ablation depth for λ = 1030 nm with Oscan = 

97.5% was 129 µm for F = 6.3 J/cm2 while it was 66.7 µm for λ = 515 nm with d = 35.5 

µm, 49.8 µm for 515 nm with d0 = 20 µm and 41.7 µm for 343 nm with d0 = 20 µm using 

the same Oscan and similar fluence values.  The higher ablation depth for a spot diameter 

d = 35.5 µm over a spot diameter d0 = 20 µm is possibly due to plasma shielding as the 

smaller spot has a higher intensity at the centre of the beam [69].  A maximum ablation 

depth of 203 µm was achieved using λ = 1030 nm, while λ = 515 nm with d0 = 20 µm 

produced a maximum depth of 105 µm, and λ = 343 nm produced a maximum ablation 

depth of 64 µm at the highest fluence settings for each of the wavelengths using Oscan = 

97.5 % with the glass sample placed at the focal plane.  Hence λ= 1030 nm provided the 

most efficient material removal using this laser.   

The machined surfaces had high peak-valley (PV) values for all wavelengths as 

seen by the large error bars.  The PV values were lower at lower fluence values and 

increased with the increase of fluence and scan overlap.  The PV values were higher at 

λ = 343 nm compared to the PV values of regions machined to similar depths using 

λ = 1030 nm or λ = 515 nm. 

The surface roughness Sq of the machined pockets is plotted as a function of fluence 

in Figure 4.16.  The Sq values increased with Oscan for λ = 1030 with d0 = 35.5 µm for 

similar fluence values while for λ = 515 nm, d = 35.5µm, the Sq values were similar for 

Oscan = 98.75% and 95% and remained nearly constant Sq ≈ 1 µm.  For λ = 515 nm d0 = 

20 µm, Sq was around 30% lower for Oscan = 95% compared to Oscan = 90%.   
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Figure 4.16.  Surface roughness as a function of fluence for sequential raster 

machining of fused silica using PRR = 20 kHz (a) λ = 1030 nm, d0 = 35.5 µm, (b) λ 

= 515 nm, d = 35.5 µm, (c) λ = 515 nm, d0 = 20 µm and (d) λ = 343 nm, d0 = 20 µm. 

 

Figure 4.17 and Figure 4.18 show the step, and scan direction roughness and 

waviness of the surfaces machined keeping the workpiece at the focal plane.  The step 

direction roughness RqSTEP was always found to be higher than the scan direction 

roughness RqSCAN for similar fluence values independently of the laser wavelength or 

Oscan used, as can be seen in Figure 4.17.  The roughness in both the step and scan 

directions generally increased with increasing fluence.  

The step direction roughness RqSTEP was the lowest at λ = 1030 nm and the highest 

at λ = 343 nm for similar Oscan.  RqSTEP ranged from 1 µm to 2 µm at λ = 1030 nm, from 

1.3 µm to 2.8 µm at λ = 515 nm and from 1.5 µm to 2.7 µm at λ = 343 nm.  The scan 

direction roughness RqSCAN was also lower at λ = 1030 nm ranging from 0.85 µm to 1.23 

µm while it ranged from 0.9 µm to 1.5 µm at λ = 515 nm and from 1 µm to 1.58 µm for 

λ = 343 nm.  Hence the step and scan direction roughness were lowest for λ = 1030 nm. 
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Figure 4.17.  (a, c, e) Step direction roughness (b, d, f) scan direction roughness as a 

function of fluence for sequential raster machining of fused silica using PRR = 20 

kHz (a, b) λ = 1030 nm, d0 = 35.5 µm (c, d) λ = 515 nm, d0 = 20 µm (e, f) λ = 343 

nm, d0 = 20 µm. 
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Figure 4.18.  (a, c, e) Step direction waviness (b, d, f) scan direction waviness as a 

function of fluence for sequential raster machining of fused silica using PRR = 20 

kHz (a, b) λ = 1030 nm, d0 = 35.5 µm (c, d) λ = 515 nm, d0 = 20 µm (e, f) λ = 343 

nm, d0 = 20 µm. 
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The waviness had similar values in the step and scan direction for λ = 1030 nm, as 

can be seen in Figure 4.18 (a and b).  The waviness exhibits direct proportionality to 

fluence and Oscan in the step and scan direction for λ =1030 nm and 343 nm.  The Oscan = 

90% had higher scan direction waviness WqSCAN compared to waviness for higher Oscan 

at λ = 515 nm and was also noted to be higher than WqSTEP for similar fluence values.  At 

λ = 343 nm, WqSCAN was higher than WqSTEP.  The waviness values increased with the 

increase in fluence.  However, Oscan = 90% had higher waviness in the step and the scan 

direction than the waviness for Oscan> 90%.  Though WqSTEP was lower for λ = 343 nm, 

the ablation depth achieved was also low.  The waviness range in the step and scan 

direction for λ = 515 nm was similar to the waviness range at λ = 1030 nm.  The 

galvoscanner positioning errors and beam wander observed in Section 3.2.5 along with 

the laser output power fluctuations observed in Section 3.2.2 add to the surface roughness 

noted.  As the process is non-linear, these effects are likely to be magnified affecting the 

surface quality.  The glitches observed in Section 3.2.2 happen intermittently and hence 

can contribute to the formation of the ridges on the surface. As the high-frequency power 

fluctuations were up to 1.7% of output power, occurring at a frequency of around 0.05 

Hz, they contribute to the scan direction waviness as well as the step direction roughness.  

The spectral content of the step direction profile is provided in Figure 4.19 for 

pockets machined at the focal plane using λ = 1030 nm, 515 nm and 343 nm with Oscan = 

95%.  Figure 4.16 (a) shows that the surfaces obtained with λ = 1030 nm exhibit a higher 

amplitude spectral content above 0.4 µm at higher spatial wavelength (> 30 µm).  The 

step direction profile spectrum shows a common peak at spatial wavelength = 14.3 µm 

for λ = 515 nm and a small peak at λ = 1030 nm.  A similar peak was observed at λ = 343 

nm, but the peak was slightly different at different fluence values.  This peak may be due 

to mechanical effects of the scanning mechanism as the galvoscanners used were similar.  

Although LIPSS could be formed during the process, the surface wavelength associated 

with these structures can be filtered out during the CO2 laser polishing process which acts 

as a low pass filter with a cut-off wavelength of 100 µm.  Peaks were observed throughout 

the spectral range with high amplitude at larger spatial wavelengths. 

An overview of the results using sequential raster scan machining is given in Table 

4.3. 
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Figure 4.19.  Step direction roughness spectrum for surfaces machined with Oscan = 

95% using PRR = 20 kHz (a) λ = 1030 nm, d0 = 35.5 µm (b) λ = 515 nm, d0 = 20 

µm (c) λ = 343 nm, d0 = 20 µm. 
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Table 4.3.  Overview of the machining results of fused silica using sequential scan technique at PRR = 20 kHz.   

Wavelength (nm) 1030 nm 515 nm 344 nm 

d or d0 (µm) 35.5 35.5 35.5 35.5 35.5 35.5 35.5 20.0 20.0 20.0 20.0 20.0 20.0 

Oscan (%) 98.8 97.5 95.0 90.0 98.8 97.5 95.0 97.5 95.0 90.0 97.5 95.0 90.0 

Maximum Sq (µm) 3.2 3.3 2.9 2.1 1.5 2.0 1.6 3.4 2.3 2.8 2.8 3.2 2.6 

Scan speed (mm/sec) 8.9 17.8 35.5 71.0 8.8 17.8 35.5 10.0 20.0 40.0 10.0 20.0 40.0 

Maximum depth (µm) 249.5 203.0 119.7 80.0 93.5 66.7 47.1 105.9 74.6 48.0 64.2 43.2 27.6 

at fluence (J/cm2) 9.5 10.6 10.6 10.6 6.3 6.3 6.3 17.8 19.9 17.8 9.0 9.0 8.3 

Ablation rate  

(mm3/min) 0.24 0.40 0.47 0.62 0.09 0.13 0.18 0.12 0.16 0.21 0.07 0.09 0.12 

Ablation efficiency  

× 103 (mm3/J) 2.2 3.1 3.7 4.9 1.2 1.7 2.4 1.7 2.2 3.1 2.1 2.8 3.9 
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As seen in Table 4.3, λ = 1030 nm provided the highest ablation efficiency (volume 

removed for total pulse energy) compared to the other wavelengths using the sequential 

scan technique. The ablation rate (volume removal per minute) was also higher at λ =1030 

nm due to the larger spot diameter, higher pulse energy available on that channel, as well 

as the higher ablation efficiency at that wavelength [22]. Though the roughness values 

were the lowest for λ = 1030 nm compared to λ = 515 nm and λ = 343 nm, the waviness 

was found to be higher at λ = 1030 nm at higher fluence values.  The low ablation depth 

range and high surface roughness at λ = 343 nm made it unsuitable for machining using 

this laser.  However, it should be noted that the beam quality was reduced due to 

degradation of the harmonic generation crystal at λ = 343 nm as discussed in Chapter 3.  

The use of Oscan = 90% provided lower roughness and waviness in the step and scan 

direction for λ = 1030 nm.  However, Oscan = 90% had a higher ablation threshold and a 

low machining depth range (maximum depth – minimum depth) of 32 µm per pass. 

 Analysis of the sequential raster machining process using imaging techniques 

In this section, the process of the sequential raster machining of the fused silica 

substrate is analysed using (i) a high-speed camera imaging system and (ii) a digital 

holographic imaging system.  The results of the high-speed video explain some of the 

effects observed during the sequential machining process and provide insight into the 

mechanism of the process.  The images from the digital holographic imaging system 

provide a glimpse of the characteristics of the laser – material interaction.   

 High-speed video based analysis  

The sequential raster machining process was observed using a high-speed camera 

‘Phantom V2512’ capable of capturing videos at 10,000 frames per second.  The glass 

sample was placed at the focal plane of the laser at λ = 515 nm.  A notch filter was used 

to filter out the incident wavelength of λ = 515 nm.  The camera was positioned at an 

angle of approximately 80° to the glass surface with the illumination source at a similar 

angle on the opposite side.  Due to the high frame rate, the machining was carried out at 

400 kHz to limit the file size of the recording for transfer and storage purposes.  

Furthermore, the use of PRR= 400 kHz provided insight into the formation of the fused 

debris.  The machining was carried out with Δy = 1.829 µm and Oscan = 95 %.  The 

direction of machining was changed to get different views into the trench of the machined 

area and to view the plume dynamics from various angles.  The sequence of images from 

the high-speed camera video of the process is provided in Figure 4.20. 
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Figure 4.20.  High-speed camera images of the sequential raster scan machining (scan 

length 1mm) (a,b,c) First line , (d,e,f) Fourth line, (g,h,i) Tenth line and (j,k,l) 274th 

line.  λ = 515 nm, PRR = 400 kHz, Oscan = 95%.  Images were captured using the 

Phantom V2512 high-speed camera.  

 

Figure 4.20 (a - c) shows that as the first line was machined, the self-luminous white 

plume was stable and large indicating good ablation characteristics.  The plume pointed 

upwards towards the laser beam.  The machining of the second line was similar to the 

first line in terms of plume dynamics and behaviour.  The plume dynamics changed during 

the machining of the fourth line, as can be seen in Figure 4.20 (d - f); in that, it reduced 
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in size and changed direction at the beginning, middle and end of the line.  The plume 

dynamics changed further as the number of lines increased.  During the machining of the 

10th line, the plume was drastically reduced and trapped inside the trench created by the 

ablated region, as shown in Figure 4.20 (g - i).  Furthermore, at the start of the 10th line 

in Figure 4.20 (g), the plume was large and faced the scan direction as it impinged on the 

wall at the beginning of the line.  As the beam scanned into the sample, the plume was 

incident on the wall of the machined region, and the plume faced the direction opposite 

to that of the step direction.  While machining the last (274th) line of the pocket, the plume 

was observed on the wall generated by the previously machined trench.  Here, the plume 

faced the inside of the machined region in the direction opposite to the step direction, as 

can be seen in Figure 4.20 (j - l).  The direction of the plume at the start, middle and end 

of the line was determined by the angle of the surface where the laser pulse impinged the 

material.  This was observed in the videos with different scan directions showing that the 

plume changed its direction based on the surface angle. 

The debris formed was also seen to collect towards the start of the machined region 

due to the direction of the plume.  The debris was ejected at a higher volume in the 

direction faced by the plume, as can be seen in Figure 4.20.  Hence as the beam impinged 

on the wall of the machined trench, the debris was ejected in a direction opposite to the 

step direction.  This explains the directionality of the debris as seen in Figure 4.10.  As 

the plume was close to the debris due to the narrow trench (see Figure 4.20 (h)), and as 

the direction of the plume faced the collected debris, it caused this debris to heat up and 

fuse to the surface.  Hence in the sequential raster machining, the debris was often firmly 

attached to the leading edge of the machined region and required abrasive techniques to 

remove, as shown in Figure 4.7. 

 

 Digital holographic imagining of laser-material interaction 

The effect of the laser pulse interaction with the material was studied in more detail 

using a digital holographic imaging system demonstrated by Pangovski in [158, 159] 

capable of capturing processes at any moment from 1 ns to 60 seconds in steps of 1 ns 

[160].  Fused silica cubes with five polished sides were used for the analysis.  The 

polished sides provided a view of the process on the surface and inside the bulk of the 

material.  The imaging was performed during the machining of glass at PRR = 20 kHz 

and 400 kHz with λ = 1030 nm. 

 The sequence in Figure 4.21 shows the dynamics of the laser pulse interaction with 
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the material after ten pulses at PRR = 20 kHz with a stationary beam.  These images were 

not in sequence as the pulse trigger could not be synchronised and hence were captured 

at different instances with the same conditions.  However, they showed the effect of the 

laser pulse on the material at extremely short time intervals after the laser pulse 

interaction. 

 
Figure 4.21.  High-speed images of the laser pulse interaction with the material.  

Wavelength λ = 1030 nm, PRR = 20 kHz, F = 10.6 J/cm2 after 10 pulses.  The circles 

highlight the change in the refractive index due to self-focusing inside the glass. 

These images were captured using a digital holographic imaging system.  
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In Figure 4.21 (a), due to the small delay time between the pulse interaction with 

the material and the capture time, a shockwave was visible in the glass material travelling 

at a speed of 10125 m/s around the location of the pulse interaction and a shockwave in 

air travelling at a speed of 4821 m/s.  Furthermore, a filament (due to self-focusing by the 

Kerr effect) [9, 161] passed through the material briefly changing the material’s refractive 

index, as shown in the highlighted regions of Figure 4.21 and Figure 4.22.  This filament 

was observed to fade with time and so did not permanently affect the refractive index.  

Hence, not all of the pulse energy was absorbed at the surface, but instead, some of the 

energy passed through the material.  This effect was also seen when the fluence was below 

threshold, creating fractures inside the glass as well as causing machining of the back side 

of the material, as demonstrated in Section 4.3.2. 

The debris and fumes ejected from the material formed into a ‘mushroom cloud’, 

as can be seen in Figure 4.21 (c).  Since the images taken after the 10th pulse showed 

scattered debris from the previous pulses, the debris dwell time was larger than the 50 µs 

between pulses. 

The sequence of images in Figure 4.22 shows subsequent shock waves in the air 

due to the high repetition rate pulses.  These pressure waves in air travelled at supersonic 

speeds in the time range of nanoseconds after the laser pulse but soon dropped to near 

sonic speeds after a few microseconds.  However, these pressure waves along with the 

pressurised gas containing ablated material have been observed to blow away debris 

loosely held on the surface during the machining process. The debris cloud was observed 

to dwell around the interaction region.  As the debris dwell time was much longer than 2 

µs, high repetition rates can suffer lower machining efficiency if high pulse overlaps are 

used. 
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Figure 4.22.  High-speed image of the laser pulse interaction with the material.  

Wavelength λ =1030 nm, PRR = 400 kHz, after 10 pulses.  The circles highlight the 

change in the refractive index due to self-focusing inside the glass.  These images 

were captured using a digital holographic imaging system. 

 Conclusions 

Picosecond laser machining of fused silica using a sequential raster scheme has 

been demonstrated providing a set of useful parameters for machining this material 

without the generation of debris fused to the surface, fibres, or material cracking.  Due to 

thermal accumulation effects, sequential machining was limited to 20 kHz to avoid the 

formation of fused debris and fibres.  Hence the machining process suffered from a low 

ablation rate.  
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The comparison of the three wavelengths show that using the sequential scan 

technique the machining process was most effective at λ = 1030 nm, providing a 

maximum ablation depth more than three times that achieved using λ = 343 nm, and two 

times higher than the maximum depth achieved at λ = 515 nm for Oscan = 97.5%.  As this 

wavelength was the primary output of the laser, it did not suffer from degradation due to 

the harmonic generator crystal and hence was stable compared to λ = 515 nm and λ = 343 

nm.  The large spot diameter also leads to lower roughness on the machined surfaces.  

Machining of components with higher spatial frequencies could make use of λ= 515 nm 

or λ = 343 nm due to the smaller spot diameter.  The wavelength 343 nm can be used for 

the machining of shallow structures due to the lower ablation threshold of the wavelength.  

There is a trade-off between ablation depth range and surface quality when selecting scan 

overlap: a 98.75% scan overlap provided a depth range per pass of up to 208 µm while 

Oscan = 90% provided a maximum depth range per pass of 32 µm at λ = 1030 nm.  

However, the surface roughness and waviness were significantly lower at Oscan = 90%.   
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Interlaced raster laser scan machining of fused silica 

 Introduction 

In the previous chapter, the use of a sequential raster scan technique was discussed. 

Although this raster scan technique is commonly used [20, 23, 48, 162], it was limited to 

lower repetition rates and hence lower process speed due to thermal effects producing 

fused debris and fibres using the picosecond laser processing.  The use of a lower scan 

overlap caused undesirable effects of machining inside or on the back surface of the glass.  

Furthermore spatially spacing out the pulses on the substrate while using the full PRR = 

400 kHz would require high scan speeds, and hence the use of a polygon scanner which 

was beyond the scope of the project.  Hence a novel interlaced scan technique was 

developed to reduce the thermal build-up effects thereby enabling higher repetition rates 

to be used.  

In this chapter, the use of the interlaced raster scan technique is discussed in detail.  

In Section 5.2, the scan strategy of this interlaced scan technique is explained.  Section 

5.3 identifies the operation window for interlaced scan machining of fused silica, with a 

more detailed parameter map study summarised in Section 5.4 for PRR = 20 kHz and 

400 kHz.  High-speed camera analysis of the interlaced scan technique is given in Section 

5.5.  A ‘smoothing’ post process to reduce the roughness of the surfaces machined using 

the interlaced scan technique is introduced in Section 5.6.  Finally, the results are 

summarised in Section 5.7. 

 Experimental procedure 

The interlaced scan machining technique is an extension of the raster scan.  The 

total number of lines is the same as in the sequential raster scan technique, but the laser 

was set to skip a pre-defined number of lines ‘n’ in each raster and return in multiple 

passes to complete the skipped lines.  This laser scanning strategy is illustrated in Figure 

5.1 using an example of a 3 × Δy interlaced scan, where Δ y is 1.829 µm.   
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Figure 5.1.  Sequence of scan lines in interlaced scan machining.  Example is given of 

a 3 × Δy interlaced scan. 

In the first raster, the region was machined up to line 5 using a 3 × Δy step size.  

The laser beam then returned to the start position with the offset Δy in the step direction 

and continued the second raster using a line spacing of 3 × Δy.  Finally, after completing 

the 5th line of the second raster, the laser beam was taken to a position 2 × Δy away from 

the start position of the machined region, and the third raster was completed.  In this way, 

the region was machined in 3 raster passes with a total step direction pitch of Δy.   

The total number of lines and hence pulses per unit area for the interlaced scan 

technique was identical to the sequential scan technique (discussed in Chapter 4), and 

hence the total machining time for both processes was similar.  However, this laser 

scanning technique was observed to provide a greater ablation depth (up to 3.5 times) 

compared to the sequential raster scan technique.  Furthermore, this laser scanning 

technique was capable of machining surfaces with very little debris deposited on the 

surface, even at high repetition rates (up to PRR = 400 kHz tested) 

 Optimising the process 

In this section, the effect of interlace pitch, ablation threshold, and repetition rate 

on the interlaced scan technique are discussed. 

 Interlaced lines pitch  

Although the total pulse energy per unit area was the same for the sequential raster 
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and the interlaced scan technique, the ablation depth was greater for the interlaced scan 

technique.  A test was performed to find the optimum number of raster scans and step 

pitch (n × Δy) for λ = 1030 nm, 515 nm and 343 nm.  The results are provided in Figure 

5.2 for ablation depth and step direction roughness (RqSTEP) as a function of the 

normalised pitch which is defined as the ratio of the step pitch (n × Δy) to the laser spot 

diameter.  Examples of the surfaces machined using the different interlace steps at λ = 

1030 nm is given in Figure 5.3. 

 

 
Figure 5.2.(a) Ablation depth (b) Roughness, as a function of normalised pitch for 

interlaced machining of λ = 1030 nm with d0 = 35 µm , λ = 515 nm with d0 = 20 µm, 

and λ = 343 nm with d0 = 20 µm. 
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Figure 5.3.  Surface generated on 1 mm × 1 mm area by interlace scan machining 

using λ = 1030 nm, Oscan = 95% (a) 4 × Δy (b) 8 × Δy (c) 10 × Δy (d) 18 × Δy 

(e) 24 × Δy (f) 30 × Δy.  Surfaces were measured using the Alicona InfiniteFocus 

optical profilometer 



114 

 

The results show that the ablation depth was the highest with a normalised pitch = 1.  

The RqSTEP was low (below 4 µm) up to a normalised pitch = 1 and then increased sharply.  

Examples of the surfaces of the regions machined using the different interlace step pitches 

(n × Δy) showed that deep ridges began appearing on the surface with a  normalised 

pitch > 1 (see Figure 5.3) which led to the higher surface roughness observed in Figure 

5.2. 

A normalised pitch ≈ 1 is equivalent to 10 × Δy interlaced scan for λ = 515 nm and 

343 nm, and 18 × Δy interlaced scan for λ = 1030 nm.  As the use of 10 × Δy interlaced 

scan (normalised pitch of 0.91 for λ = 515 nm and 343 nm, normalised pitch of 0.51 for 

λ = 1030 nm) provided good machining results with low roughness for λ = 1030 nm, this 

was used for most of the parameter maps described in this chapter unless stated otherwise. 

The expected surface profile for the raster scans in a 10 × Dy interlaced scan is 

given in Figure 5.4 for λ = 1030 nm, 515 nm and 343 nm, while the surface spectrum of 

the final predicted surface is given in Figure 5.5.  The surface in each raster was calculated 

based on a pitch of 18.29 µm. The measured spot profile given in Table 3.3 was used to 

calculate the ablation depth per spot using Equation 2.15 by scaling the beam profile to 

the maximum fluence of the respective laser channel and considering the threshold 

fluence given in Table 4.2 for Oscan = 95% and α = 1.  

When comparing the predicted results of sequential scan (Figure 4.3) and interlaced 

scan (Figure 5.4), it is observed that similar ablation depths are expected.  However, in 

reality, the ablation depth achieved using the interlaced scan technique was higher than 

that achieved for the sequential scan technique.  Although the individual raster scans 

introduced grooves due to the raster pitch of 18.29 µm, the final surface is expected to 

have lower roughness as the individual profiles of the grooves add up.  However, a residue 

of the interlaced scan pitch is expected even after the ten raster scans and can be dominant 

when the spot diameter is similar to the interlace pitch.  Hence the interlaced machined 

structures are predicted to have a significant groove pattern at ~18 µm for λ = 515 nm and 

343 nm, while it can be less significant for λ = 1030 nm.  Due to the lower beam quality 

at λ = 343 nm, the surface is expected to contain higher spatial wavelength components 

above 20 µm along with its harmonics.  
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Figure 5.4.Predicted surface profile for the 1st , 2nd, 4th, 6th, 8th and 10th raster of 

using a 10 × Dy interlaced scan considering the spot profile for (a) λ = 1030 nm 

with d0 = 35.5 µm, (b), λ = 515 nm with d0 = 20 µm and (c) λ = 343 nm with d0 = 

20 µm. The measured spot profile (as seen in Table 3.3) was used to calculate the 

resultant surface using Equation 2.15 where Fth (Table 4.2) is the threshold fluence 

for Oscan = 95%, Fa is the maximum fluence and α = 1. 
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Figure 5.5. Step direction surface spectrum of the predicted surface profile 

machined using 10 × Dy interlaced scan (a) λ = 1030 nm with d0 = 35.5 µm, (b), λ = 

515 nm with d0 = 20 µm and (c) λ = 343 nm with d0 = 20 µm. The measured spot 

profile (as seen in Table 3.3) was used to calculate the resultant surface using 

Equation 2.15 where Fth (Table 4.2) is the threshold fluence for Oscan = 95%, Fa is 

the maximum fluence and α = 1. 
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 Ablation threshold 

A test was performed to compare the ablation threshold of the process during 

interlaced scan machining (10 × Δy pitch) and sequential scan machining (results are 

given in Chapter 4) using λ = 1030 nm at PRR = 20 kHz.  The result of this test is given 

in Figure 5.6. 

 

 
Figure 5.6.  (a) Front side (b) Back side (the image is flipped horizontally) of 

ablation threshold parameter map result.  The surface was machined using 10 × Δy 

interlaced scan with λ = 1030 nm at PRR = 20 kHz, d0 = 35 µm.  Regions 

highlighted ‘Red’ were partially ablated on the top surface, regions highlighted 

‘Yellow’ had cracks, and regions highlighted ‘Blue’ were machined on the back 

surface.  Images were captured and stitched using the Leica DM6000 microscope. 

 

The results in Figure 5.6 showed that the ablation threshold was higher for the 

interlaced scan technique in comparison to the sequential scan technique as the step 

direction overlap was lower than that of the sequential scan technique.  For example, the 

ablation threshold was below 2.5 J/cm2 for sequential machining while it was 3.6 J/cm2 

for interlaced machining for pockets machined in both cases with a border using 

Oscan = 95%.  A similar trend was observed at other Oscan surfaces marked with a border.  

Pockets machined without a border had a higher ablation threshold (above 4 J/cm2) even 

for Oscan = 98.75% compared to the pockets machined with a border.  Below the ablation 

threshold, the machined surfaces had partial machining (highlighted 'Red' on Figure 5.6), 

cracks at the corners as well as large fractures running across the glass (highlighted 

'Yellow' on Figure 5.6), and machining on the back surface (highlighted 'Blue' on Figure 



118 

 

5.6).  The introduction of a border marked using Oscan = 95% and fluence above the 

threshold before the machining process introduced surface defects and hence lowered the 

ablation threshold [69] thereby allowing predictable results even below the ablation 

threshold.  The ablation threshold was 2.6 J/cm2 for Oscan = 98.75%, 2.8 J/cm2 for Oscan = 

97.5% and 3.6 J/cm2 for Oscan = 95% for surfaces machined after a border was marked 

around the region to be machined. Scan overlap lower than Oscan = 90% had an ablation 

threshold above F = 4 J/cm2 and hence was not suited for the machining process on fused 

silica as it provided a narrower processing window.  The scan overlap of the parameter 

maps for fused silica was, therefore, set similar to the scan overlap used in sequential scan 

machining as the large overlap (above Oscan = 90%) enabled better machining 

characteristic due to the lower ablation threshold [24, 31, 114]. 

 Repetition rate 

The low step direction overlap in interlaced machining reduced thermal build-up.  

Furthermore, pressure waves created by the expanding vapour [163] after the laser-

material interaction blew away the loosely held debris between the consecutive raster 

scans used in the interlaced technique.  This self-cleaning enables the use of high 

repetition rates while suppressing the creation of fused debris and fibres on the surface.  

Hence to test the effect of the PRR on the machining efficiency and surface quality, a 

fused silica sample was machined (1 × 1 mm squares) using a 10 × Δy interlaced scan 

technique with λ = 1030 nm, d0 = 35.5 µm, F = 10.6 J/cm2 without an air jet.  The scan 

speed was adjusted to get the same overlap at the different PRR.  The results of machining 

using different PRR at Oscan = 90%, 95% and 97.5% is given in Figure 5.7.  The deep 

pocket machined using Oscan = 98.75% had fused debris at high repetition rates (above 

100 kHz) due to the thermal build-up created by the high Oscan.  Furthermore, the high 

rate of debris removal and the narrow pocket (1 × 1 mm) with a high aspect ratio 

(depth/width > 0.5) restricted the defusing of the debris cloud causing the subsequent 

pulses to interact with this debris fusing it to the surface. 

At Oscan =97.5%, the pockets machined using PRR = 400 kHz, and 200 kHz had 

debris stuck at the edges of the machined area.  The scan speed for PRR = 400 kHz with 

Oscan = 90% was 1.42 m/sec.  This high scan speed combined with the small scan length 

of 1 mm resulted in extremely short on/off time of 704 µs which caused the machined 

region to be misaligned from the marked border. Furthermore, the acceleration and 

deceleration of the galvoscanner is profound for higher scan speeds and can affect the 

machining quality towards the edges of the machined region. Hence the results provided 
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in Figure 5.7 were analysed for a smaller region of interest of 300 × 300 µm such that the 

debris and artefacts at the corners were avoided. 

 

 
Figure 5.7.  (a) Ablation depth (b) surface roughness as a function of repetition rate 

for 10 × Δy interlaced scan for λ = 1030 nm, d0 = 35.5.µm, F= 10.6 J/cm2.   

 

The results presented in Figure 5.7 show that the ablation depth is nearly constant 

for the different pulse repetition rates, though there seems to be a small drop at PRR = 

400 kHz.  This might be due to the debris and plume interfering with the incoming pulses 

due to the short interval between the succeeding pulses.  Unfortunately, a higher PRR 

could not be tested with the available laser.  The surface roughness Sq was the lowest at 

PRR = 40 kHz.  

Hence it can be concluded that the interlaced scanning technique relied on a high 

scan overlap and a low step overlap (in every raster).  The high scan overlap lowered the 

ablation threshold by increasing the number of overlapped pulses and also provided a 

rough surface for the succeeding pulses thereby increasing the energy absorption.  The 

larger step overlap used in the interlaced technique removed a smaller volume of material 

in each raster compared to the sequential scan.  As a consequence, the volume of debris 

released in each raster was smaller than the sequential raster scan technique.  Furthermore, 

the multiple raster scans enabled the interlaced scan process to machine deeper than the 

sequential scan laser machining process.  The use of 10 × Δy interlaced scan provided the 

optimum ablation depth and surface roughness for λ = 515 nm and 343 nm, and hence 

was selected for the process.  For λ= 1030 nm, the use of 10 × Δy interlaced scan 

machined surfaces had lower surface roughness than 18 × Δy, and hence it was used for 
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interlaced machining at that wavelength.  Moreover, the use of 10 × Δy interlaced scan 

for λ = 1030 nm provided a direct comparison between machining at the different 

wavelengths keeping the pitch constant.  The key advantages of the interlaced scan 

technique are that it provides deeper machining (factor of up to 3.5 times that achieved 

using sequential machining) and enables the use of high PRR for machining.  The ablation 

depth was marginally different at the different repetition rates.  However, care must be 

taken to avoid debris during the machining of high aspect ratio (depth/ width > 0.5), 

narrow pockets at 400 kHz using a high scan overlap (above Oscan = 95%) as the narrow 

pocket had a tendency to trap the debris. 

 Results of interlaced machining  

Details of a parameter study using 10 × Δy interlaced scans are provided in 

Section 5.4.1.  The parameter maps were prepared at PRR = 20 kHz to have a direct 

comparison of the process with sequential scan machining.  The results presented 

compare the ablation depth and surface roughness for λ = 1030 nm with d0 = 35.5 µm, 

λ = 515 nm with d = 35.5 µm, λ = 515 nm with d0 = 20 µm, and λ = 343 nm with d0 = 20 

µm.  The step and scan direction roughness and waviness, as well as the step direction 

profile spectrum, were compared for regions machined with the sample placed at the focal 

plane.  

The use of multiple passes for machining using λ = 1030 nm with d0 = 35.5 µm is 

given in Section 5.4.2.  In this section, the machining results for 10 × Δy interlaced scan 

with Oscan = 95% and 90% are compared with machining using 18 × Δy interlaced scan 

with Oscan = 95% evaluating the ablation depth, surface roughness, and step and scan 

direction roughness and waviness. 

 10 × Δy interlaced machining at PRR = 20 kHz 

The interlaced scan parameter maps were created using the same layout as the 

sequential raster scan parameter map shown in Figure 4.3.  The machining started from 

higher fluence and moved towards lower fluence in each interlaced raster.  The parameter 

maps were programmed using a hatch pattern with a line spacing of 18.29 µm and 

arranging this pattern in a 9 × 1 array with a spacing of Δy in the step direction to create 

a 10 × Δy interlaced scan program. 

An overview of machining using 10 × Δy interlaced scan machining using 

λ = 1030 nm, 515 nm and 343 nm with the sample placed at the focal plane is presented 

in Figure 5.8.  Example images of the different types of machining results obtained is 
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provided in Figure 5.9.  The regions outlined in Figure 5.8 correspond to ‘good’ 

machining results.  Some of the machined regions (marked green on Figure 5.8) have not 

been included in the highlighted region as the surface had large depth variations (above 

± 15 µm) thereby indicating surfaces of high roughness or the presence of bits of debris 

on the machined region. 

 
Figure 5.8.  Overview of 10 × Δy interlaced scan machining with the sample at the 

focus using (a) λ = 1030 nm, d0 = 35.5 µm, (b) λ = 515 nm, d0 = 20 µm and (c) 

λ = 343 nm, d0 = 20 µm at PRR = 20 kHz.  The regions inside the dark borders 

provide good results for machining. 
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Figure 5.9.  Examples of 1 × 1 mm surfaces machined using 10 × Δy interlaced scan 

using PRR = 20 kHz.  Surfaces were measured using the Alicona InfiniteFocus 

optical profilometer. 

 

The use of λ = 1030 nm with d0 = 35.5 µm for machining provided good results for 

most of the parameters tested.  The machined surface had a regular pattern of ridges as 

can be seen in Figure 5.9 (a and b). Oscan = 95% with F < 3.1 J/cm2 and Oscan = 90% with 

F < 4.2 J/cm2 resulted in partial machining (see Figure 5.9 (c)). 

The surfaces machined using λ = 515 nm with d0 = 20 µm also produced good 
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results for most of the parameters used.  However, the surfaces machined using Oscan = 

98.75% with F > 8.7 J/cm2 had debris scattered on the surface (see Figure 5.9 (d)), and 

deeper ridges compared to the surfaces machined using λ = 1030 nm.  The scattered debris 

was observed to be stuck between these deeper grooves in the machined region.  The use 

of Oscan = 90% with fluence below 6.4 J/cm2, meanwhile, resulted in machining of the 

back surface.  This was observed in the form of partial machining of the top surface (see 

Figure 5.9 (f)) and machining of the bottom surface (see Figure 5.10) with cracks 

appearing inside the material in extreme cases. 

 

 
Figure 5.10.  Back surface of 1 mm thick fused silica glass machined using 10 × ΔY 

interlaced scan, λ = 515 nm, 4.2 J/cm2, Oscan = 90 % , PRR = 20 kHz.  the surface 

shows back side machining and cracks.  The image was captured using the Leica 

DM6000 microscope.  

For λ = 343 nm with d0 = 20 µm the machined surfaces had pronounced grooves.  

These grooves had debris stuck inside them, as can be seen in Figure 5.9 (g and h).  The 

range of parameters that produced machining without debris stuck inside the grooves of 

the machined surface was small (F = 7.3 - 9 J/cm2 at Oscan = 95% and F = 6.3 - 9 J/cm2 at 

Oscan = 90%).  Low fluence (F = 1.5 J/cm2) at Oscan = 97.5%, 95% and 90% produced 
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partial machining (see Figure 5.9 (i)). 

The results of ablation depth as a function of fluence for 10 × Δy interlaced scan 

machining of fused silica using λ = 1030 nm with d0 = 35.5 µm, λ = 515 nm with 

d = 5.5 µm, λ = 515 nm with d0 = 20 µm, and λ = 343 nm with d0 = 20 µm are shown in 

Figure 5.11.  The results provided in Figures 5.9 – 5.12 only include the highlighted 

regions in Figure 5.8. 

 

 
Figure 5.11.  Ablation depth as a function of fluence for 10 × Δy interlaced scan 

machining of fused silica using PRR = 20 kHz  

(a) λ = 1030 nm, do = 35.5 µm (b) λ = 515 nm, d = 35.5 µm  

(c) λ = 515 nm, do = 20 µm (d) λ = 343 nm, do = 20 µm.  

 

The ablation depth as a function of fluence indicates a linear trend on a log scale 

for all wavelengths; although at λ = 343 nm, the number of points was too few to observe 

a trend.  Hence the results followed the logarithmic trend as predicted in Equation 2.15.  

In the case of interlaced machining, however, this response was more pronounced due to 

the higher ablation depth achieved.  The ablation depth achieved using 10 × Δy interlaced 

scan was often more than twice the ablation depth achieved for the same scan overlap 

using the sequential scan technique.  The ratio of the ablation depth achieved for the 
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interlaced and sequential scan is given in Figure 5.12, which shows that the ablation depth 

achieved for the interlaced machining was always higher than for sequential machining.  

The ratio of the ablation depth increased with increase in Oscan.  For instance, 98.75% and 

97.5 Oscan achieved a ratio ranging from 2 to 3.5 while for Oscan = 90%, the ratio was 

around 2 for λ = 1030 nm and 515 nm.  The ablation depth achieved using Oscan = 98.75% 

with F = 10.6 J/cm2 was 660 µm for 10 × Δy interlaced scan at λ = 1030 nm while it was 

274 µm using the same parameters for sequential scan machining.  On the other hand, the 

ablation depth achieved using Oscan = 90% with F = 10.6 J/cm2 fluence was 146 µm for 

10 × Δy interlaced scan and 80 µm for the same parameters using the sequential raster 

scan machining. 

 

 
Figure 5.12.  Ablation depth ratio of 10 × Δy interlaced and sequential scan 

machining as a function of fluence for PRR = 20 kHz (a) λ = 1030 nm d0 = 35.5 µm, 

(b) λ = 515 nm d = 35.5 µm, (c) λ = 515 nm d0 = 20 µm and  

(d) λ = 343 nm d0 = 20 µm. 
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Comparing Figure 5.11 (a) and (b), machining using λ = 1030 nm, d0 = 35.5 µm 

provided ablation depths roughly twice that at the other wavelengths for the same fluence.  

In addition, the ablation depth was slightly higher at λ = 515 nm compared to λ = 343 nm 

with d0 = 20 µm.  However, Figure 5.11 (d) shows that λ = 343 nm was not suitable for 

machining as it provided a only small range of machining depths.  The material removal 

rate as a function of fluence for sequential and 10 × Δy interlaced machining of fused 

silica with the sample placed at the focal plane is given in Figure 5.13 for λ = 1030 nm, 

515 nm and 343 nm with Oscan = 95% at PRR = 20 kHz. 

 

 

Figure 5.13.  Material removal rate as a function of fluence for fused silica at  

PRR = 20 kHz using Oscan = 95% for λ = 1030 nm with d0 = 35.5 µm,  

λ = 515 nm with d0 = 20 µm and λ = 343 nm with d0 = 20 µm  

comparing sequential scan and 10 × Δy interlaced scan. 

 

The material removal rate at λ = 1030 was the highest for both sequential and 

interlaced machining compared to other wavelengths.  Interlaced machining at λ = 515 

nm (d0 = 20 µm) achieved a similar material removal at 19.9 J/cm2 as sequential 

machining at λ =1030 nm at 10.6 J/cm2.  However, comparing the material removal rates 

for interlaced machining to sequential machining at similar fluence (8.5 J/cm2 to 9 J/cm2), 

it was 116% higher at λ = 1030 nm, 267% higher at λ = 515 nm, and 381% higher at λ = 

343 nm.  Although, the material removal rate was similar for sequential machining at λ = 

515 nm and 343 nm, for interlaced machining, λ = 515 nm had ≈ 30% higher material 

removal rate compared to λ =343 nm.  Hence the material removal rate was the highest 

at λ = 1030 nm for interlaced machining.  Considering that high repetition rates can be 
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used for interlaced machining, the material removal rates can be increased significantly 

as the time needed for machining can be reduced drastically.  For instance, since the 

ablation depth for the PRR = 20 kHz was similar to that achieved at PRR = 400 kHz for 

similar fluence and Oscan values, the material removal rate (volume of material removed 

in a second) increased by a factor of 20 at PRR = 400 kHz.  The ablation depth for d = 

35.5 µm was higher than d0 = 20 µm for similar fluence values at λ = 515 nm (170 µm in 

comparison to 142 µm at F ≈ 6.3 /cm2, Oscan = 97.5 %).  The reason is possibly due to the 

higher intensity at the center of the spot, resulting in plasma shielding.  However, the 

effect is amplified in the interlaced process. 

Figure 5.14 shows the surface roughness of the regions machined using 

λ = 1030 nm with d0 = 35.5 µm, λ = 515 nm with d = 35.5 µm, λ = 515 nm with 

d0 = 20 µm, and λ = 343 nm with d0 = 20 µm. 

 

 
Figure 5.14.  Surface roughness as a function of fluence for 10 × Δy interlaced scan 

machining of fused silica using PRR = 20 kHz (a) λ = 1030 nm, d0 = 35.5 µm (b)λ= 

515 nm, d = 35.5 µm  (c) λ = 515 nm, d0 = 20 µm (d) λ = 343 nm, d0 = 20 µm. 
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The surface roughness Sq had a similar range of values between 1.2 µm and 3 µm 

for interlaced and sequential scan machining.  The Sq increased with the increase of 

fluence and scan overlap for surfaces machined using λ = 1030 nm with d0 = 35.5 µm 

except for Oscan = 90%.  The Sq of regions machined using Oscan = 90% was nearly 

constant around Sq ≈ 1.5 µm throughout the fluence range for λ = 1030 nm. 

The Sq of regions machined using the interlaced scan technique with λ = 515 nm 

and d = 35.5 µm decreased with the increase of fluence.  The Sq range was similar to that 

obtained by interlaced scan machining of surfaces using λ = 1030 nm, d0 = 35.5 µm but 

was higher than the Sq of the regions machined using the sequential scan technique with 

λ = 515 nm, d = 35.5 µm.  The Sq of regions machined using λ = 515 nm with d0 = 20 µm 

increased with the increase of scan overlap. 

High surface roughness (not included in Figure 5.14) was observed for regions 

machined using interlaced laser scan machining with λ = 343 nm at low fluence values 

(below 6 J/cm2).  The roughness reduced with the increase of fluence.  The regions 

machined with lower fluence had a deeper ridge pattern.  This ridge pattern became 

shallower as the fluence was increased (see Figure 5.9 (g, h)).  The high roughness values 

observed on the surfaces machined using the interlaced scan technique with λ = 343 nm, 

made the use of this wavelength impractical for machining of optics. 

The step and scan direction roughness of the surfaces machined with 10 × Δy 

interlaced scan using λ = 1030 nm, 515 nm and 343 nm keeping the sample at the focal 

plane are provided in Figure 5.15. 

RqSTEP was always higher than RqSCAN.  However, the difference between RqSTEP 

and RqSCAN was low at Oscan = 90% for surfaces machined at all wavelengths.  Both RqSTEP 

and RqSCAN was the lowest for surfaces machined using λ = 1030 nm.  Surfaces machined 

using λ = 515 nm had a higher RqSTEP and RqSCAN compared to surfaces machined using 

λ = 1030 nm but a lower RqSTEP and RqSCAN compared to surfaces machined using 

λ = 343 nm.  For instance, the RqSTEP of Oscan = 90% was nearly constant and mostly 

below 1 µm for λ = 1030 nm while it was between 1 µm and 1.3 µm for λ = 515 nm and 

between 1.3 µm and 1.4 µm for λ = 343 nm.  The surfaces machined using λ = 343 nm 

had large RqSTEP values (not included in Figure 5.15) which were due to the deep ridges 

observed on the surface at lower fluence values (below 6 J/cm2).  As these ridges reduced 

with the increase of fluence, RqSTEP also drastically reduced with the increase of fluence. 
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Figure 5.15.  (a, c, e) Step direction roughness (b, d, f) Scan direction roughness as a 

function of fluence for 10 × Δy interlaced scan machining of fused silica using 

PRR = 20 kHz (a, b) λ = 1030 nm, d0 = 35.5 µm (c, d) λ = 515 nm, d0 = 20 µm  

(e, f) λ = 343 nm, d0 = 20 µm. 
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Figure 5.16 shows the step and scan direction waviness of the surfaces machined at 

the focal plane using λ = 1030 nm, 515 nm, and 343 nm respectively.  WqSTEP and WqSCAN 

had similar values for surfaces machined using λ = 1030 nm where the waviness values 

were observed to increase with the increase of fluence.  However, at Oscan = 90%, the 

waviness values were nearly constant (around 1 µm) over the fluence range.  A similar 

trend of increase in step and scan direction waviness was observed for surfaces machined 

using λ = 515 nm except for Oscan = 97.5% where the waviness was seen to drop with 

increase in fluence.  The step and scan direction waviness of the regions (included in the 

results) machined using λ = 343 nm was low (between 0.6 and 1.2 µm).  However, the 

ablation depth of these regions is also low. 

The step direction profile spectrum for surfaces machined using λ = 1030 nm, 

515 nm, and 343 nm with Oscan = 95% is given in Figure 5.17. 
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Figure 5.16.  (a, c, e) Step direction waviness (b, d, f) Scan direction waviness as a 

function of fluence for 10 × Δy interlaced scan machining of fused silica using 

PRR = 20 kHz (a, b) λ = 1030 nm, d0 = 35.5 µm (c, d) λ = 515 nm, d0 = 20 µm  

(e, f) λ = 343 nm, d0 = 20 µm. 
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Figure 5.17.  Step direction roughness spectrum for surfaces machined with 10 × Δy 

interlaced scan, Oscan = 95% using PRR = 20 kHz (a) λ = 1030 nm, d0 = 35.5 µm  

(b) λ = 515 nm, d0 = 20 µm (c) λ = 343 nm, d0 = 20 µm. 
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The spectra in Figure 5.17 show a common peak at ≈ 18 µm for the different fluence 

values at all three wavelength channels which was equivalent to the interlace step size of 

18.29 µm.  Another common peak was observed at ≈ 64 µm which was roughly equivalent 

to 18 × 3.5 µm.  Furthermore, this common peak observed for λ = 343 had a higher 

amplitude for lower fluence.  This effect was also seen on the images of the machined 

surfaces where the ridges were deeper for lower fluence values and reduced in depth with 

the increase of fluence (see Figure 5.9 (g, h)). 

The overview of the machining results using the interlaced scan technique is given 

in Table 5.1.  The ablation rate (volume of material removed per unit time) is calculated 

by considering the processing time of 1 square millimetre for PRR = 20 kHz while the 

ablation efficiency (volume removed for total pulse energy) is calculated for the total 

number of pulses used to process the unit area. 

 

Table 5.1.  Overview of the machining results of fused silica using interlaced scan technique 

at PRR = 20 kHz.   

Wavelength (nm) 1030 nm 515 nm 344 nm 

d or d0 (µm) 35.5 35.5 35.5 35.5 35.5 20 20 20 20 20 

Oscan (%) 98.75 97.5 95 90 97.5 97.5 95 90 95 90 

Maximum depth (µm) 574 417 271 146 169 282 181 98.6 92 41 

Maximum Sq (µm) 3 3 2.7 1.5 2 3 2.5 2.5 2 1.6 

at fluence (J/cm2) 8.5 9.5 9.5 9.5 6.3 15.6 15.6 17.8 9 9 

Ablation rate 

(mm3/min) 0.56 0.81 1.06 1.07 0.33 0.31 0.40 0.43 0.20 0.18 

Ablation efficiency 

× 10-3 (mm3/J) 5.6  7.2  9.4  9.5  4.4  5.3 6.8 6.4 5.9 5.3 
 

 

As seen in Table 5.1, although higher Oscan provided deeper machining, the ablation 

rate and efficiency were lower than using lower Oscan which increased by nearly two times 

from Oscan = 98.75% to Oscan = 95% but had similar values for Oscan = 95% and Oscan = 

90% at λ = 1030 nm.  Furthermore, at this wavelength, the surface roughness was lower 

at Oscan = 90%.  The ablation rate and efficiency were higher at λ = 1030 nm compared to 

λ = 515 nm which was higher than λ = 343 nm for similar Oscan.  It should be noted, 

however, that the results for λ = 343 nm were poor due to the low beam quality and better 

machining results have been reported with this laser [30, 141]. 

 Machining using multiple passes (λ = 1030 nm) 

In Section 5.4.1, the maximum ablation depth achieved using the interlaced scan 

technique was 575 µm for a single pass at λ = 1030 nm, d0 = 35.5 µm.  Increasing the 
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scan overlap resulted in the formation of fused debris.  Production of high curvature optics 

and processes like drilling require greater ablation depths which can be achieved using 

multiple passes.  In this section, the results of machining using λ = 1030 nm, d0 = 35.5 

µm are provided for 10 × Δy interlaced scan using Oscan =95%, PRR = 400 kHz and Oscan 

= 90%, PRR = 20 kHz (as scan speed for 400 kHz was 1.42 m/s) and 18 × Δy interlaced 

scan machining using Oscan = 95%, PRR = 20 kHz.  The results are provided for multiple 

passes.  As the focal position was not adjusted between passes, the spot diameter at the 

surface increased for consecutive passes.  Hence the results are presented in terms of pulse 

energy (Ep) rather than energy density.  As seen in section 3.2.3, the Rayleigh range at λ 

= 1030 was 732 µm.    

Since the deeper machined regions had sloping walls and a curved base, 

measurement of ablation depth and surface roughness was conducted manually using the 

Alcona’s surface analysis software.  The depth was measured by taking a profile across 

the centre of the machined region in the step direction, and the average depth was selected 

visually.  The peak-valley of the measured profile was measured and provided as the error 

bar in the depth measurement taking care to avoid the curved region.  The surface 

roughness Sq was measured using a 300 × 300 µm region of interest avoiding the curved 

regions at the corners.   

The ablation depth results for the different number of passes are shown in Figure 

5.18.  Note that as the fused silica sample machined was 1000 µm thick, the ablation 

depth results were limited to this depth. 
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Figure 5.18.  Ablation depth as a function of fluence for machining of fused silica 

using, λ = 1030 nm, d0 = 35.5 µm, (a) Oscan = 95%, 10 × Δy interlaced scan, PRR = 

400 kHz (b) Oscan = 90%, 10 × Δy interlaced scan PRR = 20 kHz  

(c) Oscan = 95%, 18 × Δy interlaced scan PRR = 20 kHz. 

 

The ablation depth achieved using 18 × Δy (normalised pitch = 1 at λ = 1030 nm) 

with Oscan = 95% was approximately 9.5% higher than the ablation depth achieved using 

10 × Δy with Oscan = 95%.  For instance, the depth obtained using three passes with Ep = 

105 µJ pulse energy produced an ablation depth of 800 µm for 10 × Δy interlaced scan 

while it produced an ablation depth of 880 µm for 18 × Δy interlaced scan.  This data is 

replotted as ablation depth per pass as a function of the number of passes in Figure 5.18.  

The ablation depth per pass decreased for 10 × Δy, and 18 × Δy interlaced scan with Oscan 

= 95% but remained nearly constant for 10 × Δy interlaced scan with Oscan = 90% as 

shown in Figure 5.19.  This is likely due to the high ablation depth achieved in each pass 

for 10 × Δy, and 18 × Δy interlaced scan with Oscan = 95% which caused the fluence in 
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the subsequent passes to decrease due to the increase in the spot diameter.  On the other 

hand, the low ablation depth per pass for 10 × Δy with Oscan = 90% did not cause a 

substantial change in the spot diameter for the succeeding passes as it was within the 

Rayleigh range of 732 µm. 

 

 
Figure 5.19.  Ablation depth per pass for machining of fused silica using λ = 1030 

nm, d0 = 35.5 µm (a) Oscan =95%, 10 × Δy interlaced scan, PRR = 400 kHz  

(b) Oscan = 90%, 10 × Δy interlaced scan PRR = 20 kHz 

(c) Oscan = 95%, 18 × Δy interlaced scan PRR = 20 kHz. 

 

The surface roughness Sq of these pockets (surface roughness measured without a 

spatial filter) is given in Figure 5.20.  Due to the curve of the bottom of the machined 

region in deeper structures (see Figure 5.21), the surface roughness Sq was observed to 

increase drastically with the number of passes.  Though a smaller region of interest of 

300 × 300 µm was selected for the measurements, some of the deeper regions (for 

instance, 4 and 5 passes with Ep > 80 µJ for 10 × Δy, and 18 × Δy interlaced scan with 
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Oscan = 95%) still had a curve at the bottom of the machined region.  Hence, those regions 

have been discarded from the results in Figure 5.20. 

 
Figure 5.20.  Surface roughness as a function of fluence for machining of fused silica 

using PRR = 400 kHz, λ = 1030 nm, d0 = 35.5 µm, (a) Oscan =95%, 10 × Δy interlaced 

scan (b) Oscan =90%, 10 × Δy interlaced scan  

(c) Oscan =95%, 18 × Δy interlaced scan. 

 

The surface roughness was the lowest (mostly below 2 µm) for 10 × Δy interlaced 

scan with Oscan = 90%.  On the other hand, at Oscan = 95%, the surface roughness was 

higher for 18 × Δy compared to 10 × Δy interlaced scan, which was due to the deep 

ridges formed on regions machined using 18 × Δy interlaced scan.  These ridges were 

profound for Ep < 60 µJ. 

As deeper surfaces were machined, the side walls of the machined region had a 

taper of 16° to 19° (0° for a vertical wall) which decreased the surface area at the bottom 

of the machined region.  These angled walls had reduced fluence as the laser spot 
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encountered an angled surface and hence successive scans did not ablate the walls 

effectively.  Furthermore, due to the walls of the machined region interfering with the 

machining process, the base was no longer flat but had a bowl shape (curve) as can be 

seen in Figure 5.21. 

 

 
Figure 5.21.  Surface profile characteristics for deep structures.  Machined using 

10 × Δy interlaced scan with λ = 1030 nm, d0 = 35.5 µm, Ep = 48.9 µJ,  

Oscan = 95%, PRR = 400 kHz, 4 passes.  Measured using the Alicona InfiniteFocus 

optical profilometer. 

 

It is important to note that the curve was observed in the parameter map due to the 

high aspect ratio of the machined region, i.e. 1 × 1 mm area machined up to 1 mm deep.  

This curve was only noticed at the start of the region when machining larger surfaces.  As 

most of the machined optics described in this thesis had a maximum depth of < 500 µm 

while having an aperture > 2 mm, this curve did not affect the shape of the intended optic.  

However, this effect limits the machining aspect ratio for optics with small apertures.  The 

parameter maps were created using 1 × 1 mm area to keep the measurement settings 

consistent throughout this thesis. 

The use of the interlaced scan technique for machining fused silica provides many 

advantages over the sequential scan machining method.  The ablation depth is roughly a 

factor of 2 greater for the same set of parameters and machining time.  As the surface 

roughness of the region machined using 10 × Δy interlaced scan and sequential raster scan 

was comparable for λ = 1030 nm, the machining quality was not compromised.  

Furthermore, as the interlaced scan machining process reduced thermal accumulation and 

demonstrated a self-cleaning mechanism with a lower volume of debris ejected in each 

pass, the laser machined regions are almost free of debris and can be easily cleaned using 
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the ultrasonic bath.  This is especially true for surfaces machined using 10 × Δy interlaced 

scan with λ = 1030 nm, where the machining process does not create a deep ridge pattern.  

Hence the repetition rate could be increased up to the laser’s full output PRR of 400 kHz 

thereby significantly increasing the speed of the machining process. 

The machining of fused silica was the most efficient using λ = 1030 nm at the focal 

plane.  Using this wavelength, the machining was faster compared to the machining 

results of λ = 515 nm and 343 nm.  The 18 × Δy interlaced scan provided deeper ablation 

depths than the 10 × Δy interlaced scan using the same total pulse energy and time.  

However, the smaller step used in 10 × Δy interlaced scan provided a better surface finish 

with lower roughness.  Furthermore, as Oscan = 90% produced nearly constant Sq 

(≈ 1.5 µm), it provided better surfaces compared to Oscan = 95% for 10 × Δy interlaced 

scan. 

 High-speed camera analysis of the interlaced scan process 

In this section, with the help of the high-speed camera ‘Phantom V2512’, the 

interlaced machining process was studied to understand the mechanism of the process 

and the cause of the higher ablation efficiency. 

The experiment was performed using the same technique and parameters as the 

high-speed camera analysis of the sequential scan technique described in Section 4.5.1.  

In this experiment, however, a 10 × Δy interlaced scan technique was used with 

λ = 515 nm, Oscan = 95%, and F = 19.9 J/cm2.  Images of the machining process captured 

using the high-speed camera are given in Figure 5.22. 
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Figure 5.22.  High-speed camera images of 10 × Δy interlaced scan machining (scan 

length 1 mm) (a, b, c) 1st raster 3rd line, (d, e, f) 1st raster last line, (g, h, i) 3rd raster 

middle line and (j, k, l) 10th raster last line.  Using λ = 515 nm, Oscan = 95%, 

PRR = 400 kHz, F = 19.9 J/cm2.  Images were captured using the Phantom V2512 

high-speed camera. 
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The first line machined has similar conditions for both the sequential scan and the 

interlaced scan technique, and are similar to those in Figure 4.17 (a, b, c).  In this case, as 

the laser beam scanned across a surface that was not machined, the plume (seen as a white 

spot) was of a significant size.  As the beam scanned across the third line of the first raster, 

the plume was almost as large as the plume obtained from machining the first line (see 

Figure 5.22 (a, b, c)).  This was because the large step direction pitch (similar to the laser 

spot diameter) caused the laser beam to always be incident on a fresh (not machined) 

surface.  Hence during the machining process, the laser spot did not encounter a steep 

slope but was instead incident on a reasonably flat surface, and so the spot diameter did 

not change significantly.  This enabled the fluence to remain high through the machining 

process of the third line.  The machining of the last line of the first raster had similar 

characteristics as the machining of the third line of the first raster (see Figure 5.22 (d, e, 

f)). 

The machining of the consecutive raster scans had similar plume dynamics except 

at the edges of the machined regions where the plume dynamics changed due to the steep 

walls created.  The machining of one of the middle lines of the third raster (see Figure 

5.22 (g, i)) demonstrates this effect where the plume faced a direction almost 

perpendicular to the wall of the machined region at the beginning and end of the scanned 

line.  The machining of the rest of the surface showed the similarly large plume to that 

seen during the machining of the first raster (compare Figure 5.22 (e) and (h)).  Note that 

as the number of raster scans increased, the machined region became deeper causing the 

succeeding raster scan to machine using a defocused laser spot hence reducing the 

fluence. 

As the machined region grew more in depth in the successive raster scans, and the 

side walls had an angle of ≈ 18° on all sides of the pocket (considering 0° for a vertical 

wall), the laser encountered this steep wall while machining the edges of the region.  This 

caused the machining efficiency to drop as can be seen in the machining of the last line 

of the 10th raster where the laser beam impinged on the steep wall at the end of the 

machined region (see Figure 5.22 (j, k, l)) where the plume was perpendicular to the angle 

of the surface encountered.  The low fluence of the distorted (elliptical) spot did not ablate 

the material on the walls efficiently, and hence the slope of the walls was maintained. 

The difference in the process mechanism of the sequential scan and the interlaced 

scan technique is sketched in Figure 5.23. 
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Figure 5.23.  Mechanism of the (a) sequential scan machining (b) interlaced scan 

machining process. 

 

In the sequential scan technique, due to the small step direction pitch, the laser pulse 

was incident on the wall of the previously machined line.  The laser pulse encounters a 

steep region, causing the spot diameter on the surface to distort elliptically, reducing the 

fluence of the incident pulse as seen in Figure 5.23 (a).  George predicted that the ablation 

efficiency would be significantly affected by the steep angle of deep craters [164].  As 

the machining always takes place on the wall of the previously machined region, the 

plume faced a direction perpendicular to the direction of the wall encountered.  Hence the 

plume faced the direction opposite to that of the step direction.  This also caused the debris 

to be ejected in the same direction.  During the machining of the first few lines using the 

sequential scan technique, due to the narrow groove, the deposition of the debris and the 

direction of the plume, the debris heated up and became fused to the surface.  Hence in 

sequential machining, debris was often found fused to the leading edge of the machined 

region. 

The drop in fluence due to the laser spot distortion for different angles of incidence 

is given in Figure 5.24 (a).  It can be seen that as the angle of incidence changes from 

normal incidence, the fluence drops as the spot elongates in one direction.  This change 

in surface angle arises from the machining process as each machined spot creates a trench 

based on the incident fluence.  In Figure 5.24 (b), the ablation depth per pulse for ‘N’ 

number of pulses due to the incubation effect is given.  For simplicity, the value of the 
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absorption coefficient is considered as 1 and the absorbed fluence Fa is considered as 10 

J/cm2.  The value of the degree of incubation ξ = 0.706 and the threshold fluence for a 

single pulse Fth(1) = 6 J/cm2 as is given for λ = 1030 nm in  Table 4.2.  Here, we see that 

as the number of pulses increases, the threshold fluence reduces and hence the ablation 

per pulse increases.  Hence to maintain a high efficiency in the process, a high spot to 

spot overlap needs to be maintained while at the same time, the angle of incidence needs 

to be maintained at or 90 degrees.  

 

 
Figure 5.24. (a) Drop in fluence due to the distortion of the laser spot as a function of 

the angle of incidence. (b) Ablation depth per pulse as a function of the number of 

pulses due to the incubation effect. The absorption coefficient considered is 1, the 

absorbed fluence Fa = 10 J/cm2 and the values of ξ and Fth(1) considered are as given 

for λ = 1030 nm in Table 4.2.  

 

During interlaced machining, the step direction pitch is similar to the spot diameter, 

thus the laser encounters a ‘fresh’ surface while machining the consecutive lines.  Hence, 

as the machining did not take place on the walls of the previously machined region, the 

spot diameter was maintained, and hence the ablation efficiency was high in each raster.  

The width and depth of a single line machined using Oscan = 95% with different fluence 

values at λ = 515 nm were measured using the Alicona profilometer.  The average total 

line width of the machined lines for Oscan = 95% ranged from 17 µm for F = 6.4 J/cm2 to 

30 µm for F = 19.9 J/cm2 at λ = 515 nm.  The depth of the machined lines for Oscan = 95% 

ranged from 19 µm for F = 19.9 J/cm2 to 9 µm for F = 6.4 J/cm2 at λ = 515 nm.  As the 

laser pulse encountered a small part of the wall of the previously machined line, the plume 

had a slight tilt in the interlaced scan technique too based on the angle of the encountered 

surface. 

The interlaced scan machining process can hence be likened to a raster scan 
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technique using a high scan direction overlap and a low step direction overlap.  The high 

scan direction overlap enabled better machining characteristics as the large number of 

overlapping pulses lowered the ablation threshold of the glass surface and the rough 

surface of the previously machined region enabled better absorption of the succeeding 

laser pulses.  The low step direction overlap enabled efficient machining as the laser pulse 

was incident on a comparatively flat surface thereby enabling better absorption 

characteristics.  Though this scan technique was similar in principle to the sparse pattern 

used by A.  Mulloni in [165], the interlaced scan technique required a high Oscan to provide 

good ablation characteristics on glass.  

The calculated step direction profile for a surface machined using a large pitch of 

18.29 µm, equivalent to the interlace step with the process repeated ten times, is given in 

Figure 5.25. Here, the ablation depth per spot was calculated using Equation 2.15 

considering the measured spot profiles for λ = 1030 nm, 515 nm and 343 nm given in 

Table 3.3. The values of Fth are taken from Table 4.2 for Oscan = 95% while the values of 

Fa are the maximum fluence measured for the three wavelength channels. Figure 5.26 

shows 3D profiles of pockets machined using λ = 1030 nm with step pitch = 18.29 µm 

machined one time, ten times, and 10 × Δy interlace scan for d0 = 35.5 µm.  
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Figure 5.25. Predicted surface using a step pitch of 18.29 µm and repeating it up to 

10 times for (a) λ = 1030 nm with d0 = 35.5 µm, (b), λ = 515 nm with d0 = 20 µm 

and (c) λ = 343 nm with d0 = 20 µm. The measured spot profile (as seen in Table 

3.3) was used to calculate the surface using Equation 2.15 where Fth (Table 4.2) is 

the threshold fluence for Oscan = 95%, Fa is the maximum fluence and α = 1. 
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Figure 5.26.  Surface machined using λ = 1030 nm d0 = 35.5 µm  

(a) 1 raster with step pitch = 18.29 µm  

(b) 10 overlapping with step pitch = 18.29 µm (c) 10 × Δy interlaced scan. Surfaces 

were measured using the Alicona InfiniteFocus optical profilometer. 

 

Although the predicted surface in Figure 5.25 (a) had a strong pattern of ridges 

based on the spot diameter and the pitch of 18.29 µm, the actual surface machined in 

Figure 5.26 (a and b) did not.  This was because the groove machined at a specific overlap 

had a width that was larger than the spot diameter and was not well defined as it contained 

chips and cracks at the edges.  The pocket machined using 18.29 µm step (first raster of 

10 × Δy interlace) showed a pattern of ridges running along the scan direction as seen in 

Figure 5.26 (a), while the surface machined by repeating the raster used in Figure 5.26 

(a) ten times had more ridges of PV up to 18 µm and the surface ridges were seen running 

45° to the machining scan direction as seen in Figure 5.26 (b).  On the other hand, the 

surface machined using 10 × Δy interlace had shallow ridges by comparison (PV up to 

12 µm) running along the machining scan direction as seen in Figure 5.26 (c). 

To test the ablation depth and surface quality of the machined surface after every 

raster in a 10 × Δy interlaced scan, the laser was programmed to machine 1, 2, 4, 6, 8 and 

10 raster scans of the 10 × Δy interlaced scan on separate pockets.  The ablation depth 

and RqSTEP of the machined surfaces are given in Figure 5.27 for F = 3.1 J/cm2 and F = 
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10.6 J/cm2 while the step direction surface profile for F = 10.6 J/cm2 is given in Figure 

5.28. 

 

 
Figure 5.27.  (a) Ablation depth (b) RqSTEP as a function of number of raster scans in a 

10 × Δy interlaced scan machining using λ = 1030 nm with Oscan = 97.2% at 

PRR = 20 kHz.  The individual passes in the interlaced scan removed a smaller layer 

of material and the roughness remained nearly constant throughout these passes.  

 

 

 

Figure 5.28.  Step direction surface profile as a function of individual raster scans 

for 10 × Δy um interlaced scan machining of fused silica carried out using λ = 1030 

nm, Oscan = 97.2%, PRR = 20 kHz. Surfaces were measured using the Alicona 

InfiniteFocus. 

The machining results showed that the ablation depth increased linearly with the 
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number of raster scans, as can be seen in Figure 5.27 (a).  Though the laser pulses of the 

succeeding raster scans were incident on a surface below the focal plane, the efficiency 

of the machining did not drop as the spot diameter increased by 6 µm, and machining was 

carried out within the Rayleigh range.  The surface roughness of the machined surface 

remained reasonably constant through the raster scans as seen in Figure 5.27 (b).  The 

machined surface in Figure 5.28 did not resemble the predicted surface in Figure 5.25 (a) 

due to the larger width of the trench machined in each line.  

Hence though the interlaced scan process can be likened to a sequential raster scan 

with a large step direction pitch, the offset introduced in each interlaced scan removed 

the ridges from the previous scan.  This enabled the interlaced machining technique to 

produce a lower surface roughness compared to using a raster with a low step direction 

overlap. 

 Smoothing post-process 

The picosecond machining process resulted in a surface characterised by ridges.  

Surfaces machined using the sequential scan technique had a pattern of ridges separated 

by ≈ 15 µm.  On the other hand, surfaces machined using the interlaced scan technique 

had ridges separated by a distance similar to the interlace step distance used for the 

machining.  Hence a smoothing post-process was used to reduce the ridges introduced by 

the machining process.  The details and optimised parameters of this smoothing post-

process are described in this section. 

The smoothing post-process was performed using the Trumpf TruMicro 5X50 laser.  

The laser was defocused to give a larger spot diameter than that used for the machining 

process, while the same scan speed was used as for machining.  A sequential raster scan 

technique was used with step pitch = Δy.  As the spot diameter was increased, the pulse 

overlap increased while the fluence of the spot decreased.  Hence, a small layer (a few 

microns deep) of the surface was ablated while the high overlap and large spot diameter 

caused the post-processed surface to be free of ridges.  Although this process reduces the 

ridges and overall roughness of the machined region, it does not provide an optically 

smooth surface; CO2 polishing process was still required. 

The smoothing post-process used a large spot diameter and low fluence to ablate a 

shallow layer of the machined surface.  The ablation threshold of the machined surface 

was lower than the ablation threshold of a smooth un-machined surface which enabled 

the low fluence of the smoothing pass to be absorbed on the surface. The large spot also 

provided higher uniformity of intensity compared to the tightly focused spot. This enabled 
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the smoothing post-process to reduce the ridge structures created by interlaced machining. 

A test was performed to find the direction of the smoothing post-process pass by 

varying the spot diameter, laser pulse energy (and hence fluence) and the smoothing scan 

direction using λ = 515 nm.  For this, the surface was first machined using a sequential 

scan technique with λ = 515 nm, Oscan = 97.1% and Ep = 62.5 µJ.  The results of the 

smoothing pass showed that the process was more effective when the direction of the 

smoothing scan was perpendicular to the direction of the machining scan (see Figure 

5.29). 

 

 
Figure 5.29.  1 mm × 1 mm area processed using λ = 515 nm (a) Surface machined 

using sequential raster scan (b) Machined using parameters used for surface ‘a’ and 

post-processed in the parallel direction with optimised smoothing parameters  

(c) Machined using parameters used for surface ‘a’ and post-processed in the 

perpendicular direction with optimised smoothing parameters. The surfaces were 

measured using the Alicona InfiniteFocus optical profilometer. 

 

 

The surface of the region post-processed using a smoothing scan direction parallel 

to the machining scan direction retained some of the ridge patterns as can be seen in 

Figure 5.29 (b).  The surface post-processed with a smoothing scan direction 

perpendicular to the machining scan direction did not have ridges in the machining scan 

direction.  However, this surface contained ridges in the smoothing scan direction. 

 

 

 



150 

 

 Smoothing of surfaces machined using 10 × Δy interlaced at λ = 1030 nm using 

PRR = 400 kHz. 

A parameter map was prepared varying spot diameter d and the incident pulse 

energy Ep to find the optimum parameters for the smoothing post-process of fused silica 

using λ = 1030 nm at PRR = 400 kHz.  The surface was firstly machined using 

λ = 1030 nm, d0 = 35.5 µm, F = 10.6 J/cm2, Oscan = 95%, PRR = 400 kHz.  The surface 

was then post-processed with the smoothing scan direction perpendicular to the 

machining scan direction. 

 

 
Figure 5.30.  Examples of 1 mm × 1 mm surfaces machined using λ = 1030 nm,  

PRR = 400 kHz smoothed using  

(a) 83.8 µJ, d = 75.6 µm (b) 83.8 µJ, d = 84.3 µm (c) 83.8 µJ, d = 111.4 µm.   

The surfaces were measured using the Alicona InfiniteFocus optical profilometer. 

Note: The missed data points in (b) was due to the low roughness of the surface. 

 

The result of the post-processing parameter map showed that at high fluence values 

i.e.  smaller spot diameter (d < 75 µm) and larger pulse energy (above 60 µJ), the post-

processing step behaved like the machining step where the surface was ablated deeper, 

and ridges were found in the smoothing scan direction as can be seen Figure 5.30 (a).  At 

low fluence, the smoothing post-process had a minor effect on the machined surface, and 

the ridges of the machined region were retained as can be seen in Figure 5.30 (c).  

However, using smoothing parameters between these extreme cases, it was noted that the 

surface was so smooth that the Alicona could not measure the surface effectively using 

the 10 × objective as seen in Figure 5.30 (b).  These were the surfaces that were most 

effectively smoothed.  The parameters for smoothing were hence found at Ep = 83.8 µJ, 

d = 84.3 µm and Ep = 62.4 µJ, d = 80 µm. 

The SEM images of a region machined with and without post-process smoothing 

are provided in Figure 5.31. 
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Figure 5.31.  SEM images of surface machined using λ = 515 nm, 10 × Δy 

interlaced scan, Oscan = 95 %, Fluence = 4.19 J/cm2 at different magnifications (a, c, 

e) Surface only machined (b, d, e) surface machined and smoothed. 

 

The SEM images in Figure 5.31 showed that there was no evidence of large-scale 

melting or reflow of material on the smoothed surface.  For the pulse duration of 6 ps, the 

thermal diffusion depth of fused silica is 4.2 nm.  Hence surface melting is not expected 

as can be seen from the SEM images.  The structure of the smoothed surface in Figure 
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5.31 (f) were similar to the structure of the machined surface Figure 5.31 (e) but without 

the ridges.  The smoothing process relied on the large spot diameter and low fluence to 

remove a small layer of material from the surface.  As the layer removed was a few 

microns deep, the ridges were also eliminated as the spot had a larger area with similar 

intensity.  The fluctuations in the laser’s output power did not affect the process as the 

ablation depth of the smoothing pass was a few microns.   

 Summary  

The use of the interlaced scan technique for machining fused silica provided a 

higher machining efficiency compared to the sequential scan technique.  The high 

efficiency of the interlaced scan technique was attributed to the high Oscan and large step 

direction pitch.  The high Oscan provided better ablation efficiency by lowering the 

ablation threshold due to the incubation effect because of the large number of overlapping 

pulses on an area.  Furthermore, the high Oscan caused the succeeding pulses to impinge 

on a machined rough surface increasing the absorption due to the concentration of the 

electric field lines [69].  The large step direction pitch enabled better absorption by 

causing the laser pulse to be incident on a relatively flat (but machined) surface instead 

of the wall of the previously machined groove. 

The use of λ = 1030 nm provided the best ablation characteristics from the three 

available wavelengths with a higher ablation efficiency and lower surface roughness 

when using a 10 × Δy interlaced scan.  Although the 18 × Δy interlaced scan provided a 

higher machining efficiency, the machined region had a higher surface roughness than 

the region machined using 10 × Δy interlaced scan.  Furthermore, using 10 × Δy interlaced 

scan, Oscan = 90% provided a surface with lower roughness than regions machined using 

Oscan = 95%.  The use of 10 × Δy interlaced machining at PRR = 400 kHz provided high 

material removal rate of up to 0.36 mm3/s for Oscan = 95%. 

The residual surface ridges were reduced using a post-process ‘smoothing’ step 

where a larger spot diameter and hence lower fluence was used to ablate a shallow layer 

of the machined surface.  Hence the picosecond laser machining of optics consists of two 

steps: 

(1) High-speed machining of the surface using a 10 × Δy interlaced scan with Oscan 

= 90%, PRR = 400 kHz at λ = 1030 nm to generate the required surface profile.   

(2) Post-process ‘smoothing’ of the machined surface using the optimised spot 

diameter d and pulse energy Ep based on the ablated depth. 
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Machining of N-BK7®, N-LaF21 and S-TiH53 

 Introduction 

In chapters 4 and 5, the sequential and interlaced raster scan techniques were 

discussed with results presented for fused silica.  In this chapter, experimental results for 

picosecond laser machining of N-BK7®, N-LaF21 and S-TiH53 glasses using the same 

approach to that described in chapters 4 and 5 are provided.  The machining results for 

N-BK7®, N-LaF21 and S-TiH53 are discussed in Sections 6.3, 6.4 and 6.5 respectively.   

 Experimental procedure 

The parameter maps described in this chapter are similar to those described in 

Chapters 4 and 5 utilising the same PRR (20 kHz), raster scan strategy and step direction 

overlap (10 × Δy step for interlaced machining where Δy = 1.829 µm).  Due to the lower 

thermal diffusion of the materials, given in Table 3.8, N-LaF21 and S-TiH53 still tended 

to show thermal accumulation effects at 20 kHz with surface melting observed.  It was 

especially found that N-LaF21 and S-TiH53 could not withstand the thermal 

accumulation of high scan overlaps (Oscan ≥ 90%).  Hence lower scan overlap values (Oscan 

= 85% and 80%) were also investigated for N-BK7®, N-LaF21 and S-TiH53.  This 

chapter contains the results for sequential raster scanning and interlaced scanning 

comparing their results at different wavelengths to provide suitable machining parameters 

at 20 kHz.  Machining was carried out at the focal plane where the spot diameter was d0 

= 35.5 µm at λ = 1030 nm and d0 = 20 µm at λ = 515 nm and 343 nm.  The spot was 

defocused at 515 nm to obtain a spot diameter of d = 35.5 µm for a direct comparison 

between λ = 515 nm and 1030 nm, i.e. using the same spot diameter.  This direct 

comparison was not possible between λ = 343 nm and 1030 nm because the fluence at 

λ = 343 nm for a spot diameter of 35.5 µm would be below threshold. 

In the same manner as the process used for machining fused silica, the materials 

were cleaned before placing on the sample holder.  The sample was firmly fixed on the 

surface using a clamp.  Before machining, an outline program was first executed which 

drew borders creating a rough surface at the start of the region to be machined.  This 

roughness lowered the ablation threshold at the beginning of the line by creating surface 

defects thereby enabling higher energy absorption.  The fume extraction system was used 

during machining to remove the fumes and debris generated by the process.  After 
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machining, the samples were washed in an ultrasonic bath before placing them under the 

optical microscope (Leica DM6000 M) and optical surface profilometer (Alicona 

InfiniteFocus) for detailed analysis.  The measurements were carried out using the same 

procedure as was used for fused silica (described in Chapter 4 and 5). 

Though post-process smoothing of fused silica reduced the surface roughness, it 

was found to melt the surface of N-BK7®, S-TiH53 and N-LaF21 resulting in micro-

cracks on the surface.  Hence post process smoothing was not implemented for these 

materials. 

 Machining of N-BK7® using PRR = 20 kHz 

This section contains the machining results for N-BK7® using sequential and 

10 × Δy interlaced scan techniques at PRR = 20 kHz.  N-BK7® is a borosilicate crown 

glass which has a high CTE of 7.1 ppm/°C for the temperature range –30 °C to +70 °C 

and 8.3 ppm/°C for the temperature range +20 °C to +300 °C, which was more than 14 

times higher than the CTE of fused silica.  The material also has a low softening point 

compared to fused silica (719 °C vs 1585 °C) [88].  Furthermore, the material has a 

thermal conductivity of 1.114 W/m·K (19.2% lower than fused silica) and a thermal 

capacity of 0.858 J/g·K (11.4% higher than fused silica).  The Knoop hardness of N-

BK7® is 610 kg/mm2.  Due to the lower melting point, fibres and fused debris were found 

to form more readily on N-BK7® as compared to fused silica.  The material has a lower 

internal transmittance of 97% at λ = 350 nm (measured for 10 mm thick material) [88, 

166].  Hence linear absorption may also contribute to machining at λ = 343 nm. 

 Sequential machining of N-BK7®  

An overview of the parameter maps prepared using sequential raster scan with the 

sample at the focal plane, using PRR = 20 kHz with λ = 1030 nm, 515 nm, and 343 nm, 

is shown in Figure 6.1 with regions suitable for machining marked with a boundary.  

Examples of the different types of surfaces achieved are shown in Figure 6.2. 
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Figure 6.1.  Overview of sequential raster scan machining results for N-BK7® with 

the samples placed at focus using PRR = 20 kHz (a) λ = 1030 nm, d0 = 35.5 µm, (b) λ 

= 515 nm, d0 = 20 µm and (c) λ = 343 nm, d0 = 20 µm.  The regions inside the dark 

borders provide good results for machining. 
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Figure 6.2.  Examples of 1 × 1 mm surfaces machined on N-BK7® using sequential 

raster scan using PRR = 20 kHz with the samples placed at the focal plane.  Surfaces 

were measured using the Alicona InfiniteFocus optical profilometer. 

 

The overview in Figure 6.1 shows that a wide range of parameters can provide good 

machining results at all three wavelengths.  The use of low fluence with low scan overlap 

resulted in partial machining.  For instance, for λ = 1030 nm, Oscan ≤ 90% and F < 4 J/cm2, 

partial machining was observed at the start of the machined region, as can be seen in 

Figure 6.2 (c).  The rest of the parameters produced good machining results similar to 
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Figure 6.2 (a) and (b).  Machining using λ = 515 nm and 343 nm had a smaller range of 

useful parameters as the use of higher scan overlap (Oscan= 98.75% for λ = 515 nm and 

Oscan ≥ 97.5% for λ = 343 nm) produced surfaces with high roughness (depth error > ±15 

µm).  Debris was formed on surfaces machined using high scan overlap and high fluence.  

For instance, fused debris was found on surfaces machined using F = 19.9 J/cm2 with 

Oscan = 98.75% for λ = 515 nm.  Furthermore, debris was found stuck to the start of the 

machined region in some of the pockets machined using λ = 515 nm, as shown in Figure 

6.2 (d).  Debris was also found on surfaces machined using λ = 343 nm with F ≥ 8.3 J/cm2 

and Oscan ≥ 97.5%, as can be seen in Figure 6.2 (g).  Low fluence (F < 4.2 J/cm2 for 

λ = 515 nm and F < 1.5 J/cm2 for λ = 343 nm) produced partial machining at Oscan ≤ 90%, 

as seen in Figure 6.2 (f) and (i). 

The measured ablation depth as a function of fluence for λ = 1030 nm with 

d0 = 35.5 µm, for λ = 515 nm with d = 35.5 µm and d0 = 20 µm, and for λ = 343 nm with 

d0 = 20 µm is given in Figure 6.3.  The ablation depth was measured in a similar manner 

to that used for fused silica in Chapters 4 and 5.  The error bars were the measured peak 

to valley values of the machined region. 

 
Figure 6.3.  Ablation depth as a function of fluence for sequential scan machining of 

N-BK7® using PRR = 20 kHz (a) λ = 1030 nm, d0 = 35.5 µm, (b) λ= 515 nm, 

d = 35.5 µm, (c) λ = 515 nm, d0 = 20 µm and (d) λ = 343 nm, d0 = 20 µm. 
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The results of sequential machining of N-BK7® show that the ablation depth curves 

upwards on the log scale of fluence for λ = 1030 nm, 515 nm and 343 nm. A possible 

explanation is that the plume has a lower mass absorption coefficient compared to the 

material [157].  The error bars in the depth measurement at λ = 343 nm were comparable 

to the depth measured. The ablation depth was the highest for λ = 1030 nm comparing 

regions machined with similar fluence and pulse overlap for the different wavelengths.  

For instance, the ablation depth for λ = 1030 nm, Oscan = 95% with F = 6.3 J/cm2 was 

70 µm while it was 38.8 µm for λ = 515 nm (d = 35.5 µm), 31 µm for λ = 515 nm (d0 = 

20 µm), and 27.5 µm for λ = 343 nm with similar fluence and scan overlap values.  The 

ablation depth was higher for the defocused (d = 35.5 µm) spot compared to the focused 

(d0 = 20 µm) spot at similar fluence values for λ = 515 nm.  This may be due to the smaller 

beam diameter having a higher intensity at the centre of the beam compared to that of a 

beam with a larger diameter, which will likely cause higher plasma shielding.  The 

ablation depth was similar for surfaces machined using λ = 343 nm compared to λ = 515 

nm (d0 = 20 µm).  For instance, the ablation depth for λ = 515 nm with d0 = 20 µm, Oscan 

= 95% with F = 8.7 J/cm2 was 40.5 µm while it was 47.4 µm for λ = 343 nm at similar 

fluence and Oscan, which was similar in both cases considering the measurement error.  In 

turn, at Oscan = 85%, the ablation depth for λ = 515 nm (d0 = 20 µm) with F = 8.7 J/cm2 

was 18.4 µm while it was 17.2 µm at λ = 343 nm for similar fluence and Oscan values.  

The internal transmittance of N-BK7® was 86.3% (for 25 mm thickness) at λ = 343 nm 

as seen in Figure 3.19.  The ablation threshold was the lowest at λ = 343 nm, which is 

associated with higher linear absorption.  Also, the minimum depth achieved without 

partial machining was the lowest at this wavelength.  For instance, the minimum depth 

achieved without partial machining at λ = 1030 nm was 30 µm (Oscan = 85%, F = 3.1 

J/cm2) while it was 8 µm for λ = 515 nm (d0 = 20 µm, Oscan = 80%, F = 6.4 J/cm2) and 

was ~ 5 µm for λ = 343 nm (d0 = 20 µm, Oscan = 80%, F = 2.6 J/cm2).   

The surface roughness Sq of the machined regions is presented as a function of 

fluence in Figure 6.4.  The Sq values were calculated over an area of 700 × 700 µm using 

the same technique as was used for fused silica in Chapters 4 and 5.   
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Figure 6.4.  Surface roughness as a function of fluence for sequential scan 

machining of N-BK7® using PRR = 20 kHz (a) λ = 1030 nm, d0 = 35.5 µm, (b) λ= 

515 nm, d = 35.5 µm, (c) λ = 515 nm, d0 = 20 µm and (d) λ = 343 nm, d0 = 20 µm. 

 

The results given in Figure 6.4 show that the Sq values of surfaces machined using 

λ = 1030 nm (d0 =35.5 µm) and 515 nm (d = 35.5 µm and d0 = 20 µm) are comparable 

for similar fluence values with roughness increasing with Oscan.  On the other hand, the 

surfaces machined using λ = 343 nm had higher roughness than λ = 515 nm and 1030 nm 

at similar fluence values.  For instance, the Sq of the surface machined using λ = 1030 nm 

was 1.6 µm, 1.4 µm for λ = 515 nm (d = 35.5 µm), 1.3 µm for λ = 515 nm (d0 = 20 µm), 

and 2.5 µm for λ =343 nm for F ≈ 6.3 J/cm2 and Oscan = 95%.  Though the increase of 

roughness with increase in fluence was the general trend across all wavelengths, the Sq 

was found to be nearly constant (Sq ≈ 1.5 µm) across the fluence range for λ = 1030 nm, 

Oscan = 80%, 85% and 95%, while the roughness for Oscan = 90% was higher than the 

roughness at Oscan = 95%. 

The step and scan direction roughness (using λc = 80 µm) of the surfaces machined 

at the focal plane is given in Figure 6.5. 
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Figure 6.5.  (a, c, e) Step direction roughness (b, d, f) scan direction roughness as a 

function of fluence for sequential scan machining of N-BK7® using PRR = 20 kHz 

(a, b) λ = 1030 nm, d0 = 35.5 µm (c, d) λ = 515 nm, d0 = 20 µm  

(e, f) λ = 343 nm, d0 = 20 µm. 

 

The step direction roughness (RqSTEP) was always higher than the scan direction 

roughness (RqSCAN) as can be seen in Figure 6.5.  This was due to the ridges formed along 

the scan direction (see Figure 6.2).  In general, both RqSTEP and RqSCAN increased with 

fluence.  However, the step and scan direction roughness were nearly constant (around 1 

µm) for λ = 1030 nm and Oscan ≤ 85%. 
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The step direction waviness (WqSTEP) and scan direction waviness (WqSCAN) of the 

surfaces machined at the focal plane is given in Figure 6.6. 

 

 
Figure 6.6.  (a, c, e) Step direction waviness (b, d, f) scan direction waviness as a 

function of fluence for sequential scan machining of N-BK7® using PRR = 20 kHz 

(a, b) λ = 1030 nm, d0 = 35.5 µm (c, d) λ = 515 nm, d0 = 20 µm  

(e, f) λ = 343 nm, d0 = 20 µm. 

 

The step and scan direction waviness had a similar range of values from 0.5 µm to 

2.25 µm at λ = 1030 nm.  WqSTEP and WqSCAN was less than 1.5 µm at λ = 343 nm even 
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for higher values of fluence.  However, it should be noted that the maximum ablation 

depth achieved using λ = 343 nm was < 50 µm.  The step and scan direction waviness 

were low ≈ 1 µm for λ = 1030 nm, Oscan = 80%.   

The spectra of the step direction profiles of the region machined with different 

fluence values at Oscan = 95% are given in Figure 6.7. 

 
Figure 6.7.  Step direction roughness spectrum of N-BK7® surfaces machined using 

sequential scan, Oscan = 95% using PRR = 20 kHz (a) λ = 1030 nm, d0 = 35.5 µm  

(b) λ = 515 nm, d0 = 20 µm (c) λ = 343 nm, d0 = 20 µm. 
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A common peak was observed at approximately 14 µm spatial wavelength at 

λ = 1030 nm, 515 nm and 343 nm.  These peaks were similar to the common peaks 

observed in the sequential machining of fused silica (see Figure 4.16).  However, in the 

case of N-BK7®, the amplitude of these peaks was typically two times larger than fused 

silica for λ = 343 nm.  Besides this, λ = 343 nm also had peaks at 11.3 µm and 22.6 µm 

spatial wavelengths which had high values for F = 5.1 J/cm2.  The source of these peaks 

has not been identified as they were only observed in this particular combination of 

wavelength and fluence.   

An overview of the sequential machining of N=BK7® is given in Table 6.1.  The 

ablation efficiency (volume removed for incident pulse energy) was higher for lower Oscan 

at all wavelength channels.  Similarly, the ablation rate (volume remove per unit time) 

was also higher for lower Oscan.  The highest ablation rate and efficiency was found at λ 

= 1030 nm making it suitable for machining.  However, the formation of fused debris and 

fibres on the surface limited the process to low repetition rates. 
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Table 6.1 .  Overview of sequential machining of N-BK7®. 

Wavelength 
(nm) 1030 nm 515 nm 344 nm 

d or d0 

(µm) 35.5  35.5  35.5  35.5  35.5  35.5  35.5  35.5  35.5  20.0  20.0  20.0  20.0  20.0  20.0  20.0  20.0  20.0  

Oscan (%) 98.8  97.5  95.0  90.0  85.0  80.0  98.8  97.5  95.0  97.5  95.0  90.0  85.0  80.0  95.0  90.0  85.0  80.0  

Maximum 
Sq (µm) 2.2  2.4  1.7  2.2  1.5  1.5  1.8  1.7  1.4  3.2  2.7  3.1  2.1  1.8  2.6  2.2  2.3  1.8  

Maximum 
depth (µm) 176.1  145.2  106.5  70.5  52.7  43.6  80.0  62.5  38.8  122.8  73.7  52.9  38.4  30.0  47.4  24.7  17.2  13.4  

at fluence 
(J/cm2) 10.6  10.6  10.6  10.6  10.6  10.6  6.3  6.3  6.3  19.9  17.8  19.9  19.9  19.9  9.0  8.3  9.0  9.0  

Ablation 
rate  
(mm3/min) 0.17 0.28 0.41 0.55 0.62 0.68 0.08 0.12 0.15 0.13 0.16 0.23 0.25 0.26 0.10 0.11 0.11 0.12 

Ablation 
efficiency  
×10-3 
(mm3/J) 1.36 2.24 3.29 4.35 4.88 5.38 1.04 1.62 2.01 1.79 2.41 3.09 3.37 3.50 3.05 3.46 3.33 3.45 
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 Interlaced machining of N-BK7®  

The parameter maps described in this section were created using 10 × Δy (where 

Δy = 1.829 µm) interlaced scan with Oscan = 98.75%, 97.5%, 95%, 90% 85% and 80%.  

The 1 mm × 1 mm pockets were machined after drawing a border around the region.  The 

parameter maps were prepared using PRR = 20 kHz.  The overview of the machining 

result using λ = 1030 nm, 515 nm and 343 nm with the sample kept at focus is given in 

Figure 6.8.  An example of the different types of surfaces obtained is given in Figure 6.9. 

 

 
Figure 6.8.  Overview of 10 × Δy interlaced scan machining of N-BK7® with the 

sample placed at focus using (a) λ = 1030 nm, d0 = 35.5 µm, (b) λ = 515 nm, d0 = 20 

µm and (c) λ = 343 nm, d0 = 20 µm at PRR = 20 kHz.  The regions inside the dark 

borders provide good results for machining. 
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Figure 6.9.  Examples of 1 ×1 mm surfaces machined on N-BK7® using 10 × Δy 

interlaced scan using PRR = 20 kHz.  Surfaces were measured using the Alicona 

InfiniteFocus optical profilometer. Note: The red circle in (g) shows a magnified 

image of the surface. 

 

The 10 × Δy interlaced machining of N-BK7® produced a variety of results, as seen 

in Figure 6.8.  A high scan overlap Oscan ≥ 97.5 % produced damaged surfaces and fused 

debris for λ = 1030 nm and 515 nm.  The use of a high fluence and scan overlap at these 

wavelengths caused the fused debris to erupt or get dislodged, leaving behind a damaged 

region with fragments of glass and debris on the surface, as shown in Figure 6.9 (a) and 

(d).  On the other hand, Oscan ≥ 97.5% caused the surface to melt at λ = 343 nm, as can be 

seen in Figure 6.9 (g).  The melted region was observed to have air bubbles under the 

surface.  The use of low Oscan ≤ 90% produced partial machining at λ = 1030 nm and 

515 nm for F ≤ 4.2 J/cm2 and 343 nm for F = 1.5 /cm2, as seen in Figure 6.9 (c), (f) and 
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(i).  However, it was possible to get a useful set of parameters as highlighted in Figure 

6.8 between these extreme cases.   

The effects of damage and melting were not observed in sequential machining due 

to the spot being distorted on the material surface thereby reducing the effective fluence.  

For interlaced machining, the effectively higher fluence caused higher absorption of 

energy, which resulted in higher ablation efficiency for intermediate fluence and Oscan 

values.  However, regions machined with higher fluence and Oscan values suffered damage 

and melting.  As the softening point temperature of N-BK7® is 557°C and the thermal 

conductivity of the material is lower than fused silica, subsequent laser pulses cause a 

thermal accumulation in the material resulting in a melt pool.  The lower step direction 

overlap in interlaced machining caused the ablation threshold to increase as partial 

machining was observed at higher fluence and scan overlap values compared to sequential 

scan machining.   

The ablation depth of the surfaces machined using 10 × Δy interlaced scan for 

λ = 1030 nm with d0 = 35.5 µm, λ = 515 nm with d = 35.5 µm, λ = 515 nm with d0 = 20 

µm, and λ = 343 nm with d0 = 20 µm is given in Figure 6.10.   

 

 
Figure 6.10.  Ablation depth as a function of fluence for 10 × Δy interlaced scan 

machining of N-BK7® using PRR = 20 kHz  

(a) λ = 1030 nm, d0 = 35.5 µm, (b) λ= 515 nm, d = 35.5 µm,  

(c) λ = 515 nm, d0 = 20 µm and (d) λ = 343 nm, d0 = 20 µm. 
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The machining results for 10 × Δy interlaced scan in Figure 6.10 show that the 

ablation depth was significantly higher for interlaced machining compared to sequential 

raster machining.  For instance, the use of F = 6.3 J/cm2 at λ = 1030 nm with Oscan = 

97.5% produced an ablation depth of 92.5 µm for sequential machining while the same 

parameters produced an ablation depth of 352 µm for 10 × Δy interlaced machining.  Such 

an increase in ablation depth for interlaced machining over sequential machining was 

observed for all wavelengths (λ = 1030 nm, 515 nm and 343 nm). Similarly to sequential 

machining, the interlaced machining of N-BK7® had an upward curve in the plot of the 

ablation depth using a fluence log scale.  Hence it is possible that the plume generated 

during machining has a lower mass absorption coefficient µp compared to that of the 

material’s surface at λ = 1030 nm, 515 nm and 343 nm.  

 The ablation depth was the highest for λ = 1030 nm.  For instance, the ablation 

depth achieved with F = 6.3 J/cm2 using λ = 1030 nm, Oscan = 90% was 140 µm while it 

was 51 µm for λ = 515 nm (d = 35.5 µm), 53 µm for λ = 515 nm (d0 = 20 µm) and 28.5 

µm for λ = 343 nm for similar fluence and scan overlap parameters.  The ablation depths 

obtained with λ = 515 nm using two different spot sizes (d = 35.5 µm and d0 = 20 µm) 

were similar for similar fluence values at Oscan = 90%.  However, at Oscan = 95%, the 

ablation depth was greater for d = 35.5 µm compared to d0 = 20 µm at λ = 515 nm for 

similar fluence values (153 µm for d = 35.5 µm vs 106 µm for d0 = 20 µm).  This trend 

was also seen in the sequential scan machining and can be attributed to the same effect.  

The ablation depth achieved was the lowest for λ = 343 nm where maximum depth was 

47.5 µm at Oscan = 90% with a depth error of up to ± 20 µm.   

The surface roughness Sq of the machined regions is given in Figure 6.11. 
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Figure 6.11.  Surface roughness Sq as a function of fluence for 10 × Δy interlaced 

scan machining of N-BK7® using PRR = 20 kHz  

(a) λ = 1030 nm, d0 = 35.5 µm, (b) λ= 515 nm, d = 35.5 µm,  

(c) λ = 515 nm, d0 = 20 µm and (d) λ = 343 nm, d0 = 20 µm. 

 

The Sq of the machined regions given in Figure 6.11 shows that the surface 

roughness did not have a common trend for the different wavelengths.  At λ = 1030 nm 

and 515 nm (d = 35.5 µm), the Sq increased with Oscan and fluence.  In turn, the Sq 

remained nearly constant at λ = 515 nm (d0 = 20 µm) for most of the fluence range, as 

shown in Figure 6.11.  This effect is especially useful during the machining of optics 

where the fluence is altered to obtain different machining depths.  At λ = 343 nm (d0 = 20 

µm), the surface roughness decreased at F ≥ 7 J/cm2.  However, this is due to the onset of 

melting of the surface.   

The RqSTEP and RqSCAN of the machined regions with the sample placed at the focal 

plane of the laser are given in Figure 6.12.   
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Figure 6.12.  (a, c, e) Step direction roughness (b, d, f) scan direction roughness as a 

function of fluence for 10 × Δy interlaced scan machining of N-BK7® using  

PRR = 20 kHz (a, b) λ = 1030 nm, d0 = 35.5 µm (c, d) λ = 515 nm, d0 = 20 µm  

(e, f) λ = 343 nm, d0 = 20 µm. 

 

The step and scan direction roughness had a similar range of values Rq = 0.7 µm – 

1.3 µm at λ = 1030 nm and 515 nm for Oscan ≤ 90%.  For this set of parameters, the 

roughness was fairly constant (≈ 1 µm) with the increase in fluence.  At λ = 343 nm, 

RqSTEP decreased at F > 7 J/cm2 while RqSCAN remained nearly constant over the fluence 

range.  The RqSTEP was similar for 80% and Oscan = 85%, while at Oscan = 90%, RqSTEP was 

higher (at λ = 343 nm).  However, RqSCAN had similar values for Oscan = 80%, 85% and 

90% at all wavelengths. 
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The WqSTEP and WqSCAN of the machined regions is given in Figure 6.13.   

 
Figure 6.13.  (a, c, e) Step direction waviness (b, d, f) scan direction waviness as a 

function of fluence for 10 × Δy interlaced scan machining of N-BK7® using  

PRR = 20 kHz (a, b) λ = 1030 nm, d0 = 35.5 µm (c, d) λ = 515 nm, d0 = 20 µm  

(e, f) λ = 343 nm, d0 = 20 µm. 

 

WqSTEP had similar values and trends as WqSCAN for Oscan ≤ 90% at all wavelengths.  

For instance, at λ = 1030 nm and Oscan =90%, WqSTEP and WqSCAN increased with the 

increase in fluence from 1 µm for F = 3.1 J/cm2 to 2.3 µm for F = 10.6 J/cm2.  On the 

other hand, WqSTEP and WqSCAN were nearly constant at Wq ≈ 0.6 µm at λ = 515 nm and 

343 nm when Oscan = 80%.  However, it should be noted that the maximum ablation depth 

obtained by Oscan = 80% at λ = 343 nm was only ≈ 18 µm.   
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The step direction profile spectra at different fluence values for Oscan = 85% at 

λ = 1030 nm, 515 nm and 343 nm are shown in Figure 6.14.   

 
Figure 6.14.  Step direction roughness spectrum of N-BK7® surfaces machined with 

10 × Δy interlaced scan, Oscan =95% using PRR = 20 kHz (a) λ = 1030 nm,  

d0 = 35.5 µm (b) λ = 515 nm, d0 = 20 µm (c) λ = 343 nm, d0 = 20 µm. 

 

A common peak was observed at spatial wavelength ≈ 18.5 µm close to the interlace 

step of 18.29 µm for all three wavelengths of the laser.  The amplitude of this peak was 
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higher at lower fluence values and dropped as the fluence increased.  This effect is 

especially profound at λ = 343 nm, as can be seen in Figure 6.14 (c).  Another common 

peak was observed at 63.7 µm, similar to that observed for interlaced machining of fused 

silica.  The wavelengths λ = 1030 nm and 515 nm had higher amplitude peaks at spatial 

wavelengths > 80 µm corresponding to the higher values of waviness of the machined 

regions. 

The results provided in Section 6.3 demonstrate that machining of N-BK7® is 

possible using picosecond laser pulses.  The best machining results were achieved using 

10 × Δy interlaced machining with λ = 1030 nm.  Oscan ≤ 85% had lower surface roughness 

but a lower range of ablation depth.  For instance, the ablation depth range (maximum 

depth – minimum depth) for Oscan = 97.5% was 184 µm with Sq of 1.7 – 3 µm for F = 3.1 

- 6.3 J/cm2, while the ablation depth range was 49 µm for Oscan = 85% with Sq of 1.5 - 

1.9 µm for F = 5.2 – 10.6 J/cm2.  Multiple passes at Oscan = 85% can be used to create the 

structures needed for micro-optics whereby the lower surface roughness can be further 

reduced by CO2 laser polishing [137]. 

The use of λ = 515 nm also provided lower and nearly constant surface roughness 

between Sq = 1.5 µm - 1.9 µm from F = 8 J/cm2 - 18 J/cm2 for Oscan ≤ 90% and hence 

provided better machining characteristics with almost uniformly rough surfaces.  Though 

the range of ablation depths provided by λ = 515 nm is less than that provided by 

λ = 1030 nm, the lower and almost uniform surface roughness over the fluence range 

make it suitable for machining of optics.  The smoothing post process developed for fused 

silica could not be applied for N-BK7® as it melted the surface, leaving behind micro-

cracks and bubbles.   

As the ablation depth per pass was lower for sequential machining of N-BK7®, and 

the material had a higher tendency to form debris, the interlaced scan technique is suitable 

for machining the material with higher efficiency.  A summary of the results of interlaced 

scan machining of N-BK7® is given in Table 6.2.   
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Table 6.2 .  Overview of interlaced machining of N-BK7®. 

λ (nm) 1030 nm 515 nm 343 nm 

d or d0 (µm) 35.5 35.5 35.5 35.5 20 20 20 20 20 

Oscan (%) 90 85.0 80.0 97.5 90.0 85.0 80.0 85.0 80.0 

Max depth (µm) 163 124 82.0 205 148 86.0 52.0 26.0 18.0 

Max Sq (µm) 1.9 2.0 1.9 2.1 1.9 1.8 1.2 1.7 1.5 

Max F (J/cm2) 7.4 10.6 10.6 5.6 17.8 19.9 19.9 9.0 9.0 

Ablation rate  

(mm3/min) 1.3 1.4 1.3 0.4 0.6 0.6 0.5 0.2 0.2 

Ablation 

efficiency  

× 10-3 (mm3/J) 14.5   11.5  10.1   5.9  9.7  7.5  6.1  5.0  4.6  
 

 

The ablation efficiency was higher than that achieved with sequential scan 

machining of N-BK7®.  The ablation efficiency dropped for lower Oscan while the ablation 

rate remained nearly constant regardless of the Oscan.  The highest ablation efficiency and 

ablation rate were achieved at λ = 1030 nm making it suitable for machining the material. 

 Machining of N-LaF21 using PRR = 20 kHz 

N-LaF21 has similar thermal parameters to N-BK7® with a softening point of 

729°C (46% lower than fused silica).  The material has a high coefficient of thermal 

expansion (CTE) of 6 ppm/°C for the temperature range of –30°C to 70°C and 7.1 ppm/°C 

for the temperature range of 20°C to 300°C [62], which was more than 12 times higher 

than the CTE of fused silica.  The Knoop hardness was the  highest of the four materials 

considered (730 kg/mm2) and was 40% higher than fused silica [62], while the thermal 

conductivity was 0.83 W/m·K which was 39.5% lower than fused silica [63] and N-BK7® 

(1.114 W/m·K) [61].  The heat capacity was 0.55 J/g·K which was 28.5% lower than 

fused silica.  The material has a lower internal transmittance of 64% (for 10 mm thick 

material) at λ = 350 nm compared to λ = 500 nm and λ = 1060 nm where the internal 

transmittance is 99% [88]. 

Due to the high CTE, extra precautions had to be taken while machining the 

material to avoid cracking of the glass [25].  It was noted that the glass developed cracks 

with parameters that caused partial machining or back side machining.  This was due to 

the energy being absorbed in the bulk of the material, causing thermal stresses inside the 

material.  Hence care was taken to keep the incident fluence significantly above the 

ablation threshold of the material.  The material tended to form fibres or fused debris 

more readily compared to N-BK7® or fused silica.  This narrowed the range of useful 
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processing parameters for the material as low fluence tended to create cracks while higher 

fluence caused the formation of fused debris.  Furthermore, as the material was prone to 

thermal damage, the parameter maps were only prepared at PRR = 20 kHz.  The laser 

tended to stop working midway during the process especially while processing N-LaF21 

and S-TiH53 making it challenging to create parameter maps. This could be due to the 

high refractive index of the material causing significant back reflections.  

The machined samples (sequential and interlaced) were placed in the ultrasonic bath 

for 2 - 3 cycles to remove the debris that were attached to the surface.  Since a large crack 

developed across the sample containing pockets machined (sequential and interlaced 

parameter map) at λ = 1030 nm (Oscan ≤ 85%), this sample was cleaned using only one 

cycle to avoid further damage.   

 Sequential machining of N-LaF21 

An overview of the machining results obtained for N-LaF21 using the sequential 

raster scan technique is given in Figure 6.15.  Examples of the surfaces produced are 

given in Figure 6.16.  Most of the machining parameters formed debris on the surface, as 

can be seen in Figure 6.16 (a), (d), (e), (g), and (h), and hence would not be suitable for 

preparation of optics.  The use of low fluence (F = 4.2 J/cm2) with Oscan = 85% and 80% 

at λ = 1030 nm produced a crack on the machined surface, as shown in Figure 6.16 (c).  

However, at λ = 1030 nm, a small range of parameters at Oscan = 90% provided results 

where debris could be removed using the ultrasonic bath, but only with multiple cycles.  

The depth range provided was 44 µm, while the surface roughness ranged from Sq = 1.1 

µm to 2.1 µm within this range.   
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Figure 6.15.  Overview of sequential raster machining of N-LaF21 with the sample 

placed at focus using (a) λ = 1030 nm, d0 = 35.5 µm, (b) λ = 515 nm, d0 = 20 µm and 

 (c) λ = 343 nm, d0 = 20 µm at PRR = 20 kHz. 
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Figure 6.16.  Examples of 1 ×1 mm surfaces machined on N-LaF21 using 

sequential raster scan using PRR = 20 kHz.  Surfaces were measured using the 

Alicona InfiniteFocus optical profilometer. 

 

In general, sequential machining of N-LaF21 created surfaces with fused debris and 

fibres.  Hence extensive cleaning using multiple cycles in the ultrasonic bath had to be 

used to get rid of the debris.  Figure 6.16 (g) shows a surface where the layer of debris 

chipped away from the machined pocket during the ultrasonic bath cleaning cycle, leaving 

behind a damaged surface.   

 Interlaced machining of N-LaF21  

The overview of machining of N-LaF21using a 10 × Δy interlaced scan at λ = 1030 
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nm, 515 nm and 343 nm is given in Figure 6.17 with examples of the type of surfaces 

obtained shown in Figure 6.18. 

 

 
Figure 6.17.  Overview of 10 × Δy interlaced scan machining of N-LaF21 with the 

sample placed at focus using (a) λ = 1030 nm, d0 = 35.5 µm, (b) λ = 515 nm, d0 = 20 

µm and (c) λ = 343 nm, d0 = 20 µm at PRR = 20 kHz.  The regions inside the dark 

borders provide good results for machining. 
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Figure 6.18.  Examples of 1 ×1 mm surfaces machined on N-LaF21 using 10 × Δy 

interlaced scan using PRR = 20 kHz (a,b,c) λ = 1030 nm, d0 = 35.5 µm 

 (d,e,f) λ = 515 nm, d0 = 20 µm (g,h,i) λ = 343 nm, d0 = 20 µm.  Surfaces were 

measured using the Alicona InfiniteFocus optical profilometer. 

 

Interlaced machining of N-LaF21 produced a wide variety of surfaces.  A high scan 

overlap with high fluence caused the surface to be damaged for all three wavelengths.  In 

this case, the debris was violently removed from the surface leaving behind fragments of 

glass along with cracks as can be seen in Figure 6.18 (a) and (d).  This effect was observed 

at Oscan = 98.75% with F = 10.6 J/cm2 for λ = 1030 nm, at Oscan ≥ 97.5% with F ≥ 15.6 

J/cm2 for λ = 515 nm, and at Oscan = 98.75% with F = 9 J/cm2 for λ = 343 nm (regions 

highlighted dark red in Figure 6.17).  Surfaces machined below this range of parameters 
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had a thick layer of debris covering the machined region, as can be seen in Figure 6.18 

(b) and (e) for λ = 1030 nm and 515 nm respectively.  For λ = 343 nm, however, besides 

F = 9 J/cm2 with Oscan = 98.75%, the regions that were machined using high fluence were 

observed to melt (highlighted blue in Figure 6.17), as shown in Figure 6.18 (g).  For N-

LaF21, the material has a higher tendency for thermal accumulation compared to fused 

silica and N-BK7®.  Partial machining was observed at F = 1.5 J/cm2, Oscan = 80% at λ = 

343 nm as can be seen in Figure 6.18 (i).  For λ = 1030 nm, on the other hand, low fluence 

F ≤ 4.2 J/cm2 for Oscan ≤ 90% caused cracks on the surface.   

Most of the regions machined using Oscan ≤ 90% with F ≥ 5.2 J/cm2 for λ = 1030 nm 

had a light layer of debris scattered on the surface.  These regions (highlighted green) had 

high surface roughness Sq = 2.1 µm – 8.4 µm and hence could not be used for machining 

optics.  At λ = 343 nm, it was possible to have machining without melting or damage; 

however, the ablation depth range provided was small (< 22 µm) while the PV values of 

the surface were same as the average depth.  Relatively good machining parameters were 

obtained using λ = 515 nm and Oscan ≤ 90%.  The ablation depth and surface roughness 

obtained with these parameters are given in Figure 6.19.   

 

 
Figure 6.19.  (a) Ablation depth (b) Surface roughness Sq, as a function of fluence 

for 10 × Δy interlaced machining of N-LaF21 using λ = 515 nm, d0 = 20 µm 

 at PRR = 20 kHz. 

 

Ablation depth plotted as a function of incident fluence (on a log scale) curves 

upwards slightly. Hence it is possible that the mass absorption coefficient of the plume 

was lower than that of the material [157]. The surface roughness Sq varied from 1.6 µm 

to 3.1 µm depending on fluence and Oscan values used.  The ablation depth and Sq were 

higher for higher Oscan.  Scan overlap of 90% provided a maximum depth of 273 µm with 

Sq up to 3 µm, for Oscan = 85%, the maximum ablation depth was 215 µm with Sq up to 
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2.6 µm, while for Oscan = 90%, the maximum depth was 150 µm with Sq up to 2.3 µm.   

The step and scan direction roughness and waviness of the machined regions are 

given in Figure 6.20 

 

 
Figure 6.20.  (a) Step direction roughness (b) scan direction roughness (c) step 

direction waviness (d) scan direction waviness as a function of fluence for 10 × Δy 

interlaced scan machining of N-LaF21 at PRR = 20 kHz, λ = 515 nm, d0 = 20 µm. 

 

The RqSCAN increased with the increase of fluence while RqSTEP had a random trend.  

A similar random trend was observed for WqSTEP and WqSCAN.  The range of values of 

step and scan direction roughness and waviness was similar.  However, the step and scan 

direction roughness and waviness were generally higher for higher Oscan at similar fluence 

values.   

The step direction profile spectrum of the regions machined using different fluence 

values with λ = 515 nm and Oscan = 85% is shown in Figure 6.21. 
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Figure 6.21.  Step direction roughness spectrum of N-LaF21 surfaces machined with 

10 × Δy interlaced scan, Oscan = 85% using PRR = 20 kHz, λ = 515 nm,  

d0 = 20 µm. 

 

The step direction line spectra show a common peak at spatial wavelength 

≈ 18.4 µm which was similar to the interlace step pitch.  Other common peaks were 

observed at the spatial wavelengths of approximately 26 µm and 64.7 µm.  The peak at 

18 µm had the highest amplitude at F = 6.4 J/cm2, while for other fluence values, the 

amplitude was similar.   

The results in this section show that though it is possible to machine N-LaF21 

without cracking, extra precautions must be taken to avoid parameters which cause 

melting, damage or debris on the surface using high pulse energy density.  Similarly, care 

should be taken to avoid partial machining and hence avoid cracks and shattering of the 

material.   

Sequential machining did not provide good results as the material showed a high 

tendency to form debris that was seen as a layer on the surface.  Interlaced machining 

enabled better absorption of incident energy, and the self-cleaning mechanism made it 

possible to machine the surface while suppressing the formation of debris.  The material 

could be machined successfully with the help of 10 × Δy interlaced machining using the 

narrow range of parameters at λ = 515 nm.  Considering the ablation depth range and 

surface roughness, Oscan = 85% and 80% provided the best machining results at 

λ = 515 nm.  The smoothing post process tended to melt the material leaving behind 

micro-cracks and bubbles on the surface (see Error! Reference source not found.), and 

hence could not be used. 

The overview of the machining results of N-LaF21 using interlaced scan technique 

at PRR = 20 kHz is given in Table 6.3.  Since the machining produced high roughness, 
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the overview presented shows the machining parameters for Sq up to 3 µm.  The 

maximum ablation rate was 1.41 mm3/min.   

 

Table 6.3.  Overview of interlaced machining results for N-LaF21 

Wavelength (nm) 515 nm 

Spot diameter (µm) 20 20 20 

Oscan (%) 90 85 80 

Max depth (µm) 273 215 149 

Max Sq (µm) 3 2.7 2.3 

Max fluence (J/cm2) 15.6 19.9 19.9 

Ablation rate (mm3/min) 1.20 1.41 1.31 

Ablation efficiency × 103(mm3/J) 20.4 18.9 18.4 
 

 

 Machining of S-TiH53 using PRR = 20 kHz 

S-TiH53 has a CTE of 8.8 ppm/°C for the temperature range –30 °C to 70 °C and 

10.4 ppm/°C for the temperature range 100 °C to 300 °C, which is more than 18 times 

higher than the CTE of fused silica [63].  S-TiH53 has the highest CTE of the glass 

materials considered in this thesis.  Furthermore, this material has the lowest softening 

point of 692 °C, which is close to that of N-BK7® and N-LaF21.  The material’s Knoop 

hardness of 520 kg/mm2 [65] is similar to that of fused silica (522 kg/mm2).  The thermal 

conductivity of the material is 1 W/(m·K) while the heat capacity is 0.61 J/g·K.  The 

material is nearly opaque at λ = 343 nm [65] while it is nearly transparent at λ = 515 nm 

(97.1%) and 1030 nm (99.9%). 

The high CTE makes laser machining of S-TiH53 difficult, and the material 

fractured easily compared to the other glass materials considered in this thesis [25].  

Similar to N-LaF21, the laser often stopped working midway through the machining 

process, making it challenging to prepare parameter maps.  The use of Oscan > 95% caused 

large cracks, shattering the glass samples, and hence the results in this section are limited 

to lower Oscan.  Furthermore, as the material had a higher tendency to form debris that 

was fused to the surface, the machined glass sample was placed in the ultrasonic bath for 

up to 3 cycles inverting the sample between the cycles. 

 Sequential machining of S-TiH53 

The overview of sequential machining results obtained for S-TiH53 is given in 

Figure 6.22 with examples of the types of surfaces obtained is shown in Figure 6.24.  An 

example of the S-TiH53 material machined using the picosecond laser showing the black 

material formed is given in Figure 6.23. 
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Figure 6.22.  Overview of sequential raster machining of S-TiH53 with the sample 

placed at focus using (a) λ = 1030 nm, d0 = 35.5 µm, (b) λ = 515 nm, d0 = 20 µm and 

 (c) λ = 343 nm, d0 = 20 µm at PRR = 20 kHz. 

 

 
Figure 6.23.  Machined STiH53 sample after washing in an ultrasonic bath.  The 

image was captured using a digital camera.  
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Figure 6.24.  Examples of 1 ×1 mm surfaces machined on S-TiH53 using sequential 

raster scan using PRR = 20 kHz.  Surfaces were measured using the Alicona 

InfiniteFocus optical profilometer. 

 

The overview shows that sequential machining resulted in damage, black debris or 

melting over most parameters for λ = 1030 nm and 515 nm.  Though there was a window 

of useful parameters which resulted in machining of S-TiH53 using λ = 343 nm, the 

ablation depth achieved was low (up to 8.5 µm at 95% scan overlap) with high PV values 

similar to the ablation depth.   
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 Interlaced machining of S-TiH53 

The overview of 10 × Δy interlaced scan machining results obtained for S-TiH53 is 

given in Figure 6.25 with examples of the type of surfaces obtained given in Figure 6.26. 

 

 
Figure 6.25.  Overview of 10 × Δy interlaced scan machining of S-TiH53 with the 

sample placed at focus using (a) λ = 1030 nm, d0 = 35.5 µm, (b) λ = 515 nm, d0 = 20 

µm and (c) λ = 343 nm, d0 = 20 µm at PRR = 20 kHz.  The regions inside the dark 

borders provide good results for machining. 

 

The overview of the machining results shows that a very narrow window of useful 

parameters was available for machining S-TiH53 at λ = 515 nm.  The softening point is 

the lowest compared to the other materials considered in this thesis. Hence this material 

is more prone to thermal accumulation effects and showed signs of melting for a large 

range of parameters.  At λ = 1030 nm, Oscan = 90% provided an ablation range of 200 µm, 

but the surface had fine debris scattered as can be seen in Figure 6.26 (b).  This debris 

could not be removed using the ultrasonic bath.  Cracks were seen at λ = 1030 nm for 

Oscan ≤ 85% with F = 4.2 J/cm2 (see Figure 6.26 (c)).  A layer of black debris was also 

seen to form at λ = 1030 nm and 515 nm for high fluence and Oscan, as can be seen in 

Figure 6.25.  At λ = 343 nm, the maximum ablation depth obtained without melting was 

11 µm at Oscan = 90%, F = 3.8 J/cm2.  Hence λ = 1030 nm and 343 nm could not be used 

for machining of S-TiH53 to prepare optics.   
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Figure 6.26.  Examples of 1 ×1 mm surfaces machined on S-TiH53 using 10 × Δy 

interlaced scan using PRR = 20 kHz (a,b,c) λ = 1030 nm, d0 = 35.5 µm 

 (d,e,f) λ = 515 nm, d0 = 20 µm (g,h,i) λ = 343 nm, d0 = 20 µm.  Surfaces were 

measured using the Alicona InfiniteFocus optical profilometer. Note: The red circle in 

(b) provides a magnified view of the surface. 

 

The ablation depth and Sq of the parameter window available at λ = 515 nm are 

given in Figure 6.27.   
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Figure 6.27.  (a) Ablation depth (b) Surface roughness Sq, as a function of fluence 

for 10 × Δy interlaced machining of S-TiH53 using λ = 515 nm at PRR = 20 kHz. 

  

The ablation depth range was 48 µm for Oscan = 85% and 19.5 µm for Oscan = 80%.  

Due to the low number of points and measurement error in depth, a clear conclusion on 

the nature of the mass absorption coefficient of the plume cannot be made in this case.  

The Sq ranged from 1.9 µm to 2.4 µm for this set of parameters.  The ridge pattern (see 

Figure 6.26 (f)) resulted in the large error bars in the depth measurement.  Furthermore, 

melting was observed at Oscan = 80% above F = 11 J/cm2.  The smoothing post process 

also caused melting forming cracks on the surface (see Error! Reference source not 

found.). 

Titanate refers to inorganic compounds containing titanium oxides.  Titanium has 

oxidation states of 4, 3, 2, 1,-1 and -2 which cause it to form a variety of compounds.  The 

black material formed on the surface of S-TiH53 can hence be Titanium oxide TiO or 

Trititanium pentoxide Ti3O5 which are dark crystalline solids or can be a compound of 

the other constituents of the glass material.  As the black material has been found to get 

embedded below the surface of the glass, this material is not suited for machining optics.   

 Conclusion 

The material N-BK7® could be machined using λ = 1030 nm, 515 nm and 343 nm 

using both the sequential and interlaced machining technique.  The interlaced machining 

technique provided the highest ablation rates at λ =1030 nm.  However, considering the 

ablation depth range and lower surface roughness, the use of 515 nm Oscan = 90% provided 

suitable machining results that could be used for the preparation of optics.   

N-LaF21 could not be machined effectively using the sequential raster scan 

technique.  However, the interlaced scan technique provided a parameter window for 
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good machining at λ = 515 nm.  A scan overlap of 85% and 80% provided a good ablation 

depth range although the surface roughness was high.   

Though S-TiH53 could be machined using the interlaced scan technique at λ = 1030 

nm, due to the fine debris scattered and the quality of the machined surface, these 

parameters cannot be used for micro-machining of optics.  Though λ = 515 nm provided 

a small machining window, the ablation depth range provided was small for practical 

purposes.  Furthermore, the material demonstrated a tendency to form a black residue that 

was often noticed under the glass surface in cases of melting.  Hence this material was 

not suitable for preparation of optics.   
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Fabrication of optical components 

 Introduction 

The results presented in Chapters 4 and 5 demonstrated the sequential and 

interlaced machining techniques for fused silica, while in Chapter 6 suitable parameters 

were identified for machining of N-BK7® and N-LaF21.  In this chapter, the optimum 

machining parameters are used to manufacture optics from fused silica and N-BK7® glass 

substrates by modifying the incident pulse energy.   

Fused silica has a CTE one order of magnitude lower than N-BK7®, N-LaF21 and 

S-TiH53 making it easier to machine and polish [25].  The process chain used for 

preparing fused silica optics is shown in Figure 7.1.  The process includes the following 

steps: (i) optic design, (ii) picosecond laser machining, and (iii) CO2 laser polishing.  As 

can be seen in Figure 7.1, the picosecond laser machining step includes two stages: (a) 

interlaced machining in which a focused laser beam is used to generate a desired shape 

of optics in accordance with the optic design, and (b) smoothing in which a defocused 

laser beam is used to reduce the surface roughness generated by interlaced machining.  

 

 
Figure 7.1.  Process chain for manufacture of optics showing the optic design, 

machining and polishing stages.  

The smoothing post process was applied only to fused silica because this process 

caused melting of N-BK7® which led to the formation of cracks as noted in Chapter 6.  

The results of picosecond laser machining of fused silica and N-BK7® optics are 

presented in Section 7.4 while Section 7.5 discusses two CO2 laser-based polishing 



191 

 

techniques which were used to achieve optically smooth surfaces of the laser generated 

optics. 

 Step 1: Optic design  

During this step, based on the required optic, the desired shape was calculated and 

converted into the program for machining the required depth.  The Trumpf TruMicro 

5X50 laser’s galvoscanner was controlled using the Trumicro software provided by the 

company.  As this software provided geometric shapes for marking purposes, it was only 

possible to use these for programming optics.  For instance, by controlling the power (set 

point) using a constant scan speed while drawing lines, it was possible to make a 

cylindrical lens. On the other hand, it was possible to make a spherical lens by drawing 

circles and adjusting the power (set point) using a constant scan speed.  Due to the 

simplicity of design and polishing as well as ease of testing, cylindrical lenses were 

prepared; although other optics have also been prepared and are provided in Error! 

Reference source not found..  The desired shape of a cylindrical lens was generated by 

machining lines with a constant scan overlap (e.g. Oscan = 95%) and a constant interlaced 

step overlap of 10 × Dy (where Dy = 1.829 µm) while modifying the pulse energy of the 

lines.  Hence, in the case of a cylindrical lens, the lens curvature was along the step 

direction of the machined area.  The radius of curvature RoC of the lens was calculated 

as follows: 

 RoC = 𝑓(nd − 1) (7.1)  

where f is the focal length of the optic and nd is the refractive index of the material.  A 

Matlab script was used to generate the necessary laser program lines setting the scan 

speed, scan direction, power, and other parameters to prepare the optic.  The generated 

lines were then imported into the .xml file of the Trutops program.  This modified file 

was then saved in the standard Trutops software format (.pfo) and loaded into the Trumpf 

TruMicro 5X50 laser to machine the desired optic.   

The flow chart of the Matlab script is shown in Figure 7.2.  The Matlab script was 

programmed to first acquire details about the starting ‘x’ and ‘y’ position of the optic, the 

length and breadth of the optic, the type of optic and (in the case of a lens) the focal length 

of the optic.   The script then used the information to set the scan speed and start and end 

points of the interlaced lines.  After defining the machining lines as an array, the script 

calculated the required depth (in µm) and hence the laser power for each line, using 

interpolated data fitted to the acquired parameter maps.  The minimum power used was 

selected such that it was above the threshold fluence to avoid partial machining while the 
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maximum power was limited to the laser’s maximum power.   

 

 
Figure 7.2.  Flow chart of the Matlab script to generate a Trutops file for a desired 

optic (e.g.  cylindrical lens). 

 
Figure 7.3.  An example of the expected profile and power (set point of laser) of lines 

of a Matlab generated program to prepare a 100 mm focal length lens on fused silica 

at λ = 1030 nm Oscan = 95% at 400 kHz PRR with 1 pass of 10 × Δy interlaced scan.   
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 Step 2: Picosecond laser machining of optics 

This step involved the execution of the prepared Trutops program on the Trumpf 

TruMicro 5X50 laser to create the desired shape on the glass substrate.  The glass 

substrate was cleaned, placed on the prepared mount, and clamped into place.  The stage 

was moved to position the glass sample at the focal plane of the laser under the galvo 

scanner.  The program was then executed to machine the glass substrate.  For fused silica, 

this step also included the smoothing step to reduce the surface roughness by lowering 

the glass substrate to be below the focal plane, hence using a larger spot diameter.  After 

machining and smoothing, the glass was cleaned using the ultrasonic bath and then 

characterised.   

Fused silica could be machined at the maximum pulse repetition rate of the laser 

400 kHz without a significant change in the surface roughness compared to machining at 

PRR =20 kHz.  However, the use of a high repetition rate to machine N-BK7® resulted in 

surfaces with around two times higher surface roughness possibly due to the lower 

melting temperature of the material.  Due to the lack of laser-based polishing techniques 

for N-LaF21 and S-TiH53, they were not machined into lenses.  Furthermore as noted in 

Chapter 6, picosecond laser machining of S-TiH53 produced a black residue which was 

observed on top as well as under the glass surface making the laser processed material 

unsuitable for use as optics.   

 The machined surfaces had a characteristic curve from the side wall leading to the 

bottom of the machined region, as shown in Section 5.4.2 of Chapter 5.  Such curves in 

the machined regions were seen when structures deeper than 300 µm were machined.  

This effect was negligible in optics created with ablation depths less than 300 µm.   

In Chapters 4 and 5, a unidirectional interlaced scan was used for the preparation 

of the parameter maps.  When this unidirectional raster scan was used for the generation 

of optics, the machined surfaces were found to be asymmetric, as can be seen in Figure 

7.4.  The depth difference between the two opposite areas generated by the same fluence 

was as large as 55 µm. 
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Figure 7.4.  An example of a 20 mm focal length lens machined using unidirectional 

10 × Δy interlaced scan with Oscan = 95% at λ = 515 nm with 4 passes.  Measured 

using the Alicona InfiniteFocus optical profilometer.  

 

To investigate this difference in depth between the start and end regions of the 

machined area, a parameter map was created with fluence decreasing from the highest 

fluence up to the ablation threshold following which the fluence was increased from the 

ablation threshold up to the highest fluence. 

  

 

Figure 7.5.  Program to test the effect of increasing fluence vs decreasing fluence on 

ablation depth using Oscan = 95% with 10 × Δy interlaced scan 515 nm with multiple 

passes (400 kHz). 

 

The machined region resembled steps starting from the deepest region up to the 

shallowest followed by increasing depth up to the deepest region, as illustrated in Figure 

7.5.  This test was performed using Oscan = 95% with 515 nm wavelength at PRR = 400 

kHz.  It was observed that in all cases, the ablation depth was greater when the fluence 

was increased from low fluence to high fluence, as can be seen in Figure 7.6.  The 

maximum difference in ablation depth increased with the number of passes from depth 

= 7 µm for 1 pass to depth = 19 µm for 4 passes.  A similar test was performed at λ = 

1030 nm with a similar outcome. However, as the volume of material removed was high, 

and the channels were 1 mm × 1 mm in dimension, the narrow and deep ablated pockets 

had debris stuck inside.  Furthermore, at Oscan = 95%, the 1 mm thick sample was drilled 

through in 4 passes and the deep structures had curved walls which made it difficult to 

measure the ablated depth.  
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Figure 7.6.  Effect of increasing vs decreasing pulse energy on the ablation depth 

using Oscan = 95% with 10 × Δy interlaced scan 515 nm with multiple passes (400 kHz). 

 

The cause of this can be attributed to the direction of the debris ejection as seen in 

Section 4.3.1.  The debris was observed to be deposited towards the leading edge of the 

machined region in the step direction.  The subsequent raster scans of the interlaced scan 

encountered this layer of debris, and hence the efficiency of the process dropped.  The 

difference in ablation depth (depth) measured in Figure 7.6 was lower than the 

difference observed on the machined lens.  This could be due to the size of the optic which 

created a larger machined volume creating a higher amount of debris.  Such asymmetry 

introduced due to shielding by debris was also observed by Albri et al. [24]. 

An alternating direction interlaced scan was developed to minimise this effect 

where the scan direction was alternated in every consecutive line, and the step direction 

was alternated in every consecutive raster of the interlaced scan (see Figure 7.7).  Hence 

the effect of debris shielding impacted both sides of the machined region equally, 

providing symmetry in the optic.   
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Figure 7.7.  Alternating direction interlace raster scan used to reduce the difference 

in depth due to debris shielding as the process is symmetric. 

 

 Due to the higher ablation rate available at λ = 1030 nm, it was selected for 

machining of optics.  Twenty cylindrical lenses were machined using λ = 1030 nm, 

Oscan = 95%, 10 × Δy alternating direction interlaced scan at 400 kHz PRR, and 1 pass.  

The machined surfaces were analysed using the Alicona optical profilometer, and the 

hysteresis was measured by taking a line profile across the lens and measuring the average 

depth at the end flat regions of the machined area.  The hysteresis in the machined 

structures (5.4 µm) was negligible as it was below the PV of the surface roughness (13.2 

µm).   

 Results of Picosecond laser machining of fused silica  

A set of 20 lenses with focal lengths of 100 mm was prepared to test the machining 

repeatability and the polishing efficiency.  Due to the high ablation rate provided by λ = 

1030 nm, it was used for the machining of all the lenses in this chapter.  These lenses 

were machined on a 15 × 15 mm area with the lens surface occupying 8 × 15 mm with a 

3.5 mm border on both sides of the lens.  This was done to help the polishing process 

avoid sharp transitions.  The maximum depth of the optic was 236 µm at the maximum 

fluence while the minimum depth of the optic was 100 µm at fluence above the ablation 

threshold as measured from the top surface of the glass.  An example of a 100 mm focal 

lens prepared on a fused silica substrate using the alternating direction interlaced scan 

technique with Oscan = 95% at 400 kHz is shown in Figure 7.8.  The missing data points 

in the acquired image due to the limitations of the Alicona optical profilometer were 

interpolated using the solution to the Laplace equation (as provided by Gwyddion which 

is a free open source software intended for analysing height fields [149]), and the resultant 

3D image is given in Figure 7.8. 



197 

 

 

Figure 7.8.  3D plot of fused silica 100 mm focal length lens (number 13) machined 

using Oscan = 95%, 10 × Δy alternating direction interlaced scan 400 kHz PRR, 1 pass.  

The surfaces was measured using the Alicona InfiniteFocus optical profilometer. 

 

The surface was analysed using the Alicona optical profilometer.  For the surface 

form measurement, the region of interest (RoI) was 2.9 mm × 16.6 mm which captured 

the form of the optic, as shown in Figure 7.8.  For the surface roughness, individual 

measurements were carried out (using the same capture settings implemented in Chapters 

4, 5 and 6) on a RoI = 1.4 mm × 1.1 mm.  The radius of curvature (RoC) was measured 

using a curve fitting tool on the Alicona software with an average of five measurements 

on different regions of the lens, while the surface roughness Sq was measured after 

removing the curve and tilt of the surface.  The scaling error which is used by industry to 

denote the deviation from the intended design is calculated as 

 Scaling error =  
𝑅𝑜𝐶𝑖𝑛𝑡𝑒𝑛𝑑𝑒𝑑 − 𝑅𝑜𝐶𝑚𝑎𝑐ℎ𝑖𝑛𝑒𝑑

𝑅𝑜𝐶𝑖𝑛𝑡𝑒𝑛𝑑𝑒𝑑
 × 100 (7.2) 

 

This lens was designed to have a RoC = 45.8 mm corresponding to the desired focal 

length of 100 mm.  However, the measured RoC for lens 13 was 40.9 µm (10.7 scaling 

error).  The lens had a higher surface roughness of Sq = 2.3 µm in the trench region of the 

lens while the crest region of the lens had Sq = 1.9 µm.   

The result of the measured RoC for all 20 machined lenses is given in Figure 7.9.  

The error bars denote the maximum and minimum values of the five measurements of the 

RoC.   
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Figure 7.9.  (a) Measured RoC (each data point is an average of 5 measurements) (b) 

Sq in the crest and trench region, of the 20 machined fused silica lens.  100 mm focal 

length machined using 1030 nm, Oscan = 95%, 10 × Δy interlaced scan 400 kHz PRR, 

1 pass. 

 

It can be seen in Figure 7.9 (a) that the RoC values are in the range of 39 mm 

(14.8 scaling error) to 42 mm (8.3 scaling error), and thus none of the machined lenses 

has the desired RoC of 45.8 mm.  The surface roughness was always higher in the trench 

region of the lens with average Sq = 2.5 µm while the surface roughness in the crest region 

had an average of Sq = 2 µm.  This was due to the higher fluence used for machining the 

deeper regions of the lens.   

 Figure 7.10 provides an example of this effect for lens number 13 which had a RoC 

of 40.9 mm.  The red line represents the profile considering the intended RoC of 45.8 mm 
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with depth = 136 µm while the green line is the fitted curve with RoC of 40.9 mm and 

measured depth of 160 µm.  The difference between the machined curve and the curve 

for RoC = 45.8 mm (form error) and 40.9 mm is given in Figure 7.10 (b).   

 
Figure 7.10.(a) Machined surface profile of fused silica lens, intended RoC of 45.8 

mm and measured RoC of 40.9 mm (b) difference between machined curve and RoC 

of 45.8 mm and RoC of 40.9 mm (lens number 13).  The surface was measured using 

the Alicona InfiniteFocus optical profilometer. 

 

The optic was designed to have a depth range (maximum depth – minimum depth) 

of 136 µm.  However, as seen in Figure 7.10, the measured depth range was 160 µm.  The 

maximum depth of the machined region was similar to the intended depth while the 

minimum depth (at the crest of the lens) was 13 µm lower than the intended depth.  This 

change in depth caused the change in RoC.  The cause of this difference may be due to 

shielding by debris or due to the laser output fluctuations noted in Section 3.2.2.  The 

difference was lower for higher fluence while it was significant at lower fluence values.  

This was possibly due to the shockwave cleaning the surface more effectively at higher 

fluence.  Nevertheless, this ‘form error’ needs to be accounted for in future optic designs.   
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 Results of Picosecond laser-based machining of N-BK7®  

Although it is possible to machine N-BK7® at PRR = 400 kHz without fused debris, 

it was observed that a surface machined using PRR = 400 kHz had higher roughness 

(Sq = 6.2 µm) and ridges (PV = 49.6 µm) than a surface machined using 20 kHz 

(Sq = 2.8 µm and PV = 35 µm) as seen in Figure 7.11.   

 

 
Figure 7.11.  N-BK7® surface machined using F =10.6 J/cm2 at λ = 1030 nm, Oscan = 

95%, 10 × Δy alternating direction interlaced scan (a) at PRR =400 kHz  

(b) at PRR = 20 kHz, showing higher surface roughness for PRR = 400 kHz. Surfaces 

were measured using the Alicona InfiniteFocus optical profilometer. 

 

Ridges were observed to be approximately 45 degrees to the scan direction.  This 

difference in machining results can be attributed to thermal build-up as the overlap and 

fluence in both cases were the same.  Hence PRR = 20 kHz was used for machining the 

N-BK7® lens.  These lenses were also prepared on a 15 × 15 mm area, but due to the 

larger RoC, the lens occupied approximately 10 × 15 mm of the machined region leaving 

around 2.5 mm on both sides. 

A 3D image of lens number 29 machined using Oscan = 95% with 10 × Δy alternating 

direction interlaced scan at PRR = 20 kHz is shown in Figure 7.12.  The profile of the 

machined lens with the curve of the lens designed (RoC = 51.7 mm) and a curve for RoC 

= 58.5 mm is given in Figure 7.13 (a) and the deviations of the measured profile from 

RoC = 58.5 mm and 51.7 mm (form error) is given in Figure 7.13 (b).  The ridges in 

Figure 7.11 were only observed in the trench region of this lens which had a surface 

roughness of Sq = 2.4 µm, while the crest region of the lens had ridges running along the 

scan direction of the lens with Sq = 1.8 µm.   



201 

 

 
Figure 7.12.  3D plot of 100 mm focal length lens machined on N- BK7 using Oscan = 

95%, 10 × Δy alternating direction interlaced scan 20 kHz PRR, 1 pass  

(lens number 29).  The surface was measured using the Alicona InfiniteFocus optical 

profilometer. 

 

 

 
Figure 7.13.  (a) Machined surface profile of N-BK7® lens, intended RoC of 51.7 mm 

and fitted RoC of 58.5 mm (b) difference between machined curve and RoC of 51.7 

mm and RoC of 58.5 mm (lens number 29). The surface was measured using the 

Alicona InfiniteFocus optical profilometer. 
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The profile of the machined surface showed a significant deviation from the 

intended curve for the 100 mm lens (RoC = 51.7 mm), as can be seen in Figure 7.13.  The 

RoC of the machined lens was 6.7 mm shorter than the designed RoC of 51.7 mm (-13.2 

scaling error).  The minimum height of the machined region was 21.5 µm deeper than the 

intended depth.  The distortion in the lens was due to an error noted in the parameter map 

used for this design.  Seven lenses were machined using the same program to test the 

repeatability of the process.  The RoC and surface roughness of the seven machined N-

BK7® lenses are given in Figure 7.14, where the error bars represent the maximum and 

minimum measured RoC at five different locations on each lens.   

 
Figure 7.14.  (a) Measured RoC (b) surface roughness Sq, of the seven machined 

N- BK7, 100 mm focal length lenses machined using Oscan = 95%, 10 × Δy 

alternating direction interlaced scan 20 kHz PRR, 1 pass. 

 



203 

 

The RoC of the seven lenses varied from 56.8 mm (-9.6 scaling error) to 59.2 mm 

(- 14.5 scaling error) as can be seen in Figure 7.14.  The surface roughness in the crest 

region (Sq = 1.8 µm) of the lens was always lower than the surface roughness in the trench 

region (Sq = 2.5 µm) of the lens.  The higher surface roughness in the trench region of the 

lens was due to the higher fluence as can be seen in the parameter maps in Chapter 6.   

  

 Step 3: CO2 laser polishing of the machined fused silica optic 

The surfaces machined using a picosecond laser have high roughness as seen in the 

previous sections thus resulting in scattering of light.  Due to the aspheric nature of the 

surfaces, it is not possible to polish using conventional polishing techniques.  Non-

conventional polishing processes such as hydrogen flame plasma jet polishing [167], 

focused ion beam polishing [30], and CO2 laser polishing [20, 67] can be used on the 

glass materials.  CO2 laser polishing and hydrogen flame plasma jet polishing work by 

heating the glass surface close to its evaporation temperature to reduce the material’s 

viscosity, causing the molten material to flow under surface tension, thereby reducing the 

high-frequency surface roughness components [27, 67, 90].  The drawback of the 

hydrogen flame polishing is that this process does not have the required precise control 

of temperature.  CO2 laser-based polishing of glass materials has been successfully 

demonstrated and used for commercial purposes [20, 27, 38, 67, 90].  Hence the lenses 

machined using the picosecond laser were polished using CO2 laser-based polishing 

techniques.  Focused ion beam polishing is an expensive process and hence not cost 

effective for the large machined surfaces. 

The CO2 polishing was carried out by Powerphotonic Ltd and Fraunhofer ILT 

respectively. After machining of the fused silica samples, two CO2 laser-based polishing 

techniques were explored namely the Quasi-line scan technique developed by Fraunhofer 

ILT [38, 67] and the burst-mode laser polishing technique developed by Nowak et al.  

[27].  The samples were washed and carefully shipped to Powerphotonic Ltd and 

Fraunhofer ILT respectively.  The best results from each of these polishing techniques 

have been analysed and discussed in this section for machined flats and 100 mm focal 

length lenses. 

The polishing results for the flat surfaces helped us to identify the parameters that 

could be used for the polishing of the lenses.  As the laser-machined lenses had highly 

scattering surfaces, they were analysed using the Alicona optical profilometer, while the 

polished surfaces were analysed using the Zygo white light interferometer as they were 
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optically smooth.  The performance of the lens was analysed using a setup as shown in 

Figure 7.15 

 

 
Figure 7.15.  Setup used to test the performance of the prepared lens. 

 

The lens testing setup in Figure 7.15 consisted of a HeNe laser (Thorlabs HNL 

S008L-EC), a Galilean beam expander, a variable aperture to cut out stray reflections and 

a CCD camera (Spiricon SP620U).  The camera was used for capturing the laser beam 

profile generated by the laser-machined optics.  The beam profiles were analysed using 

the Spiricon beam profiling software.   

 Burst-mode laser polishing technique 

Nowak et al. described a polishing process based on an RF discharge excited planar 

waveguide CO2 laser [27].  This process has been used by PowerPhotonic Ltd. for the 

polishing of micro-optics manufactured using a CO2 laser machining process [19].  The 

CO2 laser polishing setup is shown in Figure 7.16.   
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Figure 7.16.  CO2 laser-based polishing setup as described by Nowak et al. [27]. 

 

The discharge-pulsing frequency of the laser was up to 10 kHz and provided pulse 

widths of 5 – 500 µs.  The laser pulses were then further chopped into bursts using a 

germanium acousto-optic modulator (AOM), which also controlled the laser power 

incident on the material.  The burst comprised of a long preheating pulse that quickly 

raised the material’s temperature to the desired point, followed by a train of short pulses.  

The surface of the material could be raised to a temperature near the evaporation point 

where the glass material’s viscosity was the lowest, and the train of short pulses following 

the preheating pulse maintained a high surface temperature without exceeding the 

evaporation temperature (2700 °C).  The laser beam was scanned across the surface by 

using a high precision X-Y stage, translating the workpiece at a predefined scan speed.  

The overlap of the melt zones created an accumulated melt lifetime.  The dwell time 

controlled the mass flow [76], and the surface temperature changed the surface tension, 

viscosity and absorption [66] of the material.  Hence by controlling the spot diameter, 

pulse duration, pulse overlap, laser power, scanning velocity and raster line spacing, it 

was possible to control the smoothing parameters of the polishing process.  Due to the 

commercial sensitivity of the process, the parameters currently used are not available.   

Two of the machined samples described in Section 7.3.1 were polished by 
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PowerPhotonic Ltd. using the burst-mode laser polishing technique.  As all the lenses 

were machined using the same initial settings, they had similar surfaces (similar surface 

roughness and curvature) as shown in Figure 7.9.  From these, sample 04 was polished 

using a higher dwell time with a lower laser pulse energy compared to the standard 

PowerPhotonic polishing parameters.  Sample 06 was polished using the standard dwell 

time used for polishing CO2 laser machined optics, but the laser power was higher than 

the standard process parameters.  The resultant surfaces in the crest (top of the lens) and 

the trench region (bottom flat surface) are given in Figure 7.17 along with the shape of 

the lens after polishing.  As the trench region of lens 06 had a smaller polished surface, 

the region in Figure 7.17 (d) was windowed accordingly to only measure the flat surface.   

The results in Figure 7.17 show that the polishing parameters used for lens 04 and 

lens 06 did not significantly improve the quality of the glass surface.  The resultant 

polished surfaces were still highly scattering although the polishing reduced the high-

frequency components of roughness.  The residual roughness in the crest region of lens 

06 was Sq = 0.6 µm (reduced from Sq = 2.1) while for lens 04 it was Sq = 1.1 µm (reduced 

from Sq = 1.8).  The surface roughness was measured after removal of the surface curve 

and tilt.  As the polishing process used was not optimised for deep structures (above 150 

µm), the polishing efficiency was not uniform across the lenses.  Hence in the trench 

region of the lens, the surface roughness was higher than the crest region.  The surface 

roughness values were Sq = 1.7 µm (reduced from Sq = 2.4) for lens 06, and Sq = 2 µm 

(reduced from Sq = 2.5) and for lens 04 in the trench region of the lens.  The surface ridges 

created in the interlaced scan machining technique were still retained in the polished lens.  

This can be seen in lens 04 (see Figure 7.17 (c)), which had surface PV of 8.8 in the crest 

and 18.5 µm in the trench regions respectively.   
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Figure 7.17.Burst mode CO2 laser polishing results for (a,c,e) lens sample number 04 

(b,d,f) lens sample number 06. Surfaces were measured using the Alicona 

InfiniteFocus optical profilometer.  
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Figure 7.18.  Step direction spectrum of the surface before and after polishing using 

CO2 laser burst mode polishing technique showing the reduction of roughness based 

on spatial wavelength components. 

 

The spectrum of the polished surfaces is shown in Figure 7.18.  Although the 

spectrum looks to have a significant reduction across the board, this reduction is less at 

larger spatial wavelengths.  Lens 04 contained higher spectral components compared to 

lens 06 at spatial wavelengths lower than 200 µm while lens 06 contained a higher 

amplitude of waviness content above 200 µm.  The polished lenses were tested using the 

setup described in Figure 7.15.  However, due to the highly scattering nature of the 

surface, the intensity of light was too low to be recorded on the CCD camera.  Picosecond 

laser machining produced higher roughness than that created by the CO2 laser machining 

process [23].  Hence the burst-mode polishing results were not satisfactory.   

 Quasi-line polishing technique  

The Quasi-line polishing technique developed by Fraunhofer ILT uses a 1.5 kW 

CO2 laser (λ = 10.6 µm) with a 450 mm focal length lens.  Using a galvoscanner system, 

the defocused beam of d = 7 mm (1/e2) is scanned with speeds up to Vscan = 10 m/s to 

create a quasi-line.  This quasi-line is then scanned across the optic with a feed speed of 

Vfeed = 1 – 5 mm/s.  During the polishing process, an optical pyrometer monitors the 

temperature at the centre of the quasi-line and controls the laser power PL using a 

proportional-integral-derivative (PID) controller to maintain the setpoint temperature 

with an accuracy of ± 20 °C.  The sample for polishing is placed inside a flow box (ISO 

5 purity level) to keep dust from interfering with the polishing process.  The sample is 
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fixed on a plate that is preheated to 600 °C in the case of N-BK7® and other glasses with 

high CTE [20, 26, 38, 67], as the preheating technique was observed to provide a means 

of polishing glass materials with high CTE without cracking [2, 25]. 

 

 
Figure 7.19.  Quasi-line scan technique developed by Fraunhofer ILT [67]. A quasi 

line is generated by scanning the beam at a high speed Vscan. This beam is then 

scanned through the sample at a speed Vfeed. 

 

The optical penetration depth of silicate glasses for λ = 10.6 µm is 20 µm at room 

temperature [67] and decreases to 4 µm at evaporation temperature [66].  Therefore a 

shallow layer of the glass was heated to a process temperature (Tprocess) below the 

evaporation temperature above which the process would suffer from material loss [27].  

At this process temperature, the viscosity of the melted layer reduced to approximately 

104 Pas [67].  This causes the ‘melted’ layer to flow and relocate from the peaks and 

valleys of the rough machined surface thereby reducing the micro-roughness.  Hence, the 

process temperature (Tprocess) and dwell time (dependent on feed speed Vfeed) affect the 

polishing results.  However, increasing the Tprocess above the evaporation temperature 

causes the material to evaporate without reducing the viscosity further.  Increasing the 

dwell time causes shape deviation due to the Marangoni flow effect and thermal 

bending[38, 67].   

Two fused silica samples were machined using the picosecond laser to provide flat 

surfaces of dimensions 15 mm × 15 mm × 0.27 mm.  To generate these surfaces, the laser 

processing parameters were as follows: λ = 1030 nm, Oscan = 95%, F = 10.6 J/cm2, 10 × 

Δy interlaced scan 400 kHz PRR, and 1 pass.  The machined regions had a surface similar 

to that measured in the trench region of the machined lens given in Figure 7.9.  These 

surfaces were smoothed by Fraunhofer ILT using the quasi-line polishing technique with 
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the following parameters: 

 Sample 19 was polished using Tprocess = 2100 °C and Vfeed = 1 mm/s.   

 Sample 20 was polished using Tprocess = 2150 °C and Vfeed = 2 mm/s. 

After the polishing process, Sample 20 had a dark spot, as indicated in Figure 7.20.  

When observed under the Leica microscope, this region was seen to have a high 

concentration of bubbles.   

 

 
Figure 7.20.  Image sample 0020 polished using Tprocess = 2150 °C, Vfeed = 2 mm/s 

showing regions of (a) polishing without formation of bubbles (b) polishing with 

formation of bubbles.  The image was captured and stitched using the Leica 

DM6000 microscope. 

The bubbles were observed to be both on the glass surface as well as under the 

surface and had varying sizes in the micrometre range.  These bubbles were observed in 

most of the samples but were confined to localised areas.  The regions with a higher 

concentration of bubbles caused higher scattering as was seen in the lens performance 

experiments.  Bubbles were not observed on the lens polished using the burst mode laser 

polishing technique.  The bubbles could be caused due to decomposition of the material 

leading to the liberation of gasses from the surface if sufficiently high temperatures were 

reached during the polishing process [82]. However, further tests would be required to 

find the cause of these bubbles.   

The 3D surface profiles of the polished samples 19 and 20 both in the laser 



211 

 

machined, and not machined region are shown in Figure 7.21.  The non-machined surface 

shows the surface deformation introduced by the polishing process due to surface tension 

and (or) surface relaxation [68, 76].  Figure 7.21 (e) shows a 3D profile of the dark spot 

observed on sample 20, as seen in Figure 7.20.  The step direction spectrum (average 

spectrum of 100 lines in the step direction) before and after polishing is presented in 

Figure 7.22. 

 
Figure 7.21.  Sample 19: (a) non-machined polished region and (b) machined and 

polished region.  Sample 20: (c) non-machined polished region (d) machined polished 

region and (e) region of bubbles.  The surfaces were measured using the Zygo white 

light interferometer. Note: The surface deformation in the non-machined polished 

regions were due to surface relaxation effects.  
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Figure 7.22.  Step direction spectrum of the surface before and after polishing using 

the CO2 laser quasi-line polishing technique showing the reduction of roughness 

based on spatial wavelength components. 

 

As can be seen in Figure 7.21 (b) using polishing parameters of Tprocess = 2100 °C 

and Vfeed = 1 mm/s the surface roughness of the machined region was reduced from Sq = 

2.5 µm with PV 19.8 µm to Sq = 0.3 µm with PV = 4.9 µm.  The polishing process reduced 

the spectral content at higher frequencies to a minimum value while the low-frequency 

waviness content though reduced was still present in the polished surface, as can be seen 

in Figure 7.22 (b).  The edges of the machined and polished region showed signs of 

bulging in the form of raised edges with PV up to 39.2 µm in Figure 7.21 (a) due to 

surface relaxation [68].   

The machined surface of sample 20 which was polished using Tprocess = 2150 °C 

and Vfeed = 2 mm/s had surface roughness reduced to Sq = 0.2 µm with PV reduced to 

3.1 µm.  However, the surface contained ridges, as seen in Figure 7.21 (d).  The spectral 

content also had higher amplitude components at spatial wavelength > 1 mm than the 

sample polished using Tprocess = 2100 °C and Vfeed = 1 mm/s as seen in Figure 7.22.  The 

un-machined polished region was relatively flat besides the bulge of 18.6 µm observed at 

the edge due to the surface relaxation effect.  The region with the spot as seen in Figure 

7.20 (b) and Figure 7.21 (c) had a higher surface roughness of Sq = 0.4 µm than the rest 

of the polished region. 

The performance of the surfaces in terms of light scatter using the setup shown in 

Figure 7.15 with the polished samples placed 100 mm from the sensor is given in Figure 

7.23.  The results are presented for a direct beam, and the machined and polished surfaces 

of samples 19 and 20.   
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Figure 7.23.  Beam intensity profile of (a) direct beam (b) machined and polished 

surface of sample 19 (c) machined and polished surface of sample 20.  The images 

were captured using the setup described in Figure 7.15. Note: The scale in all the 

images is the same.  

 

The direct beam in Figure 7.23 (a) had a spot diameter (1/e2) of 2.93 mm in the 

major and minor axis.  The machined and polished region of sample 19 had a lower beam 

distortion (beam width = 2.77 mm in the major axis and 2.78 mm in the minor axis) 

compared to that produced by a similar region of sample 20 (beam diameter = 1.20 mm 

in the major axis and 1.24 mm in the minor axis).  In both cases, the beam contained 

distortions introduced by low spatial frequency surface waviness.  Hence the use of Tprocess 

= 2100 °C with Vfeed = 1 mm/s provided better polishing results for the picosecond laser 

machined surfaces.  However, the ‘harsh’ parameters also produced severe deformations 

for high spatial frequency features (like the sharp edges).   

The 100 mm fused silica lenses machined using 1030 nm with 10 × Δy µm 

interlaced scan technique with Oscan = 95% at 400 kHz were polished using the quasi-line 

polishing technique.  Figure 7.24 shows the curved surface before and after polishing 

using Tprocess = 2100 °C, Vfeed = 2 mm/s.  The profile of the lens after polishing is shown 
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in Figure 7.25 comparing it with the desired profile for a 100 mm lens and the curve for 

the measured RoC of 40.9 mm of the machined surface (as given in Figure 7.10).  Figure 

7.24 (c) shows the crest region after polishing (after removing the curve), while Figure 

7.24 (d) shows the polished trench region of the lens. 

  

 
Figure 7.24.Surface of lens 0013 (a) Before polishing (b) after polishing (c) after 

polishing on top of the lens with curve removed (d) after polishing at the bottom of 

the lens with curve removed using Tprocess = 2100 °C, Vfeed = 2 mm/s.  Surfaces before 

polishing were measured using the Alicona InfiniteFocus optical profilometer and 

surfaces after polishing were measured using the Zygo white light interferometer.  

 

 

 
Figure 7.25.  (a) Machined and polished surface profile, intended RoC of 45.8 mm 

and measured RoC of 40.9 mm (b) difference between machined profile and RoC of 

45.8 mm and RoC of 40.9 mm (lens13).  The surface was measured using the Zygo 

white light interferometer.  
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The surface at the centre (crest region) of the polished lens showed a reduction of 

roughness by a factor of 6.3, from Sq = 1.9 µm to Sq = 0.3 µm.  In the trench region, the 

roughness was reduced by a factor of 3.8, from Sq = 2.3 to Sq = 0.6 µm.  The spectrum of 

the polished bottom flat surface of sample 13 showed higher spectral components than 

samples 19 and 20, as can be seen in Figure 7.22.  The profile of the polished surface 

shows that the polishing process reduced the height of the optic by 10 µm (compare 

Figure 7.10 and Figure 7.25).  However, the curvature at the top of the lens was measured 

to be RoC = 40.9 mm (10.7 scaling error).  The top of the lens measured along the 

machining scan direction had waviness in the order of a few millimetres which could 

affect the performance of the lens.  This could be due to the scan strategy of the polishing 

process.   

The polished lens 13 was tested using the optical setup shown in Figure 7.15.  The 

beam profile of the direct beam is shown in Figure 7.23.  The resultant beam intensity 

profile from the crest and the trench region of the lens is shown in Figure 7.26.  The 

calculated width (1/e2) of the focused beam was 44.7 µm for a diffraction limited lens.   

 

 
Figure 7.26.  Beam intensity profile in the focal plane of polished lens. (a) region of 

lens without bubbles (b) flat region machined and polished.  The images were 

captured using the setup described in Figure 7.15. 

 

The measured width of the beam focused by the lens was 84 µm in the minor axis.  

The focused beam still had a scatter due to the residual surface roughness, and hence 

speckle interference.  The flat portion at the bottom of the lens produced a significant 

scatter of the incident laser beam, as can be seen in Figure 7.26 (b) due to the higher 

surface roughness and waviness.  This was probably due to the higher Vfeed compared to 

lens 19 and lower Tprocess compared to lens 20. 

The polishing results from Fraunhofer ILT show that as the initial roughness is high 
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(Sq > 2 µm) compared to that obtained using CO2 laser machining (Sa = 300 nm – 700 

nm), ‘harsh’ polishing parameters of lower feed speed and higher process temperature 

need to be used to reduce the roughness [67].  Furthermore, the use of lower Vfeed < 2 

mm/s resulted in a greater reduction of surface roughness, as seen in the polishing of 

sample 19.  However, as these polishing parameters can also cause deformation of the 

optic shape [20, 38, 67], further tests need to be conducted to find optimum parameters.  

Due to the breakdown of the laser polishing system at Fraunhofer ILT, the polishing of 

N-BK7® could not be performed successfully. 

 Conclusion  

A process chain for manufacturing of micro and macro optics has been 

demonstrated in this chapter.  The high ablation rate provided by the interlaced scan 

technique enables quick machining of the optic shape.  For instance, the 100 mm focal 

length lens with a machined area of 15 mm × 15 mm was machined in less than 5 minutes 

at PRR = 400 kHz. However, the machining suffers from high roughness and requires a 

post-process smoothing step. Furthermore, the machined lenses suffered from a form 

deviation.  Although a correction can be applied for the form error, the roughness is 

intrinsic to the process [20, 22].  As seen in Chapter 5, the use of the picosecond 

smoothing process can reduce the initial roughness of the surface.  However, due to the 

depth at different positions on the lens, the picosecond smoothing process did not provide 

optimal results.  A suitable solution involves using a ‘z’ correction to provide a constant 

spot diameter during the picosecond smoothing process. 

The polishing results of the machined lenses showed that the quasi-line technique 

provided better polishing results compared to the burst mode CO2 laser polishing 

technique.  The burst-mode laser polishing process was suited to the shallow CO2 laser 

machined surfaces with lower roughness and could not polish the deep structures with 

high roughness produced by the picosecond laser.  On the other hand, the quasi-line 

polishing technique suffered from the formation of bubbles.  Further trials need to be 

conducted to find the optimum picosecond laser machining and smoothing parameters 

that can produce surfaces suitable for CO2 laser polishing.   
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Conclusions and future work 

 Introduction 

This chapter contains the conclusions to the work presented in this thesis.  A 

summary of the results in this thesis is given in Section 8.2, where the key findings are 

discussed and compared with current laser-based micro-machining technologies.  This 

section also discusses some of the limitations of the process as observed in the previous 

chapters.  In light of the limitations encountered, Section 8.3 discusses methods of 

overcoming these and expanding the machining capability in terms of productivity and 

accuracy.  Finally, Section 8.4 discusses the different industrial applications of the 

technology.   

 Summary  

 Machining of glass materials  

The interlaced scan technique suppressed the formation of debris firmly attached to 

the glass surface, while at the same time provided higher ablation rates (up to three times) 

compared to the sequential raster scan technique.  Moreover, the high scan overlap used 

in the interlaced scan technique lowers the ablation threshold [24, 141, 168] enabling 

efficient machining of glass substrates.  The low step direction overlap means that the 

new line is inscribed on a relatively flat surface as opposed to machining inside the trench 

of the previously machined line (for sequential raster machining), as shown in the high-

speed video of the sequential and interlaced scans (see Sections 4.5 and 5.5 respectively).  

The interlaced process enables the use of PRR (400 kHz), which in turn provides faster 

machining times for fused silica with a negligible change in surface quality.  It also 

enables the machining of N-BK7® and N-LaF21 which suffer from the accumulation of 

fused debris in the sequential scan machining process.  An overview of the machining 

results for the different materials considered in this thesis is given in Table 8.1.  High 

repetition rates (PRR > 20 kHz) caused an increase in surface roughness (Sq) for N-BK7®, 

and hence it was limited to PRR = 20 kHz.  Narrow laser processing windows for the 

interlaced scan at PRR = 20 kHz were determined for N-LaF21 and S-TiH53 glass 

substrates.  However, due to the formation of black residue, which was found to be located 

within the surface during processing, S-TiH53 cannot be used for optical components.  
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Table 8.1 Overview of the results of picosecond machining of glass materials. 

Material Fused silica N-BK7® N-LaF21 S-TiH53 

Machinability 

using 

interlaced scan 

process 

Easy to machine without 

cracks.  Can be processed with 

PRR up to 400 kHz. 

Possible to machine.  Forms 

fibres at high Oscan (>95%) and 

PRR (> 20 kHz). 

Possible to machine.  Cracks 

at high Oscan (> 90%) and 

PRR  (> 20 kHz) or when 

using F < Fth. 

Forms a layer of black debris 

on surface.  Cracks at high 

Oscan (>85%) or when using F < 

Fth. 

Machinability 

using 

sequential 

scan process 

Limited to low PRR ≤ 20 kHz 

due to formation of fibres and 

fused debris. 

Limited to low PRR ≤ 20 kHz 

due to formation of fibres and 

fused debris. 

Forms fibres and fused debris 

even at PRR = 20 kHz. 

Forms fibres and fused debris 

even at PRR = 20 kHz. 

Process parameters and results for interlaced scan machining 

Machining 

Wavelength 

1030 nm, 515 nm, 343 nm. 

 
1030 nm, 515 nm. 515 nm. 515 nm. 

Optimum 

Oscan 

95 – 90 % for λ = 1030 nm, 

515 nm and 343 nm. 

85 – 80 % for λ = 1030 nm, 

90 – 80 % for λ = 515 nm. 
90 – 80 % for λ = 515 nm. 85 – 80 % for λ = 515 nm. 

PRR Up to 400 kHz. 20 kHz. 20 kHz. 20 kHz. 

Machining 

process 
Machining + smoothing. Machining. Machining. Machining. 

Maximum 

ablation rate 

achieved 

Ablation rate = 21.7 mm3/min 

ablation efficiency = 8.6 × 10-3 

mm3/J @ λ = 1030 nm, Oscan = 

95 % with max Sq = 2.8 µm at 

PRR = 400 kHz. 

Ablation rate = 1.4 mm3/min, 

ablation efficiency = 11.5 × 10-3 

mm3/J  

@ λ = 1030 nm, Oscan = 85% 

with max Sq = 2 µm. 

Ablation rate = 1.2 mm3/min, 

ablation efficiency = 20.4 × 

10-3 mm3/J  

@ λ = 515 nm, Oscan = 90% 

with max Sq = 3 µm. 

Ablation rate = 0.7 mm3/min, 

ablation efficiency = 21.7 × 10-

3 mm3/J @ 

λ = 515 nm, Oscan = 85% with 

max Sq = 2.4 µm. 

Low range of parameters for 

machining. 

Minimum 

surface 

roughness for 

machining 

range 

 

Sq = 1.5 µm @ λ = 1030 nm, 

Oscan = 90% with ablation 

efficiency = 9.5 × 10-3 mm3/J 

for PRR = 20 kHz 

ablation rate = 1.1 mm3/min. 

Sq = 1.2 µm @ λ = 515 nm, Oscan 

= 80% with ablation efficiency = 

6.1 × 10-3 mm3/J 

ablation rate = 0.5 mm3/min. 

Sq = 2.3 µm @ λ = 515 nm, 

80% with ablation efficiency 

= 18.4 × 10-3 mm3/J 

ablation rate = 1.2 mm3/min. 
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It should be noted that the laser output channel for UV had suffered from low beam 

quality due to the degradation of the THG crystal.  Hence the results presented are not 

characteristic as this wavelength has been successfully used for machining glass with 

lower surface roughness [22, 30, 141].  Machining of N-BK7®, N-LaF21 and S-TiH53 

caused melting of the surface at high fluence and Oscan using λ = 343 nm (melting was 

observed in S-TiH53 at all wavelengths).  Although melting was found to create micro-

cracks on the surface, the use of this effect can be explored further for polishing of these 

materials with the help of preheating equipment to lower the thermal gradient [20, 25, 26, 

38].   

The fine control of power during the machining process made it possible to achieve 

a smooth change of ablation depth.  However, the ridges formed on the surface limit the 

accuracy of the process and vary in PV based on the scan overlap used.  As shown in 

Chapter 5, post-process smoothing can be used to reduce these ridges in the case of fused 

silica.   

 Fabrication of micro-optics  

A process chain for the manufacture of optics using picosecond laser machining 

followed by CO2 laser polishing has been demonstrated in Chapter 7.  The parameter 

maps prepared for fused silica and N-BK7® were used to provide the settings for depth 

control in the machining stage.  The direct write process enabled the machining of 

different 3D shapes like cylindrical lens, spherical lens, axicons and linear chirps as seen 

in Error! Reference source not found..   

Cylindrical lenses with 100 mm focal length having a total area of 15 mm × 15 mm 

with a maximum depth of 236 µm were machined in less than 5 minutes per lens on fused 

silica.  As the machined surface had high roughness (Sq > 2 µm), the results for the Burst-

mode CO2 laser polishing process [27, 28, 68] were unsatisfactory.  Although the 

Fraunhofer ILT Quasi-line polishing technique [20, 26, 38, 67] reduced the surface 

roughness to Rq = 0.01 µm, the polished surfaces had a significant waviness of Wq = 0.26 

µm and a high bubble content reducing the quality of the optic.  Due to the breakdown of 

the temperature control in the Quasi-line polishing equipment, the results of polishing N-

BK7® were extremely poor and hence have not been included in this thesis.  Therefore, 

further trials need to be conducted for the right set of parameters to machine and polish 

optics.  However, we have succeeded in demonstrating that ultrafast lasers can be used 

for high-speed machining of optics on fused silica and N-BK7®.   
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 Comparison with alternative laser-based glass machining technologies 

A patent has been applied for the interlaced scan process [169].  Similar laser 

machining processes include shifted Laser Surface Texturing (LST) [170, 171] and sparse 

patterned mask techniques [165].  The shifted LST technique is used for making an array 

of similar objects by machining each object one pulse at a time in each raster scan, as 

illustrated in Figure 8.1 (a).  The consecutive points are machined in each successive 

raster to create the object (represented as three spots arranged in a triangle in Figure 8.1 

(a)).  Hence, an object made of 500 pulses will be machined using 500 scans.  This 

technique reduces thermal accumulation and plasma shielding effects [170].  The sparse 

patterned mask technique uses sparse masks (see Figure 8.1 (b) which is a part of a 

honeycomb pattern) containing parts of the final pattern.  The space between the sparse 

patterns reduced plasma and debris shielding effects [165] as they provide an escape path 

for the debris.  Unlike shifted LST the interlaced scan process utilises a high scan overlap 

to lower the threshold fluence, which is essential for reducing partial machining.  Unlike 

the sparse patterned mask technique, the interlaced scan process being a direct write 

method does not use masks.   

 

 

Figure 8.1.(a) Shifted LST scan pattern [171] (b) Sparse pattern mask [165].   

 

A comparison of the results of the interlaced scan process with other alternative 

laser direct write machining techniques is given in Table 8.2.  The work presented in this 

thesis agrees with the results of Schindler [22] in respect of the wavelength response of 
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the ablation process.     

Comparing with the results presented by Schwarz [48], the ablation efficiency was 

similar while the surface roughness post machining was nearly two times higher (Ra = 0.6 

µm as opposed to 1.2 µm).  To reduce the partial machining effects and increase the 

absorption of the material, Schwarz [48] and Schindler et al. [22] roughened the glass 

surface using an ultrafast laser before the machining process.  The interlaced machining 

process, on the other hand, used a high scan overlap to reduce the threshold fluence and 

provide a predictable ablation behaviour avoiding this pre-process roughening step.   

 The material removal rate is approximately 55 times lower than the CO2 laser 

process reported by Heidrich [20, 26].  However, the much larger CO2 laser focal diameter 

limits the spatial resolution of the machined structures.  Heidrich et al. also reported the 

use of femtosecond lasers with a high ablation rate [20].   

Ablation using an Excimer laser can produce optically smooth surfaces during the 

machining process eliminating the need for post-processing.  However, due to the low 

beam quality, Excimer lasers cannot be used with a direct write technique but are suitable 

for mask projection making it possible to process multiple optics simultaneously.  The 

cost of producing the masks required for this technique makes it unsuitable for custom 

optic requirements.  Although Excimer lasers today are available with PRR up to a few 

kHz and output power up to 35W [172], the overall processing speed of excimer lasers is 

slow compared to CO2 laser or ultrafast laser processes. Copper vapour nanosecond lasers 

used at its second harmonic can also produce UV wavelengths suitable for 

micromachining glass as demonstrated by Karnakis [95].  Using an output wavelength of 

255 nm, average power of 0.8 W, spot size of 10 µm with 99.9 pulse overlap, PRR of 6 

kHz and pulse duration of 30 ns, Karnakis was able to drill holes with an entry diameter 

of 20 µm and an exit diameter of 5 µm in a 1.5 mm thick D263 borosilicate glass using 

0.7 seconds per hole. The results of some noteworthy direct write techniques used for 

machining of glass optics are compared in Table 8.2.
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Table 8.2 Comparison of laser-based machining techniques 

Process/ Institute 

CO2 laser 

(Fraunhofer ILT [20, 

26]) 

UV F2 Excimer 

([91]) 

Femtosecond 

(Fraunhofer ILT 

[20]) 

Femtosecond 

(UAS Aschaffenburg 

[48]) 

Picosecond interlaced scan 

process 

Machining 

Wavelength 
10.6 µm 

157 nm 
1030 nm 1030 nm 1030 nm, 515 nm, 343 nm 

Maximum fluence / 

power 
1.5 kW  160 W 4.8 J/cm2 

10.6 J/cm2 @ 1030 nm 

19.9 J/cm2 @ 515 nm 

9 J/cm2 @ 343 nm 

Spot diameter 450 µm 
 

22 µm 31 µm 
35.5 µm @ 1030nm, 

20 µm @ 515, 343 nm 

Pulse duration CW 20 ns 500 fs 222 fs 6 ps 

Pulse overlap/ scan 

speed 

Step direction = 45% 

1-10 m/s 

 
4 – 8 m/s 35 % to 93.5% 98.75% to 85% 

Pulse repetition rate - 200 Hz - 50 kHz Up to 400 kHz 

Materials processed 

successfully 

Fused silica, BK7 

(with preheating 

stage) 

Fused silica and 

quartz Fused silica Fused silica 
Fused silica, N-BK7®, N-

LaF21 

Machining process 
Direct write using 

galvoscanner.   

Contour mask 

projection 

Direct write using 

galvoscanner. 

Direct write using 

galvoscanner. 

Direct write using 

galvoscanner. 

Ablation rate 

achieved, roughness 

and machining 

conditions 

> 1200 mm3/min 

Ra =3 µm @ 10 m/s 

 

60 mm3/min 

Ra = 0.9 – 1.5 µm 

0.43 mm3/min @ 

61.3% overlap 

Ra = 0.63 µm 

21.65 mm3/min @ λ = 1030 

nm, Oscan = 95 %  

Ra = 1- 1.2 µm at 

PRR = 400 kHz 

Ablation efficiency 13.3 mm3/J  Not available 7.7 mm3/J 8.6 -9.5 (× 10-3) mm3/J 

Polishing technique 

used 

CO2 laser-based 

Quasi-line 

Not needed CO2 laser-based 

Quasi-line 
CO2 laser-based 

CO2 laser-based Quasi-line, 

CO2 laser burst mode 

Surface roughness Ra < 1 nm Ra ≈ 30 nm - Ra = 6 nm Ra > 1 nm 
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 Scope for improvement and future work 

 Improving the machining rate of the process 

Though the interlaced machining process provided up to 60 times higher ablation 

rates compared to the sequential scan technique, the laser’s output was limited to a 

maximum fluence of F = 10.6 J/cm2 at λ = 1030 nm, F = 19.9 J/cm2 at λ = 515 nm, and F 

= 9 J/cm2 at λ = 343 nm.  The maximum average power of the laser was 50 W with a 

maximum PRR =400 kHz.  Furthermore, the scanning speed of the galvoscanner had to 

be kept below 1 m/s to avoid beam positioning errors due to the acceleration and 

deceleration of the beam.   

The high ablation rates obtained by Heidrich [20] using an Amphos GmbH 

femtosecond laser was due to the high power (190 W), high repetition rates (probably up 

to 40 MHz), and high scan speeds (up to 8 m/s).  Currently, ultrafast picosecond and 

femtosecond lasers with a maximum average power of up to 1 kW and repetition rates up 

to 40 MHz are available.  As seen in the results presented by Schindler [22], femtosecond 

laser pulses provide lower ablation rates with lower surface roughness.  The interlaced 

machining process can increase the ablation rate making the process effective when 

considering the use of high peak power and repetition rate lasers.  However, a limit in 

process efficiency with increase in power is expected [173].   

The machining efficiency at extremely high PRR can suffer from shielding due to 

the plasma and plume generated by the previous pulses.  Furthermore, high PRR also 

results in thermal accumulation effects [121] which might boost the formation of fused 

debris and fibres on the surface.  These effects can be avoided by the use of a polygon 

scanner along with a galvoscanner to process multiple optics simultaneously similar to 

the shifted LST technique, thereby utilising the high PRR of the laser for high throughput.   

 Improving the quality and accuracy of the process 

The machining process suffered from high surface roughness and the formation of 

ridges along the scan direction.  Although attempts were made to reduce the surface 

roughness in sequential machining using appropriate step distances to avoid missed steps, 

the ridge patterns could not be reduced.  The measurement of the laser output at a set 

point showed the existence of power fluctuations and glitches of up to 2.5% of maximum 

output as was seen in Section 3.2.2.  These power stability issues can be addressed using 

a closed loop setup similar to that presented in Figure 8.2.  Here, the laser’s output power 

at the final aperture is monitored using a temperature stabilised photodiode, and this 
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signal is then used to control the laser’s power via an electro-optic modulator (EOM) 

controlled using a PID controller.  Although this setup was not used during this research, 

the manufacturers have tested it on mode-locked lasers and have been successful in 

reducing fluctuations to below 0.03% with up to 80% transmittance [174].  

 

 
Figure 8.2.Control of laser power using laser intensity stabiliser [174].   

 

The limitation of the resolution of the galvoscanner (16 bit) with minimum step size 

being around ten times smaller than the spot diameter has been discussed in Chapter 3.  

Due to the small step size used, quantisation errors in positioning are possible.  

Furthermore, the positioning accuracy of the galvoscanner was observed during multiple-

pass machining, where the starting point of the laser machining was observed to be 

different while the laser was operated.  The current galvoscanner used had a long-term 

drift of up to <35 mrad / 44° angle.  These issues can be dealt with by using galvoscanner 

systems with higher bit resolutions incorporating feedback loops for higher accuracy.   

 Applications of the technology  

The use of this technology for the manufacture of micro-optics has been 

demonstrated in Chapter 7.  This technology has been developed to improve on the current 

direct write micro-machining process used by PowerPhotonic [19, 53] whereby the higher 

processing speeds provided by the interlacing process can create a higher throughput.  

Furthermore, the ability to machine a variety of high index glass materials like N-BK7® 

and N-LaF21 enables the manufacture of thin optics.  Due to the high machining 

throughput and control on the ablation depth, the interlaced machining technique also 

opens the way for the production of aspheric optics like Alvarez lens [7] and bespoke 

single component optic systems [20, 21, 26].  This technology can also be used for drilling 

holes in glass [12] or creating micro-channels for microfluidic devices [58]. 
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