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ABSTRACT 
 

Ultrafast laser micromachining with pulse widths < 10 ps have been shown to be a promising tool 

that can fabricate microstructures on almost any material with high resolutions and minimal 

collateral damage. The ultrashort pulse widths allow for nonlinear absorption, allowing machining 

of a wide range of materials regardless of their absorption characteristic. Meanwhile, the ultrashort 

pulse widths enable “cold cutting” with little or no damage to the surrounding area. 

Several novel applications of lasers in the medical field have been explored such as dentistry, 

optometry and cosmetics. However, lasers have yet to be implemented clinically for the removal 

of hard tissue such as bone. Previous experiments using continuous wave (CW) or long pulses (≥ 

nanosecond) lasers have been explored but have shown extensive detrimental heat affected zones 

(HAZ) around the irradiation site, making them unsuitable for clinical use. The ability for 

ultrashort pulsed lasers to remove material using their “cold cutting” abilities make them a prime 

candidate for machining of biological hard tissue. 

Despite this advantage, the material removal rates for ultrashort pulsed lasers remain too slow for 

widespread use in industry and medicine. Whilst significant research has been made to improve 

processing speeds of ultrafast laser micromachining by increasing average powers and repetition 

rates, an alternative to this approach is to change the spatial profile of the incident beam to increase 

machining efficiency. 

Femtosecond laser micromachining with λ = 800 nm, τ = 230 fs and 1 kHz repetition rates with a 

traditional Gaussian beam was used to measure the standard metrics of laser micromachining on 

bone tissue – ablation threshold (φth), incubation effects, ablation rates (μm pulse-1) and feature 

assessment. This served as a baseline assessment for femtosecond lasers as a high precision 

orthopaedic tool. We determined the ablation threshold of both bovine and ovine cortical and skull 

bone to be 0.91 ± 0.03 J/cm2. An incubation coefficient of 1.02 ± 0.05 indicates that, unlike with 

most other materials, there is virtually no change in the ablation threshold with successive number 

of applied pulses. Maximum ablation rates of bovine and ovine cortical bone were found to be ≈ 

0.90 μm pulse-1 at a fluence of 5.3 J/cm2. The removal of bone material was found to be relatively 

insensitive to the position of the focal point of the beam below the sample surface. A linear 

increase in feature depth as the focal point was moved deeper into the material terminated in a 

maximum feature depth of approximately 100 μm at a focal depth of 2.1 – 2.4 mm (fluence range: 
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2.5 - 5.6 J/cm2). No structural damage or heat affected zones (discoloration, charring, thermal 

shockwave cracking, and molten debris) were observed. Collagen tufts, canaliculi and 

hydroxyapatite crystals are identified at high magnifications verifying that energy deposition does 

not cause melting of the target tissue. 

Despite the several advantages shown using femtosecond lasers, the main drawback was the 

maximum drilling rate corresponding to 54 mm min-1 at a pulse repetition rate of 1 kHz. This is 

extremely low when compared to conventional drilling tools which can reach up to 5.53 m min-1. 

Using a liquid crystal on silicon spatial light modulator (LCOS-SLM), the standard metrics of 

micromachining for freshly harvested ovine and bovine cortical bone were obtained when laser 

micromachining was performed using a zero-order Bessel beam with a cone angle of 4.56o. 

Results showed a significant decrease in the ablation threshold of up to 7X lower than for Gaussian 

beams whilst also showing increased maximum ablation depths and ablation rates 14X greater 

than Gaussian beams. 

In order to better understand the reason why Bessel beams showed lower ablation thresholds and 

enhanced ablation efficiency in bone, further studies were performed on well characterised 

materials: silicon and quartz. Using the adapted diagonal-scan technique for Bessel and vortex 

beams of varying orders generated using the LCOS-SLM, ablation thresholds and incubation 

effects were studied. We observed that the laser ablation threshold does indeed depend on the 

beam shape and reinforces the fact that femtosecond laser micromachining and the ablation of 

materials occurs through complex, non-linear light-matter interactions and subsequent cascade 

events. Our results showed increased efficiency during the ablation of silicon and quartz with 

Bessel beams, similar to results seen for bovine and ovine cortical bone. 

Throughout our experiments, we observed a common feature in the diameter regression data for 

all materials, that being the dislocations of the trendline as pulse energies increased as well as 

discrepancies between the theoretical and experimentally derived beam waists that are crucial for 

determining the ablation threshold. Several strange physical features were also observed in the 

ablation features generated. We attempt to link these features and deviations to changes in the 

Keldysh parameter from the multiphoton ionisation regime to tunnelling ionisation as well as the 

atmospheric conditions where the ablation process takes place. 

We identified the ablation threshold for silicon, stainless steel and sapphire by performing the 

diameter regression technique in ambient and low vacuum conditions. We have identified up to 

four different ablation regimes by analysing the inner and outer diameter features which are 
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evident at varying fluences and pulse numbers. We show that the theoretical beam waist described 

by classical Gaussian optics is only true for the lower ablation regime where pulse energies are 

less than ~90 μJ. The dislocations in the diameter regression trendlines can be explained by 

changes in the Keldysh parameter. 

Meanwhile, we attempt to explain the multi-diameter features seen during ablation using previous 

studies and simulations that take in to account the Kerr effect and plasma distortion of the beam 

profile before it reaches the sample to perform ablation. 

 

 

 

 



 

V 

 

TABLE OF CONTENTS 
ACKNOWLEDGEMENTS I 

ABSTRACT II 

TABLE OF CONTENTS V 

LIST OF FIGURES IX 

LIST OF TABLES XXI 

CHAPTER 1: INTRODUCTION 1 

1.1 Introduction 1 

1.2 Aims and objectives 2 

1.3 Organisation of the thesis 3 

CHAPTER 2: BACKGROUND 5 

2.1 Brief history of the laser and laser machining 5 

2.2 Laser machining of hard tissue in surgery and medicine – Literature Review 13 

2.3 Brief review of laser physics 18 

2.3.1 General operation of a laser 18 

2.3.1 Generation and amplification of ultrashort laser pulses 20 

2.4 The process of laser ablation and its mechanisms 22 

2.5 Theoretical approaches to understand ultrashort pulsed laser ablation mechanisms 26 

2.5.1 One-dimensional two-temperature model (1D-TTM) 27 

2.5.2 Two-dimensional two-temperature model (2D-TTM) 28 

2.5.3 Molecular dynamics and hydrodynamic simulations 29 

2.6 Standard metrics of ultrashort pulsed laser micromachining 32 

2.6.1 Ablation threshold fluence 32 



 

VI 

 

2.6.2 Incubation 33 

2.6.3 Ablation rates 33 

2.6.4 Material characterization 33 

2.7 Bone structure and composition 33 

CHAPTER 3: EXPERIMENTAL METHODS 36 

3.1 Sample Preparation 36 

3.1.1 Bone Tissue 36 

3.1.2 Silicon (Undoped), Stainless Steel and Sapphire 37 

3.2 Femtosecond laser machining with Gaussian beams 37 

3.2.1 Laser machining system 37 

3.2.2 Determining the ablation threshold with a Gaussian beam 39 

3.3 Femtosecond laser machining with spatially shaped beams 44 

3.3.1 Phase mask design 48 

3.3.2 Diagonal-scan method for determining the ablation threshold with Bessel and vortex beams 58 

3.3.3 Depth regression method for determining the ablation threshold with Bessel beams in bone tissue 64 

3.4 Material characterization techniques 64 

3.4.1 Scanning electron microscopy 65 

3.4.2 Optical Coherence Tomography (OCT) 65 

3.4.3 Overhead illuminated microscopy 65 

CHAPTER 4: ULTRASHORT PULSED LASER ABLATION OF BONE TISSUE WITH 

GAUSSIAN BEAMS 67 

4.1 Introduction 67 

4.2 Results 70 

4.2.1 Determining the ablation threshold and incubation factor 70 

4.2.2 Removal rates 81 

4.2.3 Effect of focal position on ablation depth 88 

4.2.4 Feature Assessment 90 

4.3 Discussion 93 

4.3.1 Ablation Threshold 93 

4.3.2 Incubation 98 



 

VII 

 

4.3.3 Removal Rates 100 

4.3.4 Effect of focal position on ablation depth 101 

4.3.5 Feature assessment 103 

4.4 Conclusion 105 

CHAPTER 5: ULTRASHORT PULSED LASER ABLATION OF BONE TISSUE WITH 

BESSEL BEAMS 107 

5.1 Introduction 107 

5.2 Results 109 

5.2.1 Determining the ablation threshold and incubation factor 109 

5.2.2 Removal rates 113 

5.2.3 Feature Assessment 117 

5.3 Discussion 119 

5.3.1 Ablation Threshold 119 

5.3.2 Incubation 120 

5.3.3 Removal Rate 120 

5.3.4 Feature Assessment 122 

5.4 Conclusion 122 

CHAPTER 6: ABLATION THRESHOLD FLUENCE OF SILICON AND QUARTZ WITH 

FEMTOSECOND BESSEL AND VORTEX BEAMS 124 

6.1 Introduction 124 

6.2 Results 126 

Determining the ablation threshold and incubation factor 126 

6.3 Discussion 131 

6.4 Conclusions 134 

CHAPTER 7: ABLATION THRESHOLD FLUENCE OF SILICON, STAINLESS STEEL 

AND SAPPHIRE WITH FEMTOSECOND GAUSSIAN BEAMS IN VACUUM 

CONDITIONS 135 



 

VIII 

 

7.1 Introduction 135 

7.2 Results 137 

7.2.1 Determining the ablation threshold 137 

7.2.2 Feature assessment 151 

7.2.3 Drilling of undoped silicon in vacuum versus ambient conditions 158 

7.3 Discussion 164 

7.3.1 Ablation threshold and beam waist 164 

7.3.1 Drilling of undoped silicon in vacuum versus ambient conditions 168 

7.3.2 Ablation mechanism 172 

7.4 Conclusions 177 

CHAPTER 8: CONCLUSIONS 178 

APPENDIX A: THEORETICAL BASIS OF THE DIAGONAL SCAN METHOD FOR 

DETERMINING THE LASER ABLATION THRESHOLD FOR FEMTOSECOND 

VORTEX PULSES 180 

A.1 Abstract 180 

A.2 Introduction 181 

A.3 Damage Radius 182 

A.4 Finding the maxima 186 

A.5 Isolating the damage threshold 190 

A.6 Limitations of the Lambert Omega function 194 

A.7 Pulse superposition 197 

A.8 Conclusions 203 

A.9 Acknowledgements 204 

REFERENCES 205 

 



 

IX 

 

LIST OF FIGURES  
 

Figure 2.1 Timeline of important “firsts” in the field of laser ablation from 1960 

– 1970. 

9 

Figure 2.2 Number of publications from 1964 – 2018 including the topic “Laser 

Cutting”. Data obtained from Web of Science. 

10 

Figure 2.3 Number of publications from 1964 – 2018 including the topics “laser 

micromachining”, “pulse laser micromachining”, “nanosecond laser 

micromachining”, “picosecond laser micromachining” and 

“femtosecond laser micromachining”. Data obtained from Web of 

Science. 

11 

Figure 2.4 Ishikawa diagram for the analysis of the influence of burst-mode laser 

ablation. Reprinted with permission from (Emmelmann and Urbina, 

2011) 

13 

Figure 2.5 Absorption, spontaneous emission and stimulated emission energy 

level transitions 

19 

Figure 2.6 Schematic of typical optical cavity and laser oscillation. Adapted from 

(Schaeffer, 2016). 

20 

Figure 2.7 Longitudinal electric-field modes within optical cavity resulting in CW 

laser output with random intensity fluctuations 

20 

Figure 2.8 Field of modes (coloured) phase locked to produce a mode-locked 

electric field profile (black) with periodic high intensities. 

21 

Figure 2.9 Hole drilled in 100 μm thick steel foil with 3.3 ns, 1mJ and F = 4.2 

J/cm2 laser pulse at 780 nm. Reprinted with permission from 

(Chichkov et al., 1996) 

23 

Figure 2.10 Schematic diagram of the interplay between photoionization, inverse 

Bremsstrahlung absorption and impact ionization during plasma 

formation. Reprinted with permission from (Vogel and Venugopalan, 

2003). 

24 



 

X 

 

Figure 2.11 Snapshots of atomic configurations predicted in TTM-MD simulations 

of laser spallation of bulk Al targets irradiated by 100fs laser pulses at 

absorbed fluences of 650 J/m2 (a), 750 J/m2 (b), 900 J/m2 and 1100 

J/m2. The laser irradiation is directed from the right side of the figure. 

The inset in (a) shows the evolution of the total volume of voids in a 

simulation performed at a fluence of 650 J/m2. Only top parts of the 

computational systems from – 115 to 450 nm with respect to initial 

surface of the target are shown in the snapshots. The atoms are 

coloured according to their potential energies. Reprinted with 

permission from (Wu and Zhigilei, 2014). 

30 

Figure 2.12 Snapshots of atomic configurations predicted in TTM-MD simulation 

of laser ablation of a bulk Al target irradiated by a 100 fs laser pulse at 

an absorbed fluence of 2,000 J/m2. The irradiation regime in this 

simulation corresponds to the phase explosion and ablation of a surface 

region of the target. Only parts of the computational system are shown 

in the snapshots. The atoms are colored according to their potential 

energies. Reprinted with permission from (Wu and Zhigilei, 2014). 

31 

Figure 3.1 Femtosecond laser system used. XYZ control of the machining stage 

and sample, laser parameters such as repetition rate, applied pulse 

number, scan rate and pulse energies are computer controlled. CCD: 

Charge-coupled device; M: Mirror; PBS: Polarized beam splitter; BS: 

beam splitter. 

38 

Figure 3.2 Illustration of the Gaussian beam intensity profile exceeding the 

ablation threshold fluence (−−−,𝜑𝜑𝑡𝑡ℎ) generating a corresponding 

ablation feature of diameter D. D: Diameter of ablation feature and 

diameter of Gaussian intensity profile exceeding the ablation threshold 

(𝜑𝜑𝑡𝑡ℎ). 

39 

Figure 3.3 Illustration of the diagonal scan ablation threshold measurement 

method, showing the sample being translated diagonally through the 

focal point of the incident laser beam. (Oosterbeek et al., 2016c) 

43 



 

XI 

 

Figure 3.4 Femtosecond laser system used. XYZ control of the machining stage 

and sample, laser parameters such as repetition rate, applied pulse 

number, scan rate, pulse energies and displayed phase mask are 

computer controlled. CCD: Charge-coupled device; M: Mirror; PBS: 

Polarized beam splitter; BS: beam splitter, LCoS-SLM: Liquid Crystal 

on Silicon Spatial Light Modulator. 

45 

Figure 3.5 Hamamatsu background phase correction for LCoS-SLM operating at 

λ = 800 nm 

46 

Figure 3.6 Comparison of reconstructed image with and without added Fresnel 

lens dephasing. Inset image (A) shows reconstructed image with 

Fresnel lens dephasing applied, no bright zero order spot observed. 

Inset image (B) shows reconstructed image without Fresnel lens 

dephasing, bright zero order spot indicated by red arrow. 

47 

Figure 3.7 Simulated intensity profiles for Bessel beams of orders (A) m=0, (B) 

m=1, (C) m=2 and (D) m=5 

48 

Figure 3.8 Illustration of Bessel beam generated by a Gaussian beam illuminating 

an annulus placed at the back focal plane of a lens with focal length 

flens 

50 

Figure 3.9 Illustration of Bessel beam generated by a Gaussian beam illuminating 

an axicon (A) and detail of Axicon shape with base angle (α) indicated. 

52 

Figure 3.10 Illustration of Bessel beam generated by a Gaussian beam illuminating 

a zero-order Bessel beam phase mask displayed on an LCoS-SLM 

53 

Figure 3.11 Wavefronts travelling through an axicon and interfering to form the 

'Bessel zone', the region in which a Bessel beam is produced.  (A) 

Illustration to show the conical wavefronts forming a Bessel beam with 

no obstructions. (B) Illustration to show the conical wavefronts 

forming an initial Bessel zone before wavefronts encounter an 

obstruction. The point at which the unblocked wavefronts resume 

overlapping and interference is the ‘reconstructed Bessel zone’, where 

the secondary Bessel beam is produced. 

54 



 

XII 

 

Figure 3.12 Simulated 2D intensity profiles of vortex beams (A-D) and 

corresponding 1D line profiles through the centre of each vortex 

beams. Topological charge (l): (A, E) = 1, (B,F) = 2, (C,G) = 5 and 

(D,H) = 10. 

55 

Figure 3.13 Illustration of a vortex beam generated by illuminating a spiral phase 

plate with a Gaussian beam. 

57 

Figure 3.14 Illustration of a vortex beam generated by illuminating an LCoS-SLM 

phase mask with a Gaussian beam. 

58 

Figure 3.15 Quasi-Bessel beam on-axis intensity as a function of propagation 

distance (z). Red dashed line indicates the ablation threshold. Inset 

image illustrates the general shape of a quasi-Bessel beam D-Scan 

feature on Silicon, it’s start and end points and slight fluctuation in 

radius. 

62 

Figure 3.16 Flowchart illustrating the ablation threshold calculation process of a 

diagonal scan feature using a Bessel beam. 

63 

Figure 4.1 SEM micrograph of ablation crater generated with 100 pulses at 0.75 

mJ per pulse (λ=800 nm, τ=130 fs) with a repetition rate of 1 kHz. Red 

line illustrates the measurement of crater diameter using inbuilt SEM 

software. 

71 

Figure 4.2 Squared diameter (D2) of ablated craters versus pulse energy in bovine 

cortical bone ablated with 1000, 500, 100, 50 and 10 pulses. Trend 

lines are fitted using a least-squares algorithm to the data for all applied 

pulse numbers. Equation of trendline and R2 values are indicated on 

each graph. 

72 

Figure 4.3 Squared diameter (D2) of ablated craters versus pulse energy in ovine 

cortical bone ablated with 1000, 500, 100, 50 and 10 pulses. Trend 

lines are fitted using a least-squares algorithm to the data for all applied 

pulse numbers. Equation of trendline and R2 values are indicated on 

each graph. 

73 



 

XIII 

 

Figure 4.4 Squared diameter (D2) of ablated craters versus pulse energy in bovine 

skull bone ablated with 1000, 750, 500, 250, 100, 50 and 20 pulses. 

Trend lines are fitted using a least-squares algorithm to the data for all 

applied pulse numbers. Equation of trendline and R2 values are 

indicated on each graph. 

78 

Figure 4.5 Squared diameter (D2) of ablated craters versus pulse energy in ovine 

skull bone ablated with 1000, 750, 500, 250, 100, 50 and 20 pulses. 

Trend lines are fitted using a least-squares algorithm to the data for all 

applied pulse numbers. Equation of trendline and R2 values are 

indicated on each graph. 

79 

Figure 4.6 Incubation power law model for bovine and ovine cortical bone tissue. 

Fit results indicate incubation factors of 0.90 ± 0.06  and 1.03 ± 0.06  

for bovine and ovine cortical bone tissue respectively. 

79 

Figure 4.7 Incubation power law model for bovine and ovine skull bone tissue. 

Fit results indicate incubation factors of 0.98  ± 0.01  and 0.96 ± 0.08  

for bovine and ovine skull bone tissue respectively. 

81 

Figure 4.8 OCT measurement of linear ablation features machined in ovine 

cortical bone with 627 shots applied at a fluence of 5.3 J cm-2. 

Measured depth is indicated in red and measures a depth of ~176 μm. 

81 

Figure 4.9 Depth of linear ablation feature cuts as a function of cumulative 

number of pulses applied for bovine cortical bone. Samples were 

translated relative to the focal point ranging from 0.1 μm pulse-1 to 1.5 

μm pulse-1 corresponding to 1880 to 125 pulses being applied 

anywhere along the ablation feature. Linear trendlines fitted through 

the linear portion of the data are indicated by ---. Equations of 

trendlines and corresponding R2 values are indicated on each graph. 

82 

Figure 4.10 Depth of linear ablation feature cuts as a function of cumulative 

number of pulses applied for ovine cortical bone. Samples were 

translated relative to the focal point ranging from 0.1 μm pulse-1 to 1.5 

μm pulse-1 corresponding to 1880 to 125 pulses being applied 

anywhere along the ablation feature. Linear trendlines fitted through 

83 



 

XIV 

 

the linear portion of the data are indicated by ---. Equations of 

trendlines and corresponding R2 values are indicated on each graph. 

Figure 4.11 Depth of linear ablation feature cuts as a function of cumulative 

number of pulses applied for bovine skull bone. Samples were 

translated relative to the focal point ranging from 0.1 μm pulse-1 to 1.5 

μm pulse-1 corresponding to 1880 to 125 pulses being applied 

anywhere along the ablation feature. Linear trendlines fitted through 

the linear portion of the data are indicated by ---. Equations of 

trendlines and corresponding R2 values are indicated on each graph. 

84 

Figure 4.12 Depth of linear ablation feature cuts as a function of cumulative 

number of pulses applied for ovine skull bone. Samples were translated 

relative to the focal point ranging from 0.1 μm pulse-1  to 1. μm pulse-

1 corresponding to 1880 to 125 pulses being applied anywhere along 

the ablation feature. Linear trendlines fitted through the linear portion 

of the data are indicated by ---. Equations of trendlines and 

corresponding R2 values are indicated on each graph. 

85 

Figure 4.13 Ablation rate as a function of pulse fluence in bovine and ovine cortical 

bone tissue. Increase in the ablation rate per unit of fluence was 

determined from the gradients of each trend line and found to be 0.15 

± 0.02 and 0.11 ± 0.06 μm pulse-1 per J cm-2 in bovine and ovine 

cortical bone respectively. Vertical red dashed line indicates the 

ablation threshold fluence (0.91 Jcm-2). 

87 

Figure 4.14 Ablation rate as a function of pulse fluence in bovine and ovine skull 

bone tissue. Increase in the ablation rate per unit of fluence was 

determined from the gradients of each trend line and found to be 0.13 

± 0.02 μm pulse-1 per J cm-2 in bovine and ovine skull bone. Vertical 

red dashed line indicates the ablation threshold fluence (1.14 Jcm-2). 

87 

Figure 4.15 Depth of linear ablation feature cuts in bovine cortical bone at variable 

focal depths with 269 pulses being applied anywhere along the ablation 

feature at 2.5, 4.2 and 5.6J cm-2. 

89 



 

XV 

 

Figure 4.16 Ablation craters produced at 11.8 J cm-2 in bovine cortical bone tissue 

with (A) 50, (B) 500 and (C) 1000 pulses 

90 

Figure 4.17 Optical microscopy image of linear ablation features produced at (A) 

5.3 J cm-2, (B) 3.9 J cm-2 and (C) 1.0 J cm-2 in bovine cortical bone 

tissue. Samples were translated to allow ~627 pulses applied at any 

point along the feature corresponding to a translation rate of 0.3μm 

pulse-1. 

90 

Figure 4.18 SEM micrograph of ablation feature in bovine cortical bone, created 

with 1000 pulses at 14.9J cm-2. Image shows no signs of thermal 

damage in the form of cracking, molten material deposits around the 

irradiation site. Red arrows show canaliculi structures within the 

ablation crater remain preserved and are not damaged during laser 

machining. 

91 

Figure 4.19 SEM image of linear ablation feature created with a fluence of 5.3 J 

cm-2 with ~627 pulses applied at any point along the feature 

corresponding to a translation rate of 0.3 μm pulse-1 in bovine skull 

bone. 

92 

Figure 4.20 SEM images of linear ablation feature at increasing magnification in 

bovine cortical bone. Feature was created with a fluence of 5.3 J cm-2 

with ~627 pulses applied at any point along the feature corresponding 

to a translation rate of 0.3 μm pulse-1. ‘Bubbly’ features on surface are 

collagen tufts and hydroxyapatite crystal structure. 

93 

Figure 5.1 SEM micrograph of ablation feature cross section generated with 116 

pulses at any point along the ablation feature and a fluence of 17.5 J 

cm-2 with zero-order Bessel beam. Red line illustrated the 

measurement of crater depth using inbuilt SEM software. 

109 

Figure 5.2 Depth of ablated features verses Fluence in bovine cortical bone 

ablated with 1164, 582, 291, 116, 83 and 58 pulses. Trend lines are 

using a least-squares algorithm to the data for all applied pulse 

numbers. Equation of trendline and R2 values are indicated on each 

graph. 

111 



 

XVI 

 

Figure 5.3 Depth of ablated features verses Fluence in ovine cortical bone ablated 

with 1164, 582, 291, 116, 83 and 58 pulses. Trend lines are using a 

least-squares algorithm to the data for all applied pulse numbers. 

Equation of trendline and R2 values are indicated on each graph. 

112 

Figure 5.4 Incubation power law model for bovine and ovine cortical bone tissue 

ablated with zero-order Bessel beam. Fit results indicate incubation 

factors of 0.94 ± 0.05  and 0.93 ± 0.05  for bovine and ovine cortical 

bone tissue respectively. Equation of trendline and R2 values are 

indicated on each graph. 

113 

Figure 5.5 Depth of linear ablation feature cuts as a function of cumulative 

number of pulses applied for bovine and ovine cortical bone with a 

zero-order Bessel beam applied. Samples were translated relative to 

the focal point ranging from 0.1 μm pulse-1 to 1.5 μm pulse-1 

corresponding to 1164 to 58 pulses being applied anywhere along the 

ablation feature. 

114 

Figure 5.6 Maximum depth as a function of applied fluence for bovine and ovine 

cortical bone with a zero-order Bessel beam applied. Equation of 

trendline and R2 values are indicated on each graph. 

117 

Figure 5.7 Cross-section of ablation features in bovine cortical bone produced at 

a pulse energy of 0.6 mJ per pulse and 1000 pulses with a zero-order 

Bessel beam (A) and traditional Gaussian beam (B). Samples were 

irradiated with λ = 800 nm, τ = 100 fs pulses at a repetition rate of 1 

kHz. 

118 

Figure 5.8 Overhead view of ablation features produced at a pulse fluence of  25.0 

Jcm-2 and 1164 pulses with a zero-order Bessel beams at 75X 

magnification (A) and 200X magnification (B) 

119 

Figure 6.1 Examples of D-Scan features machined in (a, c, e) Silicon and (b, d, f) 

Quartz using (a-b) Gaussian beams, (c-d) 2nd order vortex beams, and 

(e-f) 1st order Bessel beams; measurements obtained using optical 

profilometry. The focal plane for Gaussian and vortex beams is 

126 



 

XVII 

 

marked; -z denotes the sample above the focal plane, while +z denotes 

the sample below the focal plane. 

Figure 6.2 Gaussian beam waist (dotted line) and damage radius (blue and red 

lines) for (a) Gaussian, (b) 1st order vortex, (c) 2nd order vortex, (d) 

3rd order vortex, and (e) 4th order vortex beams. For (b-e), the blue 

line denotes the outer damage radius calculated using the non-principal 

branch of the Lambert Omega function (W-1), while the red line 

denotes the inner damage radius calculated using the principal branch 

of the Lambert Omega function (W0). Radii calculated for the 

theoretical case where λ = 800 nm, ω0 = 15 µm, Fth = 1.0 J/cm2, E0 = 

0.1 mJ. Marked point “x” indicates the point (χ,ρmax). 

127 

Figure 6.3 Ablation thresholds and effects of pulse number for (A) quartz and (B) 

Silicon using a femtosecond pulsed laser with Gaussian, Bessel and 

vortex beam shapes. Solid lines show incubation curve fits according 

to the Ashkenasi model (Ashkenasi et al., 1999). 
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Figure 6.4 Schematic illustrating beam shape for Gaussian, 0th order Bessel 

beam, and 1st order vortex beam, at equal peak fuence. Pulse energy 

ratio for Gaussian: Bessel0:Vortex1 is 1:0.53:2.72. 
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Figure 7.1 SEM micrograph of ablation crater generated with 1000 pulses at 802.8 

μJ per pulse (λ=800 nm, τ=230 fs) with a repetition rate of 500 Hz on 

undoped Silicon. Blue lines illustrate the measurement of inner crater 

diameter, red lines illustrates the measurement of outer crater diameter 

using inbuilt SEM software. 
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Figure 7.2 Squared diameter (D2) of ablated craters versus pulse energy in 

undoped silicon ablated with 1000, 500, 100, and 10 pulses in ambient 

conditions. Trend lines are fitted using a least-squares algorithm to the 

data for all applied pulse numbers. Hollow points indicate the inner 

diameter features. Note the different y-axis scale for 10 pulse data 

compared to 1000, 500 and 100 pulses. Black and blue trendlines 

correspond to low and medium ablation regimes fitted for inner 

diameter features. Green and red lines correspond to medium and high 

ablation regimes for outer diameter features. 
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Figure 7.3 Squared diameter (D2) of ablated craters versus pulse energy in 

undoped silicon ablated with 1000, 500, 100, and 10 pulses in vacuum 

conditions. Trend lines are fitted using a least-squares algorithm to the 

data for all applied pulse numbers. Hollow points indicate the inner 

diameter features. Note the different y-axis scale for 1000 pulse data 

compared to 500, 100 and 10 pulses. Black and blue trendlines 

correspond to low and medium ablation regimes fitted for inner 

diameter features. Outer ablation features were only seen for 1000 

pulses corresponding to the red trendline. 
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Figure 7.4 Squared diameter (D2) of ablated craters versus pulse energy in 

stainless steel ablated with 1000, 500, 100, and 10 pulses in ambient 

conditions. Trend lines are fitted using a least-squares algorithm to the 

data for all applied pulse numbers. Hollow points indicate the inner 

diameter features. Note the different y-axis scale for 10 pulse data 

compared to 1000, 500 and 100 pulses. Black and blue trendlines 

correspond to low and medium ablation regimes fitted for inner 

diameter features. Green and red lines correspond to medium and high 

ablation regimes for outer diameter features 
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Figure 7.5 Squared diameter (D2) of ablated craters versus pulse energy in 

stainless steel ablated with 1000, 500, 100, and 10 pulses in vacuum 

conditions. Trend lines are fitted using a least-squares algorithm to the 

data for all applied pulse numbers. Hollow points indicate the inner 

diameter features. Note the different y-axis scale for 10 pulse data 

compared to 1000, 500 and 100 pulses. Black, blue and yellow 

trendlines correspond to low, medium and high ablation regimes fitted 

for inner diameter features. Green and red lines correspond to medium 

and high ablation regimes for outer diameter features. 
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Figure 7.6 Squared diameter (D2) of ablated craters versus pulse energy in 

sapphire ablated with 1000, 500, 100, and 10 pulses in vacuum 

conditions. Trend lines are fitted using a least-squares algorithm to the 

data for all applied pulse numbers. Hollow points indicate the inner 

diameter features. Black and red trendlines correspond to low and high 
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ablation regimes fitted for outer diameter features. Note that no inner 

diameter ablation features were observed. 

Figure 7.7 SEM micrographs of ablation freatures created in undoped silicon 

under ambient conditions. Pulse numbers and pulse energies are 

labelled as row and column headings. Scale bars are indicated on each 

image. 
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Figure 7.8 SEM micrographs of ablation features created in undoped silicon under 

vacuum conditions. Pulse numbers and pulse energies are labelled as 

row and column heading. Scale bars are indicated on each image. 
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Figure 7.9 SEM micrographs of ablation features created in stainless steel under 

ambient conditions. Pulse numbers and pulse energies are labelled as 

row and column heading. Scale bars are indicated on each image. 
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Figure 7.10 SEM micrographs of ablation features created in stainless steel under 

vacuum conditions. Pulse numbers and pulse energies are labelled as 

row and column heading. Scale bars are indicated on each image 
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Figure 7.11 Ablation features machined on undoped silicon under ambient (left) 

and vacuum (right) conditions with 1000 pulses applied at varying 

pulse energies. Through machining of silicon wafer indicated by white 

light penetrating sample. 
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Figure 7.12 Ablation features machined on undoped silicon under ambient (left) 

and vacuum (right) conditions with 500 pulses applied at varying pulse 

energies. Through machining of silicon wafer indicated by white light 

penetrating sample. 
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Figure 7.13 Ablation features machined on undoped silicon under ambient (left) 

and vacuum (right) conditions with 100 pulses applied at varying pulse 

energies. Through machining of silicon wafer indicated by white light 

penetrating sample. 
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Figure 7.14 Temporal Gaussian pulse profile. Reprinted with permission from (Sun 

and Longtin, 2004) 
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Figure 7.15 Normalized intensity profile (x=0) at the focal point in air (9th, 13th, 

15th and 16th pulse slices are shown). Reprinted with permission from 

(Sun and Longtin, 2004) 

170 

Figure 7.16 2-D (cross section at x=0) normalized fluence profile at the focal point. 

Reprinted with permission from (Sun and Longtin, 2004) 
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Figure 7.17 Squared diameter (D^2) of ablated craters versus pulse energy in 

undoped silicon ablated with 1000 pulses applied in vacuum 

conditions. Trend lines are fitted using a least-squares algorithm to the 

data for all applied pulse numbers. Hollow points indicate the inner 

diameter features. Black and blue trendlines correspond to low and 

medium ablation regimes fitted for inner diameter features. Outer 

ablation features correspond to the red trendline. Shaded regions 

indicate pulse energies where γ>1 (grey),1> γ>0.5 (blue) and γ>0.5 

(red). 
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Figure A.1 Diagram demonstrating the diagonal scan experiment and how the 

ablation feature is formed. 

182 

Figure A.2 Graph showing the damage radius for a vortex beam (l=1), where the 

inner damage radius (calculated using the principal branch of the 

Lambert Omega function W0) is shown in red, and the outer damage 

radius (calculated using the non-principal branch of the Lambert 

Omega function  W-1) is shown in blue. The Gaussian beam radius is 

also represented as a black dashed line. 
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Figure A.3 Graph showing the behaviour of equation (A. 105) for values of 𝑙𝑙 from 

-5 to 5. 
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CHAPTER 1: INTRODUCTION  

1.1 Introduction 

Ultrashort laser pulses have many advantages in the field of laser micromachining such as high 

efficiency, localised energy deposition and minimal thermal effects to the irradiated samples. 

Despite these advantages their comparatively slow material removal rates compared to longer 

pulsed lasers and mechanical tools have limited applications to date (Collins et al., 2014). 

One field in which the use of ultrafast lasers has been proposed is as a novel tool for hard tissue 

removal. Extensive research has been conducted in the field of hard tissue removal using 

continuous wave or long-pulsed lasers with wavelengths in the infrared region. However, due 

to the thermal mechanism of material removal, these studies have reported extensive 

carbonisation, thermal cracking and other detrimental heat effects making them unsuitable for 

clinical applications (Hodgson and Wilson, 1991, Lesinski and Stein, 1989, Nuss et al., 1988, 

Murray and Dickinson, 2004, Jowett et al., 2014, Stanislawki et al., 2001, Ivanenko et al., 

2005). This explains why mechanical tools are still the preferred method for hard tissue surgery 

due to their high cutting and drilling speeds (Udiljak et al., 2007) despite their many drawbacks. 

Ultrashort pulsed lasers have been shown to remove material through a “cold cutting” 

mechanism with little or no damage to the surrounding area (Krueger et al., 1997a, Chichkov 

et al., 1996, Nolte et al., 1997, Wellershoff et al., 1999, Gamaly et al., 2002) therefore making 

them a prime candidate for the removal of biological tissue. 

In recent years, several advances have been made in the field of spatial beam shaping (Fahrbach 

et al., 2010, Stoian et al., 2014, Padgett and Bowman, 2011, Gamaly and Rode, 2013, 

Hnatovsky et al., 2010a, Tsai et al., 2013, Bhuyan et al., 2010b, Duocastella and Arnold, 2012). 

By varying the type of beam used during ultrashort laser ablation, we can alter the laser-

interaction mechanisms and increase the efficiency of ultrashort pulsed laser ablation to 

industry acceptable levels. Non-Gaussian beam shapes such as vortex and Bessel beams have 
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already been utilised with femtosecond laser pulses (Bhuyan et al., 2010b, Hnatovsky et al., 

2010a, Tsai et al., 2013, Duocastella and Arnold, 2012, Allahyari et al., 2018, Nivas et al., 

2015, Sahin et al., 2015). These complex beam shapes have enabled the opportunity to 

investigate the effects on orbital angular momentum and non-Gausssian intensity distribution 

during the ablation process and in turn, the general light-matter interactions (Bhuyan et al., 

2010b, Hnatovsky et al., 2010a, Tsai et al., 2013, Duocastella and Arnold, 2012).  

1.2 Aims and objectives 

The overall aim of the work conducted in this thesis is the study of ultrafast laser 

micromachining on cortical and skull bone in freshly harvested ovine and bovine bone samples. 

We determined the standard metrics of laser micromachining for each of the samples using 

Gaussian beams to determine whether their applications in a clinical setting would be suitable. 

Since the main criticism of ultrashort pulsed laser micromachining is the slow cutting speeds 

and ablation rates, we extend our study for Bessel beams to determine if the ablation rates can 

be enhanced to clinically viable levels. 

The secondary aim was to determine a reliable way in which to determine the ablation threshold 

for non-Gaussian beam shapes such as Bessel and vortex beams. This would provide evidence 

that utilising Bessel beams on bone tissue does indeed result in enhanced ablation rates and 

higher efficiency laser micromachining. Reliable methods for determining the ablation 

threshold of Bessel and vortex beams for materials have yet to be developed and we are the 

first to our knowledge who have done so. 

In terms of the ablation threshold for Gaussian beams determined using the D2 regression 

technique, we noticed discrepancies between the extracted beam waist and theoretical beam 

waist for the optics used. In addition, we have noticed several ablation regimes arising from 

our D2 regression results. We aim to perform a detailed study of the ablation features and relate 

them to the D2 regression results giving insights into the underlying ablation mechanism. 

The main objectives of the research in this thesis is summarised as follows: 

1. Determine the standard metrics of laser micromachining for freshly harvested cortical 

and skull bone tissue from bovine and ovine species with a Gaussian beam. The 

standard metrics are ablation threshold, incubation coefficient, ablation rates and 
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feature analysis. Studies of the dependence of the focal spot position below the sample 

surface and their impact on ablation depth will be performed. 

2. Determine the standard metrics of laser micromachining for freshly harvested cortical 

bone tissue from bovine and ovine species with a Bessel beam. The standard metrics 

are ablation threshold, incubation coefficient, ablation rates and feature analysis.  

3. Provide experimental data for the adapted D-Scan method for Bessel and vortex beams 

to observe changes in the ablation threshold. 

4. Correlate discrepancies in the beam waist determined from the D2 regression technique 

and relate them to the underlying ablation mechanism. 

 

1.3 Organisation of the thesis 

Chapter 1 introduces this thesis work with the motivation for research and overall aims and 

objectives are summarised. This chapter concludes with the organisation of the thesis. 

Chapter 2 provides a review of femtosecond laser material processing in literature. We will 

present the theoretical background of femtosecond laser interaction with dielectrics and 

highlight the current beliefs of the ablation mechanism. Bone structure and composition are 

also described with details on surgical requirements for cutting and removing bone tissue. 

The experimental methods used throughout this these are described in chapter 3, this includes 

sample preparation and details, the laser system and optical set-up, methods to determine the 

ablation threshold, spatial light modulator phase mask design and generation of shaped beams 

and material characterization techniques. 

In chapter 4, we detail the standard metrics of laser micromachining for freshly harvested 

bovine and ovine cortical and skull bone with Gaussian beams. These results serve as a baseline 

for comparison with the results obtained for Bessel beams which is detailed in chapter 5  

Chapter 6 shows the experiments and results for the adapted D-Scan method for Bessel and 

vortex beams, comparing experimental values with those of traditional Gaussian beams. 

The D2 regression results for silicon, stainless steel and sapphire are reported in chapter 7 with 

thorough analysis of the multiple ablation features generated at varying pulse energies and 

pulse numbers. Thorough analysis of the D2 regression data and its links to the ablation 
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mechanisms are presented. In addition, ablation efficiency is compared in vacuum versus 

ambient pressure conditions for through drilling of undoped silicon. 

The conclusions reached are summarized in chapter 8 with suggestions for future work also 

presented. 
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CHAPTER 2: BACKGROUND 

In this chapter, we will present the historical and scientific background of the laser with 

particular focus on its applications in laser micromachining. We explore the development of 

lasers for laser machining and their applications in medicine, particularly for hard tissue 

manipulation. This chapter will also provide a general overview of laser physics and the 

difference between some common lasers used for laser machining. The variation in pulse 

widths for different lasers will be discussed and their material removal mechanisms outlined 

with particular focus on the ultrashort laser ablation mechanism. Finally, an outline of the 

standard metrics of laser micromachining will be discussed.  

2.1 Brief history of the laser and laser machining 

In modern day, lasers have become an integral and indispensable tool in a variety of industries 

such as automotive, aeronautics, electronics and medicine to name a few. The first fundamental 

concept of “stimulated emission” was first proposed by Einstein in 1916 (Einstein, 1916) and 

1917 (Einstein, 1917). It was with these first fundamental concepts that Theodore Harold 

Maiman (1927 – 2007) was able to invent and demonstrate the first working ruby laser in 1960 

(Maiman, 1960). 

The invention of the first working laser heralded a new era in optics and photonics and was 

followed by researchers attempting to make a wide variety of materials to lase. Whilst the 

invention of the laser may have been a breakthrough for science, it was also seen as a new and 

untapped resource for industry. In the months and years that followed, a plethora of lasers were 

invented that covered a vast range of wavelengths and lasing species as shown by Table 2.1 

(Steen et al., 2010). What is clearly evident is that the commercialisation and production of the 

lasers for industry happened extremely quickly after their invention.  
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Table 2.1: Laser type, lasing species, wavelengths and dates of invention and 
commercialisation for common commercial lasers. Table recreated from (Steen et al., 2010) 

Laser Type 
Lasing 

Species 

Principal 

Wavelength 

(nm) 

Date 

Invented 

Date 

Commercialised 

Ruby Cr3+ 694.3 1960 1963 

Helium Neon Ne* 632.8 1962 - 

AlGaAs diode Bandgap 
700 – 900 

(tunable) 
1962 1965 

Dye Fluorescence 
300 – 1100 

(tunable) 
1962 1965 

Free Electron 
Electron 

vibration 

100 – 12000 

(tunable) 
1963 1969 

Argon 
Ar+ 

Ar+ 

488 

514.5 
1964 1966 

Carbon Dioxide 
CO2 

Vibration 
9400 1964 1966 

Nd:YAG Nd3+ 1064 1964 1966 

Er:YAG Er3+ 1500 1964 1983 

Nitrogen N2 337 1966 1969 

AlGaN Diode Bandgap 
380 – 450 

(tunable) 
1966 1969 

Nd:YAG 

Frequency doubled 
Nd3+ x 2 532 1966 1981 

Copper Vapour Cu* 578.2 1966 1981 

Hydrogen Fluoride (H2 + F2) 2600 - 3000 1967 1977 
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Helium-Neon Ne* 3390 1967 1977 

Carbon Monoxide CO Vibration 5400 1967 1977 

Helium-cadmium Cd+ 441.6 1968 1970 

Excimer 

F2 

ArF 

KrF 

157 

193 

248 

1975 1976 

Nd:YAG 

Frequency 

Quadrupled 

Nd3+ x 4 

XeCl 

XeF 

266 

308 

351 

1975 1976 

Alexandrite Cr3+ 
700 – 820 

(tunable) 
1977 1981 

Ti:sapphire Ti3+ 
670 – 1100 

(tunable) 
1977 1981 

Yb:YAG Yb3+ 1030 1990s - 

 

Almost immediately after the laser was first invented, researchers observed the unique ability 

of a directed beam of laser light and energy to eject and remove material. This resulted in a 

series of ‘firsts’ in the field of laser ablation and are detailed in the book by  

Ready (Ready, 2012), a timeline of which is shown in Figure 2.1. 

One of the most common lasers used for laser cutting and micromachining is the CO2 laser, 

first invented by Patel (Patel, 1964) in 1964. However, upon its invention it only produced ~1 

mW of power with an efficiency of 0.0001%. By varying the lasing medium mixture by adding 

nitrogen and then helium, Patel was able to generate 100 W of power with an efficiency of 6% 

all within a single year of its invention. As the power of lasers increased rapidly, it was soon 

seen that the ability to direct a focussed beam of light at a material allowing for cutting and 

machining had potential in widespread industry. In May 1967, only three years after the first 

demonstration of the CO2 laser, it was now capable of producing 300 W of power. Peter 

Houldcroft was able to demonstrate gas-assisted laser cutting of 1/10 inch stainless steel plate. 
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This first example of laser machining for industrial processes brought down a lot of interest on 

the ability of lasers to be used for a variety of industrial applications. For example, Boeing was 

one of the first companies to introduce laser-cutting into its production lines and continued to 

research CO2 laser cutting of hard materials such as titanium, Hastelloy and ceramics in 1969. 

 

 



 

9 

 

 

Figure 2.1: Timeline of important “firsts” in the field of laser ablation from 1960 – 1970.
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However, despite lasers now becoming readily available and used in research and industry, their 

potential for laser cutting had yet to be fully realised. In fact, for the first 30 years the number of 

scientific articles published remained fairly low. Using the academic search engine ‘Web of 

Science’ and searching for “laser cutting” as the topic, it is clear that there was fairly slow growth 

in the number of publications published between 1964 and 1989, only reaching a maximum of 23 

articles in 1989. However, over the next 30 years as laser technology became more widespread 

and lasers were improved, the number of publications increased drastically as shown in Figure 

2.2, reaching a 1043 publications in 2018.  

 

Figure 2.2: Number of publications from 1964 – 2018 including the topic “Laser Cutting”. Data 
obtained from Web of Science. 

 

Laser technology had already proved to be an exciting and attractive field of research for its 

applications as a powerful manufacturing tool in medical and industrial applications with potential 

uses within the automotive, aerospace, biomedical and semiconductor industries. Traditional 

manufacturing techniques used for sheet metal cutting, drilling, welding and marking/engraving 

were being surpassed by laser technology. However, where micron sized features and structures 

are required, the demand for high-accuracy and high precision material removal was increasing. 
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More importantly is that the methods for creating these micron sized features needed to be 

commercially viable in order to be cost effective.  

As various pulsed lasers were developed and becoming widely available, the amount of research 

and publications in laser micromachining for nanosecond, picosecond and femtosecond laser 

micromachining increased as shown by Figure 2.3.  

 

 

Figure 2.3: Number of publications from 1964 – 2018 including the topics “laser 
micromachining”, “pulsed laser micromachining”, “nanosecond laser micromachining”, 
“picosecond laser micromachining” and “femtosecond laser micromachining”. Data obtained 
from Web of Science. 

 

Laser micromachining research soon suggested that the ability to remove material through the 

process of ablation depended primarily on laser irradiance and not necessarily the average amount 

of energy delivered to a target material (Niemz, 1996). Whilst increasing the irradiance can be 

achieved by increasing pulse energies, alternative methods were found to perform the same thing 

– focussing the delivered energy into a smaller area or delivering the same energy in increasingly 

smaller time frames. With the invention of mode-locking and chirped pulse amplification by 



 

12 

 

Donna Stickland and Gerard Mourou in 1985 (Strickland and Mourou, 1985), the ability to 

produce high energy pulses with pulse durations on a femtosecond time scale lead to the 

revolution of ultrashort pulsed laser micromachining  where the resulting intensities can reach up 

to gigawatts per square centimetre and in some cases even terawatts. These intensities are well 

beyond the ablation threshold for metals and other hard materials and the field of ultrafast laser 

micromachining remains one of the most prevalent areas of research in laser micromachining 

today.  

The implementation of ultrashort pulsed lasers in industry has been limited by slow drilling and 

cutting rates as the high pulse energy femtosecond lasers tend to exhibit a decreased repetition 

rate (Breitling et al., 2004). With the advances in ultrafast fibre laser technology which exhibit 

high average powers and repetitions rates, this can potentially be overcome. These systems 

typically emit laser pulses at hundreds of kilohertz to megahertz repetition rates whilst having 

high enough average powers to cause ablation. 

However, there are a multitude of different parameters which require testing and understanding 

in order to customise the ultrafast laser micromachining of materials to industry viable levels as 

shown by the Ishikawa diagram made by Emmelmann and Urbina (Emmelmann and Urbina, 

2011) shown in Figure 2.4. This diagram shows that the laser ablation process is determined by 

the laser parameters, optical performance of the laser beam, processing strategy, environment and 

the target material. 

Ultrashort pulsed lasers with lower repetition rates and higher pulse energies generated through 

chirped pulse amplification technology have shown to provide a range of advantages useful for 

laser micromachining. These include: 

- Confined thermal load to the target sample is reduced through highly localised laser energy 

deposition. 

- Clean microstructures with little debris deposition. 

- No interaction between the incident laser pulse and the ablation plume due to the short 

laser-material interaction time. 

- Avoidance of secondary effects (plume heating, plasma shielding). 

These advantages have been supported by results obtained in literature using femtosecond, 

picosecond and nanosecond pulses lasers (Dausinger, 2003, Ostendorf et al., 2005, Chichkov et 

al., 1996, Meijer et al., 2002). 
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Figure 2.4: Ishikawa diagram for the analysis of the influence of burst-mode laser ablation. 
Reprinted with permission from (Emmelmann and Urbina, 2011). 

 

2.2 Laser machining of hard tissue in surgery and medicine – 
Literature Review 

The potential for lasers to be used as biological and clinical tools in medicine were recognised 

immediately after the laser was invented. In fact, Campbell et al. demonstrated that that the ruby 

laser could be used to treat patients with retinal tears via photocoagulation (Campbell et al., 1963) 

only three years after the laser was invented. Soon after, lasers were researched as alternatives for 

hard biological tissue cutting and reshaping in order to avoid the negative side effects caused by 

mechanical tools. The first investigation of hard biological tissue ablation were performed in the 

field of dentistry (Stern, 1964, Goldman et al., 1964) in 1964 and remained an area of interest 

through to the late 1990’s. During this period a variety of different lasers were used to study their 

ability to remove dental tissue including: Ruby (Stern et al., 1972, Goldman et al., 1964), CO2  

(Stern et al., 1972, Keller et al., 2003), Nd:YAG (Aminzadeh et al., 2002), Ar+ (Kelsey III et al., 

1991), Ho:YAG (Kinney et al., 1996) and Alexandrite lasers (Steiger et al., 1993). Unfortunately, 

these early tests were not as promising as initially anticipated. Results should that the material 

removal rates were lower compared to their mechanical counterparts. In addition, the ablation 
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process was thermally driven and led to excessive heat release resulting in water evaporation, 

thermal degradation of organic compounds in the dental tissue and melting of the inorganic 

components. Significant carbonization and cracking from thermomechanical stress was observed 

and most importantly the underlying tissue suffered necrosis (Steiger et al., 1993). Carbonization 

of the tissue was found to occur when all of the water in the tissue had been vaporized during the 

ablation process and the temperature of the tissue exceeded 100oC, at these temperatures 

significant material damage occurs but would also result in significant detrimental effects to 

cellular and ezyme activity (Niemz, 1996). The significant generation of heat through the 

irradiation process occurs with nanosecond or longer pulse durations and can be explained by the 

photothermal nature of the ablation process during IR laser-tissue interactions (Bäuerle, 2013). 

Understanding of the ablation mechanism for longer pulsed lasers can be understood by 

considering the laser intensity and pulse duration in comparison to the electron-lattice structure 

of the ablated material. Since the laser intensity is moderate to low and the pulse duration is 

significantly longer than the electron-lattice structure to reach thermal equilibrium, energy 

absorbed from the laser results in significant heating of the material. This results in vaporisation 

of water followed by melting and vaporisation of the tissue. Niemz (Niemz, 1996) presents a way 

in which to determine the heat penetration depth where the temperature has decreased to 1 𝑒𝑒⁄  of 

its peak value: 

 𝑙𝑙𝑡𝑡ℎ𝑒𝑒𝑒𝑒𝑒𝑒(𝜑𝜑) = √4 𝜅𝜅𝜑𝜑 (2. 1)  

Where κ is the thermal diffusivity of the tissue and t the interaction time. The thermal diffusivity 

can be calculated using: 

 𝜅𝜅 =
𝜅𝜅𝑇𝑇
𝜌𝜌𝑐𝑐𝑝𝑝

 (2. 2)  

where 𝜅𝜅𝑇𝑇 is the thermal conductivity (𝜅𝜅𝑇𝑇 ≈ 0.55 W/mK), 𝜌𝜌  is the tissue mass density (𝜌𝜌 = 1.85 

g/cm3) and 𝑐𝑐𝑝𝑝 is the heat capacity (𝑐𝑐𝑝𝑝 = 1313 J/kg/K) for cortical bone. Using these values we 

obtain a value of 𝜅𝜅 = 2.26 × 10−7 m2/s for cortical bone (Mcintosh and Anderson, 2010, 

Davidson and James, 2000). Using these equations, an estimation of the depth at which heat 

penetrates cortical bone tissue with varying long pulse widths can be calculate as shown in Table 

2.2 
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Table 2.2: Thermal penetration depths for bovine cortical bone tissue with varying laser pulse 
durations/interaction times. 

Pulse duration, τ 𝒍𝒍𝒕𝒕𝒕𝒕𝒕𝒕𝒕𝒕𝒕𝒕(𝒕𝒕) 

1 ns 30 nm 

10 ns 95 nm 

100 ns 300 nm 

1 μs 950 nm 

10 μs 3 μm 

100 μs 10 μm 

1 ms 30 μm 

10 ms 95 μm 

100 ms 300 μm 

1 ms 950 μm 

 

The negative effects of the thermal ablation mechanism meant that long pulse lasers in the IR 

region where unsuitable for clinical applications. As such, it was proposed that lasers that remove 

material through a non-thermal mechanism, such as UV and ultrafast lasers, would be better 

candidates. In the case of UV lasers, it was believed that since the photons at shorter wavelengths 

would possess higher energies, they would induce electronic excitations that lead directly to bond 

breaking and material removal whilst minimising heating of the material. It was proposed that 

since the one of the primary constituents of dental and bone tissue is collagen, they could exploit 

the photochemical decomposition of collagen with UV laser irradiation. Since the photons emitted 

by UV lasers have energies ranging from 3.5 to 6.5 eV, they would be able to photochemically 

decompose the covalent bonds present in collagen (C=O: 7.1 eV, C=C: 6.4 eV, O-H: 4.8 eV, N-

H: 4.1 eV, C-O: 3.6 eV, C-C: 3.6 eV, S-H: 3.5 eV, C-N: 3.0 eV and C-S: 2.7 eV). 

 Lustmann et al. (Lustmann et al., 1992) showed the bone tissue could by ablated using an ArF 

excimer laser with λ = 193 nm, Ephoton = 6.4 eV and τ = 17 ns. The ablation mechanism at the time 

was unknown but later explained by by Eugénio et al. (Eugénio et al., 2005) and Sivakumar et al. 
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(Sivakumar et al., 2008) using a KrF excimer laser with a wavelength of 248nm and 30 ns pulse 

durations in the case of dental tissue. Their results showed that negligible thermal side effects 

were observed to the dental tissue.  However, the ablation rates they observed remained too low 

for clinical use (Sivakumar et al., 2008) whilst exposing tissue to high intensity UV beams posed 

a substantial health hazard (Kochevar, 1989).  

Significant developments were made in the field of dentistry and now Er:YAG and Er,Cr:YSGG 

lasers are extensively used in the dentistry field (Lewandrowski et al., 1996, Visuri et al., 1996, 

Wang et al., 2005). These lasers emit wavelengths at 2.94 and 2.78 μm respectively which 

correlate with a strong absorption band in water. When the tissue is irradiated with these 

wavelengths, the efficient absorption by the water in the tissue results in rapid heating and 

evaporation followed by a shock wave that mechanically disrupts dentin (Attrill et al., 2004). 

These lasers have shown to have high material removal rates whilst thermal damage is kept to a 

minimum. On the other hand, some researchers have commented that at higher fluences, these 

lasers can still result in denaturation of collagen (Camerlingo et al., 2004) and chemical 

modification of hydroxyapatite crystals (Bachmann et al., 2008) which are both fundamental 

building blocks for all hard tissue. 

The laser ablation of bone tissue was not studied as intensively as the ablation of dental tissue but 

it was assumed that since the structure of the two are similar, similar ablation behaviour would be 

seen for bone tissue. Some of the early studies attempted to use a CW or microsecond pulsed CO2 

laser for bone tissue ablation but this results in an excessive heat affected zone in the form of 

charring, carbonization and tissue necrosis (Pourzarandian et al., 2004, Li et al., 2014, Geraldo-

Martins et al., 2005). The move to Er:YAG and Er,Cr:YSGG lasers was made in the hope that the 

behaviour would be the same as for dental tissue. These lasers have been successfully used for 

orthopaedic, maxillofacial and periodontal surgery (Lewandrowski et al., 1996, Visuri et al., 1996, 

Wang et al., 2005, Pourzarandian et al., 2004). 

Research has been conducted for the application of ultrashort laser pulses being used for soft 

(Oraevsky et al., 1996, Loesel et al., 1998, Juhasz et al., 1999) and hard tissue ablation (Cangueiro, 

2017, Cangueiro et al., 2012, Wieger et al., 2007, Girard et al., 2007b, Lim et al., 2009, Le et al., 

2016, Neev et al., 1996) due to their ability to prevent thermal damage to the surrounding tissue 

whilst still being able to ablate the material. Femtosecond laser ablation studies in the literature 

indicate promise for bone surgery applications. The reduction in heat affected zone (HAZ) has 

been shown in a few studies (Cangueiro et al., 2012, Wieger et al., 2007, Nicolodelli et al., 2012, 
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Emigh et al., 2012, Girard et al., 2007b). Though the number of studies is limited, the laser 

ablation threshold fluence of cortical bone appears to be relatively insensitive to the incident 

irradiation conditions when the pulses are in the femtosecond regime; this is important for the 

practical application of this promising technology in the surgical setting.  For cortical bone, the 

range of ablation thresholds measured is from 0.6 to 0.9 J cm-2 (Lim et al., 2009, Girard et al., 

2007b, Wieger et al., 2007, Cangueiro et al., 2012, Nicolodelli et al., 2012) with few exceptions 

(Emigh et al., 2012). For example for bovine cortical bone, 0.6 J cm-2 was measured with λ = 800 

nm, τ = 70 fs and 10 pulses (Nicolodelli et al., 2012), and 0.79 ± 0.04 J cm-2 for λ = 1030 nm, τ = 

500 fs, and a single pulse. The threshold fluence for porcine cortical bone has been reported as 

0.69 ± 0.08 J cm-2 (λ = 775 nm, τ = 200 fs, 1000 pulses) (Girard et al., 2007b). Unfortunately, it 

is difficult to draw conclusions from such a small number of studies that employ such widely 

diverse laser excitation approaches and sample preparation. In fact, it appears that the bone 

preparation details freezing, polishing, storage conditions and whether live or dead bone is being 

studied may play a significant role in the ablation results; extension of these findings to live bone 

in surgery is a challenge. Meanwhile, studies have yet to directly compare the standard metrics of 

femtosecond laser micromachining between two different species of bone. 

Significant research has been done to investigate the temperature and pressure changes for 

ultrafast laser micromachining of bone tissue. Schwab et al. (Schwab et al., 2004) found that for 

a given radiated power, the temperature and pressure changes were significantly lower compared 

to those generated by Er:YAG or CO2 lasers. This was also seen by Neev et al. (Neev et al., 1996) 

who looked at the temperature increase in the ablation of dentin and found that temperature 

changes did not exceed more than 2.5oC. One of the most  comprehensive studies was performed 

by Girard et al. (Girard et al., 2007b) found that by staining the bone tissue for alkaline 

phosphatase to visualise the presence of osteoblasts, no significant temperature increases were 

observed even at the edge of the irradiation site. 

However, despite the extensive research in literature for the ultrashort pulsed laser ablation of 

hard tissue, no research has been performed to enhance the ablation rate by utilising non-Gaussian 

beams. 
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2.3 Brief review of laser physics 

To aid the understanding of the laser micromachining, we present some general details of laser 

operation and the generation of ultrashort laser pulses. 

2.3.1 General operation of a laser 

The term laser stands for “Light Amplification by Stimulated Emission of Radiation”, in effect a 

laser is a device able to amplify ‘light’ through the process of stimulated emission. The process 

of stimulated emission is utilises the quantum theory of light and specialised lasing mediums 

which can be in any state of matter: gas, liquid or solid. The quantum theory of light states that 

light is ‘packaged’ in discreet particles called “photons”. These photons can be emitted when an 

atom or molecule returns to a lower energy state from a previously excited energy state. Since 

each photon has an associated energy which is tied to its oscillating frequency, the energy of a 

photon can be described by the equation: 

 𝐸𝐸 = ℎν =  𝐸𝐸2 − 𝐸𝐸1 (2. 3)  

Where E is the energy of the emitted photon, h is Planck’s constant (ℎ = 6.626 × 10−34 𝑚𝑚2𝑘𝑘𝑘𝑘/

𝑠𝑠) and 𝜈𝜈 is the frequency of oscillation (Hz). E2 and E1 are the upper and lower energy states 

respectively. 

The lasing medium is typically given an injection of energy through a pumping system and the 

atoms that make up the lasing medium absorb this energy to enter an excited state Figure 2.5(a). 

This excited state can be in several different forms such as; electronic states of an atom or ion, 

electronic, vibrational or rotational states of a molecule or electronic states in a semiconductor. 

The excited molecules or electrons then decay to their natural ground state and release their excess 

energy in the form of radiation, this process is called spontaneous emission Figure 2.5(b). 

However, in lasing mediums the decay process can also be initiated by an incoming photon which 

causes the excited molecule or electron. The resulting emitted photon is in phase with the 

incoming photon and has the same direction, frequency and energy Figure 2.5(c).  In a laser, the 

process of stimulated emission must be the dominant mechanism over spontaneous emission. The 

resulting domino effect results in photons causing their adjacent atoms to undergo the same 

process of stimulated emission resulting in a large number of photons with identical temporal and 

spatial properties. 
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In the majority of lasers, the lasing medium is confined by two parallel reflecting mirrors that 

form what is termed the ‘optical cavity’. The function of the reflective mirrors allows the photons 

to travel back and forth through the lasing material continuing the process of stimulated emission 

and amplifying the number of photons within. 

 

Figure 2.5: Absorption, spontaneous emission and stimulated emission energy level transitions 

 

In a typical optical cavity, one of the reflectors is partially reflective and partially transmissive to 

the photons generated within. As the intensity of the radiation within the optical cavity continues 

to increase, portions of the radiation within are allowed to transmit through the partially 

transmissive mirror and are ejected as an output beam as shown by Figure 2.6. 
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Figure 2.6: Schematic of typical optical cavity and laser oscillation. Adapted from (Schaeffer, 
2016). 

2.3.1 Generation and amplification of ultrashort laser pulses 

The first ultrashort laser pulses, estimated to be several picoseconds long, were produced by 

DeMaria et al. using a passively mode locked Nd:glass laser (DeMaria et al., 1966). The method 

of mode-locking is able to generate ultrashort laser pulses from lasers that have a broad gain 

bandwidth. If we consider the laser modes within the laser cavity, where a laser mode is described 

as one of the possible standing waves that exists as a result of constructive and destructive 

interference within the laser cavity, we would observe several laser modes each with a different 

phase to each other. As each of the laser modes interfered with each other, it would result in a CW 

laser output with random intensity fluctuations, this can be predetermined by the gain bandwidth, 

cavity losses and resonator design as shown in Figure 2.7. 

 

 

Figure 2.7: Longitudinal electric-field modes within optical cavity resulting in CW laser output 
with random intensity fluctuations. 
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By introducing a mode-locking device into the optical cavity, we allow the laser to oscillate over 

a large number of modes each of which have the electric field phase-locked amongst each other 

where the frequency separations between the modes and all oscillations have fixed phases relative 

to each other. An example of several modes, each with equal frequency separation between the 

modes and the resulting mode-locked electric field is shown in Figure 2.8. As the several modes 

oscillate within the cavity, they periodically all constructively interfere with one another and 

produce and intense pulse of light. 

 

 

Figure 2.8: Field of modes (coloured) phase locked to produce a mode-locked electric field profile 
(black) with periodic high intensities. 

 

There are several mechanisms of mode locking such as active mode-locking using a modulator 

inserted into the optical cavity, passive mode-locking using semiconductor saturable absorber 

mirrors (SESAM) and Kerr lens mode-locking requiring a nonlinear medium Kerr lens. 

Mode-locking techniques typically lead to high pulse repetitions in the megahertz to gigahertz 

range. As the repetition rates are so high, this means that the individual pulse energies are typically 
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extremely low and cannot be used for efficient laser micromachining processes. As a result, 

amplification techniques are required in order to obtain high energy pulses with ultrashort pulse 

widths. 

Ultrashort pulses with pulse energies > 1 mJ result in extremely high peak powers which poses a 

substantial risk for any optical components. With the advent of chirped-pulse amplification 

(Strickland and Mourou, 1985) by Donna Strickland and Gerard Mourou who recently won the 

Nobel prize for their discovery, ultrashort laser pulses with high pulse energies became a reality. 

The chirped pulse amplification system uses the low energy ultrashort laser pulses to seed the 

amplification system. These laser pulses are temporally stretched using a fibre Bragg grating, pair 

of diffraction gratings or an optical fibre. The temporally stretched pulse can now be amplified 

without running the risk of damaging any optical components. At this point, a high energy long 

pulse exists which needs to be recompressed back to its ultrashort time scales. This is done using 

another pair of diffraction gratings (Paschotta, 2008).  

 

2.4 The process of laser ablation and its mechanisms 

The process of laser ablation is defined as the removal of material from a substrate by irradiating 

it with a laser beam. The removal of material can be presented in the form of ejection of atoms, 

ions, molecules or clusters from the surface of the substrate as a result of absorption of energy 

from the incident laser beam. This energy is then converted to electronic or vibrational excitations 

followed by a conversion to kinetic energy as the material is removed from the bulk. 

The interaction between a substrate and short pulsed lasers with nanosecond pulse durations has 

been a subject of many experimental and theoretical studies (Ready, 2012, Afanasyev et al., 1966, 

Prokhorov et al., 1990, Chichkov et al., 1996). In the nanosecond pulse duration regime, the target 

material absorbs the incident pulse energy which results in heating of the target surface to its 

melting point and then increases its temperature to its vaporization point. During this time frame, 

the main losses of energy come from heat conduction into the target material. Since the material 

has reached the critical temperature for melting and vaporization, the material is removed from 

the target area. However, due to the relatively long interaction time between the laser pulse and 

the substrate, sufficient time is allowed for a thermal wave to propagate into the target, creating a 

relatively large layer of melted material around the periphery of the ablation site as shown by 

Figure 2.9. 



 

23 

 

 

 

Figure 2.9: Hole drilled in 100 μm thick steel foil with 3.3 ns, 1mJ and F = 4.2 J/cm2 laser pulse 
at 780 nm. Reprinted with permission from (Chichkov et al., 1996). 

 

For ultrashort pulses with pulse duration < 10 ps, the time in which energy is applied to the 

substrate is significantly shorter than the thermal and mechanical response times of the material. 

As a result, the primary interaction mechanism is through electronic, photothermal and 

photomechanical interactions (Zhigilei et al., 1997). The mechanism by which ultrashort laser 

pulses remove material are remains a highly active area of interest. The first experiments 

performed using femtosecond laser pulses for material ablation was reported by Shank et al. 

(Shank et al., 1983) on silicon. This was soon followed by the first experiments performed on a 

dielectric material, fused silica, by Ihlemann et al. (Ihlemann et al., 1992) using a 500 fs UV laser. 

It soon became obvious that ultrafast pulsed laser had significant advantage of shorter pulsed 

lasers as their highly localised interactions with the material resulted in a significantly reduced 

heat-affected zone (Kautek and Krueger, 1994).  

When an ultrashort pulsed laser interacts with a non-metallic target such as silicon or bone tissue, 

the pulse energy is absorbed by the electrons of the target material. Typically, the photon energy 

is lower than the energy required for the electrons to be excited from the valence to the conduction 
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band. However, due to the extremely high intensities that come from the ultrashort pulse 

durations, the target material can absorb energy through multiphoton absorption processes. The 

excited electrons are then able to be promoted to the conduction band and act as free electrons, 

giving the material metallic-like properties. 

The electrons in the conduction band are then free to absorb further energy by the inverse 

Bremsstrahlung process, increasing their energy even further. When the electron has reached 

sufficient energy levels it is capable of ionising other atoms in the material through impact 

ionisation which further increases the number of free electrons. The repetition of this process 

results in avalanche ionisation and resulting material ablation after a critical amount of energy has 

been deposited into the material. This process is illustrated in Figure 2.10. 

 

 

Figure 2.10: Schematic diagram of the interplay between photoionization, inverse Bremsstrahlung 
absorption and impact ionization during plasma formation. Reprinted with permission from 
(Vogel and Venugopalan, 2003). 

 

It should be noted that as more free electrons and plasma are generated through the previously 

described process, it changes the optical interaction properties of the laser with the material. The 

high density of free electrons results in the material becoming highly reflective with a high 

absorption coefficient (Bulgakova et al., 2005). However, this transient state only exists for 

extremely short timescales where the material remains in an excited state of matter (Schiffrin et 

al., 2013). Taking in to account the dielectric function, magnetic permeability and dielectric 

constant, the properties of the material can be calculated using the Drude model (Balling and 

Schou, 2013). 
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So far we have discussed the excitation and generation of excited electrons whilst the pulse is 

incident on the surface of the material. The next step in understanding the ablation mechanism is 

to explain the dissipation of energy from the excited electrons which can occur through electron-

phonon scattering, electron-ion scatter and electron-neutral atom scattering and electron-electron 

scattering. Depending on the material being irradiated, the energy dissipation process can be a 

mixture of the previously mentioned processes and is not a simple analytical problem. As such, 

previous authors have used a mixture of these phenomenon to explain the energy dissipation 

process (Stuart et al., 1996, Balling and Schou, 2013). 

It is the belief that since the pulse duration is much shorter than the electron energy dissipation 

time, the result is an excited electron plasma that is at a much higher temperature than the 

surrounding electron lattice. As such, the two temperature model has become the prevalent 

method for describing the ablation mechanism (Chichkov et al., 1996). The energy of the excited 

electrons eventually dissipates to the surrounding lattice and if the energy is above a critical value, 

it results in material ablation. The two-temperature model assumes that electrons reach thermal 

equilibrium instantly because the electron-electron collisions time is significantly shorter than 

ultrashort pulse durations. This approach can be considered valid with ultrashort laser pulses as 

the electron-phonon interaction time is significantly longer than the time in which the pulse 

interacts with the material. 

There are several ablation mechanisms which have been identified and reported in literature such 

as nonthermal Coulomb explosion and thermal mechanisms such as vaporization, liquid spallation 

and phase explosion. The ablation mechanism which dominates is dependent on the radiation 

intensity and the material’s structural properties. 

In the case of Coulomb explosion, the electrons are excited from the valence to the conduction 

band where they are able to continually absorb energy through the inverse Bremsstrahlung effect. 

Once the electrons energy exceeds its critical value, the electrons can be ejected from the bulk of 

the material leaving a positively charged bulk behind. These positive charges result in a strong 

electric field which exceed the atoms binding energy resulting in ion ejection from the bulk 

(Bulgakova et al., 2004). The Coulomb explosion mechanism has been termed the ‘gentle’ 

ablation phase which results in smooth, shallow ablation features and is completely non-thermal 

(Stoian et al., 2000, Stoian et al., 2014). This mechanism dominates at low intensities. 

For the case of thermal ablation mechanisms, as mentioned previously the electrons can promoted 

to the conduction band at the beginning of the laser pulse which results in an increase of the 
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material’s absorption coefficient. These electrons can reach thermal equilibrium over longer time 

scales resulting in thermal ablation as the material temperature rises due to the transfer of energy 

from excited electrons to the lattice. This effect can occur over timescales of pico- to microsecond 

after the laser pulse has finished interacting with the material. 

A result of the temperature increase of the material is that phase transformation can occur which 

results in material being ejected from the target site. Thermal ablation can take the form of melting 

and vaporization where the material transitions from a condensed phase to a vapour resulting. 

This also encompasses the sublimation process where the transition is made from solid to vapour 

as well as evaporation where the transition is made from liquid to vapour (Miotello and Kelly, 

1999). In general, ultrafast laser pulses can easily exceed the temperature required for these 

processes to occur in both dielectrics and metals. 

It should be noted however that the whilst the two-temperature model is the current standard for 

explaining the ultrashort pulsed laser ablation mechanism, this area of research is still active and 

ongoing as researchers continue to generate comprehensive models and explanations for all 

observations. 

 

2.5 Theoretical approaches to understand ultrashort pulsed 
laser ablation mechanisms 

Many theoretical and experimental works on ultrashort laser-material interactions have been 

reported since the early 1990’s. However, the basic mechanisms of ultrashort pulsed laser ablation 

remain poorly understood primarily due to their challenging experimental conditions, the most 

challenging of which are the extremely short time scales of the laser-material interactions. At 

present, there are no observational methods that can be used to explain the ablation mechanism 

and computer simulations, backed up with experimental observations are the primary method for 

determining the correct mechanisms behind the ablation process. It is of utmost importance that a 

complete model, taking in to account the two temperature model extended to three dimensions as 

well as the hydrodynamic and molecular effects of the material be developed. 
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2.5.1 One-dimensional two-temperature model (1D-TTM) 

As mentioned previously, one of the most popular methods for establishing the ultrashort pulsed 

laser ablation model is the one-dimensional two-temperature model (1D-TTM) (Anisimov et al., 

1974a) originally established for metallic substrates. The 1D-TTM is presented as a coupled set 

of nonlinear differential equations (Anisimov et al., 1974a, Chen and Beraun, 2001) which 

describe the temperatures of the electrons and lattice as two separate bodies as shown by equations 

2.5 and 2.5 respectively: 
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Where subscript 𝑒𝑒 and 𝑙𝑙 denote the electron and lattice, 𝐶𝐶 is the heat capacity, 𝑘𝑘 is the thermal 

conductivity, 𝐺𝐺 is the electron-phonon coupling factor, 𝑆𝑆 is the laser heat density, 𝜑𝜑 is the time 

and 𝜕𝜕 is the distance into the substrate along the laser beam propagation axis. The laser heat 

density 𝑆𝑆 is described by equation 2.6: 
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Where 𝐹𝐹0 is the laser peak fluence, 𝑅𝑅(0, 𝜑𝜑) is the temperature-dependent surface reflectivity of the 

material at 𝜕𝜕 = 0, 𝜕𝜕(𝜕𝜕, 𝜑𝜑) = 1 𝛼𝛼(𝜕𝜕, 𝜑𝜑)⁄  is the temperature-dependent optical penetration depth, 𝜕𝜕𝑏𝑏 

is the ballistic electron penetration depth and 𝜑𝜑𝑝𝑝 is the full width half maximum of the Gaussian 

temporal pulse. The laser is considered to deliver its peak power at 𝜑𝜑 = 0 and lasts for the duration 

−2𝜑𝜑𝑝𝑝 to 2𝜑𝜑𝑝𝑝. The variable 𝜕𝜕𝑏𝑏 is accounts for the effects of the ballistic motion of photon-excited 

hot electrons that allow deeper penetration into the material (Byskov-Nielsen et al., 2011, Schmidt 

et al., 2000). Attempts are also made to take in to account the changing optical properties of the 

material as it interacts with the laser pulse, in these cases the Drude model is used that accurately 

characterizes the reflectivity and absorption coefficients for the material under experimentation. 
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2.5.2 Two-dimensional two-temperature model (2D-TTM) 

However, the mechanism of laser ablation is not simply a one-dimensional effect and as a result 

extension of the model in to two-dimensions have been attempted (Suslova and Hassanein, 2017b, 

Suslova and Hassanein, 2017a). In this case, the differential equations described in 2.4 and 2.5 no 

contain radial components: 
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Where the definition of variables are the same as previously described for equations 2.4 and 2.5 

with 𝑟𝑟 being the radial distance from the center of the beam and 𝜕𝜕 being the coordinate normal to 

the sample surface with the origin at the surface. It should be noted that the previously described 

laser heat density, 𝑆𝑆, is now described in terms of its radial, axial and time components. The laser 

heat source component is modelled using a Gaussian temporal and spatial profile and includes an 

exponential attenuation of the laser intensity with depth according to the Beer-Lambert law 

(Suslova and Hassanein, 2017b): 
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Where, 𝐼𝐼0 is the laser pulse peak intensity, 𝑅𝑅 is the temperature dependent reflectivity, 𝛼𝛼𝑜𝑜𝑝𝑝𝑡𝑡 is the 

temperature dependent optical penetration depth, 𝜑𝜑𝑝𝑝 is the laser pulse full width at half maximum, 

𝜎𝜎 is the profile parameter and 𝛽𝛽 = 4ln (𝑒𝑒𝑒𝑒. 2.8). 
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2.5.3 Molecular dynamics and hydrodynamic simulations 

Another way in which ultrashort pulse laser ablation mechanisms are studied is with molecular-

dynamic simulations. These simulations are used to qualitatively describe the ultrashort pulse 

laser interaction with the materials and take in to account that ablation occurs several hundreds of 

picosecond after the absorption of the laser pulse (Von der Linde et al., 1997). Since this is ample 

time for the electronic and atomic equilibrium to be reached, these models assume that the 

absorption of the laser pulse is not expected to play a crucial role in material removal and should 

be controlled primarily be the thermodynamics and processes occurring on a mesoscopic scale 

(Perez and Lewis, 2003). These models show that the process of ablation involves for different 

processes – spallation, homogeneous nucleation, fragmentation and vaporization (Perez and 

Lewis, 2002, Perez and Lewis, 2003, Wu and Zhigilei, 2014, Lorazo et al., 2003). 

The ablation process described using the molecular and hydrodynamic models behaves similarly 

to a thermally driven process which is distinctly different from the non-thermal Coulomb 

explosion process. Coulomb explosion driven ablation results in the ejection of electrons from the 

material which then induces the breaking of chemical bonds as a result of the electron excitation. 

This process occurs during the lifetime of the laser pulse interacting with the material. The thermal 

ablation process occurs after the pulse has finished interacting with the material. During this 

process, the material undergoes phase transformations which result in ablation – these being 

melting and vaporization (Miotello and Kelly, 1999). During this process the temperature of the 

material increases so rapidly that compressive stresses are generated with the material to the 

mechanical confinement of the heated region (Wu and Zhigilei, 2014). This super heating of the 

material generates a shockwave that travels through the material and causes spallation and 

fragmentation of the material whether it be in the melted (liquid) or solid state. This spallation 

and fragmentation process results in an intact top layer of the material being ejected from the 

surface as voids form below it as shown in Figure 2.11. The processes shown depict the ablation 

mechanism when the fluence slightly above the ablation threshold. 
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Figure 2.11: Snapshots of atomic configurations predicted in TTM-MD simulations of laser 
spallation of bulk Al targets irradiated by 100fs laser pulses at absorbed fluences of 650 J/m2 (a), 
750 J/m2 (b), 900 J/m2 and 1100 J/m2. The laser irradiation is directed from the right side of the 
figure. The inset in (a) shows the evolution of the total volume of voids in a simulation performed 
at a fluence of 650 J/m2. Only top parts of the computational systems from – 115 to 450 nm with 
respect to initial surface of the target are shown in the snapshots. The atoms are coloured according 
to their potential energies. Reprinted with permission from (Wu and Zhigilei, 2014). 
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At higher fluences, it is proposed that a different mechanism occurs. The temperature increase of 

the material rises so fast that vaporisation of the material takes place as it reaches its 

thermodynamic critical point by homogeneous nucleation. At this point, the material is able of 

decomposing into a mixture of vaporised material as well as atomic clusters. This process is 

illustrated by Wu and Zhigilei (Wu and Zhigilei, 2014) in Figure 2.12 and has been termed phase 

explosion. 

 

 

Figure 2.12: Snapshots of atomic configurations predicted in TTM-MD simulation of laser 
ablation of a bulk Al target irradiated by a 100 fs laser pulse at an absorbed fluence of 2,000 J/m2. 
The irradiation regime in this simulation corresponds to the phase explosion and ablation of a 
surface region of the target. Only parts of the computational system are shown in the snapshots. 
The atoms are coloured according to their potential energies. Reprinted with permission from (Wu 
and Zhigilei, 2014). 

The varying processes that occur, being Coulomb explosion and phase explosion, are assumed to 

both play a role in the ablation of a material. Coulomb explosion occurs during the initial 

interaction of the pulse with the material which transfers energy from the pulse to the material 

lattice through electron-phonon interactions. At higher intensities, the material is capable of 
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undergoing phase explosion and spallation however these processes are typically observed several 

hundreds of picosecond to a few nanoseconds after the pulse has first interacted with the material. 

The time frames associated with this process depend significantly on the material properties, 

energy distribution of the beam and pulse intensity profiles (Wu and Zhigilei, 2014, Povarnitsyn 

et al., 2007). 

2.6 Standard metrics of ultrashort pulsed laser 
micromachining 

Several methods and techniques are used to determine the suitability for a laser to cut and machine 

material. The key criteria and tests in order to determine a laser’s suitability have yet to be 

standardised however there are several key experiments and values which need to be determined. 

2.6.1 Ablation threshold fluence 

The ablation threshold fluence, typically referred to just as the ablation threshold, is determined 

as the minimum amount of energy per unit area required to cause permanent material modification 

and removal. The ablation threshold is measured in units of J/cm2. There are several ways in which 

the ablation threshold can be determined such as the widely popular diameter-regression technique 

(D2 method) (Liu, 1982b) or the more recent diagonal scan technique developed by Samad and 

Vieira (Samad and Vieira, 2006).  Both of these methods will be described in more detail in section 

3.2. The ablation threshold gives a good indication of the necessary energy requirements for laser 

ablation of a material. The ablation threshold allows one to gauge the energy and power 

requirements of their machining laser or alternatively their focussing objective and the spot size 

necessary for efficient laser ablation. 

In addition, the ablation threshold can be used as a comparison for laser machining efficiency. 

This is the case when comparing various wavelengths and pulse widths to determine which laser 

characteristics provide the most efficient ablation (Fujita et al., 2016, Linz et al., 2016, Oosterbeek 

et al., 2017). In this thesis, we will present an example of the ablation threshold used for comparing 

laser machining efficiency with various spatial beam profiles such as Bessel beams and vortex 

beams (Oosterbeek et al., 2016a). 
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2.6.2 Incubation 

In general, it has been observed that the ablation threshold decreases with increasing number of 

pulses incident on the same point of the surface. This behaviour has been attributed to the increase 

in absorption coefficient as defects are introduced to the material during the first few laser pulses 

interacting with the material, even when fluences are below the ablation threshold. The effects of 

incubation are often quantified by the incubation coefficient, a unitless coefficient that provides a 

quantitative gauge of the degree to which incubation plays a role during the ablation process for 

the particular material. There are several models that attempt to describe an accurate model of 

incubation, the most widely used is proposed by Jee et al. (Jee et al., 1988). 

2.6.3 Ablation rates 

Perhaps one of the most important properties of laser ablation from an industrial standpoint is the 

ablation rate. The ablation rate is the rate at which material is removed from the bulk. There are 

several methods and ways in which the ablation rate is measured and can be represented as the 

depth (μm) or volume (μm3) of ablated material per pulse. There are several methods which can 

be used to determine the ablation rate but the most common would be the depth regression 

technique (Sanner et al., 2009a, Pietroy et al., 2012). 

2.6.4 Material characterization 

A variety of methods are used to characterize the surface topography and morphology of ablation 

features. The material characterization stage after ablation is one of the most crucial as it serves 

to gauge the quality of the machined feature as well as assessing the material for signs and extents 

of thermal damage. Several techniques are used to assess this, from optical microscopy, scanning 

electron microscopy and spectroscopy technique to cellular staining for biological samples. 

2.7 Bone structure and composition 

One of the main functions of bone tissue is the mechanical support of soft tissue and protection 

of vital organs from injury. In addition, bone tissue serves in blood cell production. Bone can be 

classified as a form of dense connective tissue and, like other connective tissues, it contains an 

abundant extracellular matrix that forms around separated cells. This extracellular matrix is 



 

34 

 

comprised of 25% water, 25% collagen fibers and 50% crystallized mineral salts. The most 

abundant crystal salts found in bone are calcium phosphate [Ca3(PO4)2] and calcium hydroxide 

[Ca(OH)2] which combine to generate crystals of hydroxyapatite. This crystal is deposited within 

the collagen fiber matrix and is responsible for the hardness that we commonly associate with 

bone tissue. This is one of the several properties relevant to the pulsed laser ablation of bone 

tissue. The microscopic structure of bone tissue results optical properties that determine the 

internal optical energy distribution whilst the macroscopic structure and mechanical properties of 

bone affect thermal absorption properties when undergoing laser irradiation. 

Bone tissue can adapt to its mechanical environment which leads to the formation of long bones 

such as the femur and tibia and short bones such as the vertebrae or skull. In long bones, the 

cortical bone shell can reach a thickness of several millimetres or centimetres, whereas in 

cancellous bone such as the skull or vertebrae, the cortical region is only a few tenths of a 

millimetre thick and filled with a spongy material called trabecular or cancellous bone. This 

spongy material acts to protect against compression. 

Compact bone tissue contains few spaces and is the strongest for of bone tissue. It is found beneath 

the periosteum of all bones and makes up the bulk of the diaphysis of long bones. Compact bone 

tissue provides protection, support and resists the stresses produced by weight and movement. 

Cortical bone is much denser than trabecular bone with a porosity ranging between 5% - 10% and 

forms the cortex of most bone structures. Due to the decreased porosity, cortical tissue is normally 

identified as the smooth, white and solid outer structure and is much harder and stronger than 

trabecular bone.  

Trabecular bone consists of lamellae arranged in an irregular lattice of thin columns referred to as 

trabeculae. This network is highly vascularized and frequently contains red bone marrow which 

is the main source of haematopoiesis. In long bones, such as the femur or humerus, a small amount 

of trabecular bone tissue is located within the medullary cavity, a hollow shaft composed of 

cortical bone. As we extend towards the bone epiphyses, the structure consists primarily of 

trabecular bone covered with a thin shell of compact bone. 

Trabecular and cortical bone tissue are biologically identical, they are composed of two categories 

of material: organic and inorganic. It is the function of these two categories that give bone its 

characteristic strength, brittleness and elasticity (Gray, 1985). The organic phase consists mainly 

of collagen (20% of total bone mass) and other proteins (1-2%). The inorganic phase is responsible 
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for the hardness of bone and consists of a complex structure of crystalline hydroxyapatite 

[Ca10(PO4)6(OH)2] (50% of bone mass), water (15-20%), carbonates (5%) and phosphates (1%). 
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CHAPTER 3: EXPERIMENTAL 
METHODS 

This chapter describes the methods that were used for the variety of experiments performed 

throughout this thesis. This includes an overview of sample preparation techniques, the ultrafast 

laser system and details of the two machining stages used, the techniques used for determining 

the standard metrics of laser micromachining and the methods used to generate phase masks and 

apply spatially shaped beams with a liquid crystal on Silicon spatial light modulator (LCoS-SLM). 

Finally, we describe the techniques used to measure and characterise the ablation features. 

3.1 Sample Preparation 

3.1.1 Bone Tissue 

Both bovine and ovine samples were obtained from local home-kill professionals. Bovine and 

ovine pastern bones and skulls were obtained from multiple donor animals (bovine: female, 13 

months of age and ovine: female, 10 - 12 months of age), bred for human consumptions. The 

donor animals exhibited no abnormalities and were fed on an organic diet ad libitum throughout 

their lifespan. Samples were removed by home-kill professionals and immediately submerged in 

0.01 M phosphate buffer, 0.0027 M KCl and 0.138 M NaCl, pH 7.4 (PBS). All soft tissue was left 

intact at this stage in order to preserve the bone tissue during transport back to the dissection 

laboratory.  

 Soft tissue and periosteum attached to the bone were removed with a scalpel. Using a 

low speed diamond saw, the distal and proximal epiphyses were removed in the case of cortical 

bone. The diamond saw was used to dissect a 10 mm thick sheet of cortical bone from the long 

axis of the diaphysis. For skull bone, a diamond coated bore drill was used to remove a section 

from the skull of bovine and ovine donors at low speeds. Samples were then placed in PBS 

solution to maintain hydration until laser machining experiments were conducted. 

 Throughout the dissection process, care was taken not to alter the surface of the bone 

sample that would be exposed to laser irradiation in order to maintain similar surface conditions 
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which might be seen during surgical procedures. The freshly harvested samples showed none of 

the cracking and pitting that can be associated with frozen/thawed or dried bone from samples 

that have been stored or commercially processed. Hence, we can cleanly interpret the physical 

characteristics associated with the laser ablation process in our SEM images. 

3.1.2 Silicon (Undoped), Stainless Steel and Sapphire 

A range of different materials were used in the experiments detailed within this thesis. All 

materials were obtained from commercial suppliers and were cleaned using isopropanol prior to 

laser machining experiments. The relevant specifications of each material will be detailed in their 

future relevant chapters. 

3.2 Femtosecond laser machining with Gaussian beams 

The femtosecond laser system used in this work will be described in this section. We will also 

present the methods used to determine the standard metrics of laser micromachining. 

3.2.1 Laser machining system 

Laser ablation experiments were performed in the Photon Factory at the University of Auckland, 

New Zealand. The femtosecond laser system used was a commercial Ti:Sapphire regeneratively 

amplified femtosecond laser (Mantis oscillator and Legend Elite amplifier, Coherent Inc., USA) 

with a maximum average power output of 3.5 W. This system produces 800 nm wavelength (λ) 

pulses with a repetition rate of 1 kHz and a Gaussian spatial profile with linear polarization. The 

pulse duration (τ) was measured using a Frequency-Resolved Optical Gating (FROGScan, Mesa 

Photonics, USA) as ~130 fs (Full Width at Half Maximum – FWHM) at the laser output. 

The optical system used for femtosecond laser machining with Gaussian beams is illustrated in 

Figure 3.1.  The pulse train was directed through a pulse picker (Series 5046ER, Fastpulse Inc., 

USA) with the ability to deliver any arbitrary number of pulses as well as control the repetition 

rate. Pulse energies were controlled using a half-wave (λ/2) plate and polarised beam splitter (Watt 

Pilot, UAB Altechna, Lithuania). Pulse energies were calculated from the average beam power 

value measured with a high sensitivity thermopile power sensor (Coherent Inc. model PS10, USA) 

positioned along the path of the beam after the final focussing optics. The pulse duration was 
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measured after all passing through all of the previously mentioned optics and found to have 

undergone temporal pulse stretching as the pulse duration was now measured to be ~230 fs. 

 The pulse train enters the optics of a custom designed machining station (JPSA IX-100G, 

USA) with three-axis motion controlled by accompanying software. The objective lens used is a 

custom-built triplet lens with antireflective coatings for 800 nm and a focal length of f = 80 mm. 

The final focussing optics can be changed easily to adjust parameters such as focal length and 

spot size. In cases where the custom-built triplet lens was not used, plano-convex spherical lenses 

(Thorlabs, USA) at the desired focal length were used. 

 

 

Figure 3.1: Femtosecond laser system used. XYZ control of the machining stage and sample, laser 
parameters such as repetition rate, applied pulse number, scan rate and pulse energies are 
computer controlled. CCD: Charge-coupled device; M: Mirror; PBS: Polarized beam splitter; BS: 
beam splitter. 

 

The JPSA machining stage can also be mounted with a homebuilt vacuum chamber. An 

aluminium vacuum chamber is connected to a commercial vacuum pump (TRP-6D) and mounted 

with a 300 µm thick sapphire plate for transmission of the laser beam into the chamber to be 

focussed on the surface of the sample. 

 



 

39 

 

3.2.2 Determining the ablation threshold with a Gaussian beam 

Two methods were employed to determine the ablation threshold of materials with Gaussian 

beams: the diameter regression technique (D2 method) and the diagonal scan method (D-Scan 

method). Both techniques assume that the incident beam has a Gaussian intensity profile. 

3.2.2.1 Diameter Regression Technique 

The D2 method (Liu, 1982b) is the most widely accepted method for determining the ablation 

threshold of a material using ultrashort pulsed laser beams for most materials (Mannion et al., 

2004a, Byskov-Nielsen et al., 2010, Regelskis et al., 2007, Baudach et al., 1999, Daminelli et al., 

2004, Cheng et al., 2009). The results obtained from this method allow estimation of the beam 

waist radius (ωo) which can be used to calculate the ablation threshold fluence (𝜑𝜑𝑡𝑡ℎ) once the 

ablation threshold pulse energy (Eth) is found. The basis of this method assumes that if the 

intensity of the laser pulse is > 𝜑𝜑𝑡𝑡ℎ, it will cause permanent modification and removal of material 

from the target site. The portion of the Gaussian intensity profile that is above the ablation 

threshold fluence will correspond to the size of the ablation feature generated in the sample, this 

is illustrated in Figure 3.2. 

 

 

Figure 3.2: Illustration of the Gaussian beam intensity profile exceeding the ablation threshold 
fluence (−−−,𝜑𝜑𝑡𝑡ℎ) generating a corresponding ablation feature of diameter D. D: Diameter of 
ablation feature and diameter of Gaussian intensity profile exceeding the ablation threshold (𝜑𝜑𝑡𝑡ℎ). 
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Assuming that the incident laser beam has a Gaussian spatial profile with a fluence distribution 

given by: 

 𝜑𝜑(𝑟𝑟) = 𝜑𝜑0𝑒𝑒
−2𝑒𝑒2
𝜔𝜔0
2  (3.1) 

Where r represents the position from the centroid of the Gaussian spatial profile, ωo is the beam 

waist radius where the intensity is at  1
𝑒𝑒2

 the maximum intensity and 𝜑𝜑0 is the peak fluence. 

Equation (3.1) can be rearranged to directly correlate with the diameter of an ablation feature, 

given by: 

 𝐷𝐷2 = 2𝜔𝜔0
2𝑙𝑙𝑙𝑙 �

𝜑𝜑
𝜑𝜑𝑡𝑡ℎ

� (3.2) 

Where D is the diameter of the ablation feature, 𝜑𝜑 is the applied peak fluence and 𝜑𝜑𝑡𝑡ℎ is the peak 

threshold fluence required for ablation. Semi-logarithmic plots of the diameter of ablation features 

(D) as a function of the applied peak fluence (𝜑𝜑) allows one to determine the ablation threshold 

from the x-intercept. However, it should be noted that the value for peak fluence (𝜑𝜑) requires prior 

knowledge of the beam waist at the focus of the laser beam and is related to the peak pulse fluence 

(𝜑𝜑) by the equation: 

 φ =
2𝐸𝐸𝑝𝑝
𝜋𝜋𝜔𝜔02

 (3.3) 

Where 𝐸𝐸𝑝𝑝 is the single pulse energy and can be calculated from the average power (P) and 

repetition rate (Rep. Rate) from: 

 𝐸𝐸𝑝𝑝 =
𝑃𝑃

𝑅𝑅𝑒𝑒𝑒𝑒.𝑅𝑅𝑅𝑅𝜑𝜑𝑒𝑒
 (3.4) 

Traditionally, the beam waist can be directly measured using a standard  

CCD beam profiler. However, with femtosecond laser pulses even at extremely low pulse 

energies, when placed at the focal point of the objective lens can result in damage and machining 

of the CCD surface. The accuracy of the measurement is also limited by the resolution and pixel 

size of the CCD beam profiler. As a result, the beam waist at the focal point is often derived from 

the theoretical calculation described by: 

 𝜔𝜔0 =
2𝜆𝜆𝜆𝜆
𝜋𝜋𝐷𝐷𝑙𝑙𝑒𝑒𝑙𝑙𝑙𝑙

 (3.5) 
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Equation (3.5) makes several assumptions, those being that the beam experiences no aberrations. 

Whilst this is method is commonly used for calculating the applied peak fluence on the sample 

for the D2 method, we argue that it makes too many assumptions to accurately determine the peak 

fluence and resulting ablation threshold fluence. 

 However, since the peak fluence can be calculated by equation (3.3), the peak ablation 

threshold fluence can similarly be expressed as: 

 φ𝑡𝑡ℎ =
2𝐸𝐸𝑡𝑡ℎ
𝜋𝜋𝜔𝜔02

 (3.6) 

Where 𝐸𝐸𝑡𝑡ℎ is the ablation threshold pulse energy. If we replace φ and φ𝑡𝑡ℎ in equation (3.2) with 

equations (3.3) and (3.6) respectively, the diameter of the ablation feature can be correlated with 

applied pulse energy (Ep ) and ablation threshold pulse energy (Eth) by: 

 𝐷𝐷2 = 2𝜔𝜔0
2𝑙𝑙𝑙𝑙 �

𝐸𝐸𝑝𝑝
𝐸𝐸𝑡𝑡ℎ

� (3.7) 

This equation now allows us to plot the diameter squared (D2) as a function of applied pulse 

energy (E) on a semi-logarithmic plot whereby the ablation threshold pulse energy can be 

determined from the x-intercept and the beam waist at the sample surface is calculated from the 

slope of a straight line by fitting the equation (3.7) to the experimental data: 

 ω0 = �𝑠𝑠𝑙𝑙𝑠𝑠𝑒𝑒𝑒𝑒
2

 (3.8) 

As a result, all the necessary information for calculating the ablation threshold (𝜑𝜑𝑡𝑡ℎ) with equation 

(3.6) has been experimentally determined. 

The D2 method was used to determine the ablation threshold and the beam diameter for various 

materials by applying various pulse energies and pulse numbers to the samples. Five ablation 

features were generated and measured, and the averages and standard deviations calculated. 

3.2.2.2 Investigation of incubation effects 

The method previously described in section 3.2.2.1 can also be used to determine the presence of 

incubation effects during femtosecond laser ablation. In general, it has been shown that the 

ablation threshold decreases when increasing number of pulses are applied at the same point on 

the sample surface. This has been observed in materials such as metals (Mannion et al., 2004a), 

semiconductors (Bonse et al., 2001), polymers (Gomez and Goenaga, 2006) and dental tissue 
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(Kim et al., 2000). The degree to which incubation is in effect can be quantified by the incubation 

factor (ζ), expressed by the equations derived by Jee et al. (Jee et al., 1988): 

 𝜑𝜑𝑡𝑡ℎ(𝑁𝑁) = 𝜑𝜑𝑡𝑡ℎ(1) ∙ 𝑁𝑁𝜁𝜁−1 (3.9) 

 𝑁𝑁 ∙ φ𝑡𝑡ℎ = φ𝑡𝑡ℎ(1) ∙ 𝑁𝑁𝜁𝜁  (3.10) 

Where φ𝑡𝑡ℎ is the ablation threshold fluence, φ𝑡𝑡ℎ(1) is the ablation threshold fluence for a single 

pulse, φ𝑡𝑡ℎ(N) is the ablation threshold for N pulses applied and ζ is the incubation coefficient.  

In metallic targets, cumulative effects are attributed to the accumulation of plastic deformations 

resulting from the thermal stress generated by incident pulses whose fluence are below the 

ablation threshold of the material (Lee et al., 1982). These deformations allow ablation of the 

metal by pulses that possess energy less than the single-pulse ablation threshold. Semiconductors 

and insulator also experience incubation effects when they undergo modification to their chemical 

properties resulting in a decrease in their ablation threshold (Bonse et al., 2001, Rosenfeld et al., 

1999). 

By determining the ablation threshold at various applied pulse numbers during the D2 method, the 

accumulated fluence (𝑁𝑁 ∙ 𝜑𝜑𝑡𝑡ℎ) can be plotted as a function of the applied pulse number (N) on a 

logarithmic plot. By fitting the experimental data to equation (3.10), the incubation coefficient 

can be determined. 

The model proposed by Lee et al. has been identified as having shortcomings whereby it does not 

take in to account large pulse numbers (Sun et al., 2015b). The model described by Lee et al. does 

not show convergence at very large pulse numbers. As a result, Sun et al. have accounted for large 

pulse numbers by considering two physical mechanisms – the pulse-induced change in absorption 

and the pulse-induced change in critical energy deposition required for deposition. This model is 

described by: 

 𝜑𝜑𝑡𝑡ℎ,𝑁𝑁 =
𝜑𝜑𝑡𝑡ℎ,1 − �𝜑𝜑𝑡𝑡ℎ,1 − 𝜑𝜑𝑡𝑡ℎ,∞ �1 + ∆𝛼𝛼

𝛼𝛼0
�� �1 − 𝑒𝑒−𝛾𝛾𝜑𝜑(𝑟𝑟)(𝑁𝑁−1)�

1 + ∆𝛼𝛼
𝛼𝛼0

�1 − 𝑒𝑒−𝛽𝛽𝜑𝜑(𝑟𝑟)(𝑁𝑁−1)�
 (3.11) 

Where φ𝑡𝑡ℎ,𝑁𝑁 is the ablation threshold for N pulses, φ𝑡𝑡ℎ,1 is the single-pulse ablation threshold, 

φ𝑡𝑡ℎ,∞ is the infinite-pulse ablation threshold, N is the number of pulses applied, ∆𝛼𝛼 𝛼𝛼0�  is the 

change in absorption, and β and 𝛾𝛾 represent the rate of the change for absorption and critical 

fluence, respectively. 
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3.2.2.3 Diagonal-scan method 

The Diagonal-Scan or D-Scan method was developed by Samad and Vieira (Samad and Vieira, 

2006) as a geometrical method for determining the ablation thresholds in material. Whilst the D2 

method is more widely used and popular, the D-Scan method boasts other advantageous, primarily 

that it is more efficient and less time-consuming as the ablation threshold can be determined from 

a single D-scan feature. In this technique, the sample is first placed in the path of the focussed 

Gaussian laser beam, above the focal point. The sample is then translated along the y- and z-axes 

simultaneously (directions that are perpendicular and parallel to the optical axis) as shown in 

Figure 3.3.  

 

Figure 3.3: Illustration of the diagonal scan ablation threshold measurement method, showing the 
sample being translated diagonally through the focal point of the incident laser beam. (Oosterbeek 
et al., 2016b) 

 

The translation rates can be varied to change the number of overlapped pulses and hence study 

the incubation effects.  By traversing the sample along the y- and z-axes through the focal point 

of the laser beam, a two-lobed damage feature is formed. The D-Scan method allows you to 

calculate the ablation threshold by measuring the maximum damage radius of the feature (ρmax) 

whereby the ablation threshold can then be calculated using the equation: 
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 ϕ𝑡𝑡ℎ =
𝐸𝐸𝑝𝑝

𝑒𝑒𝜋𝜋𝜌𝜌𝑒𝑒𝑚𝑚𝑚𝑚2  (3.12) 

Where ϕ𝑡𝑡ℎ is the ablation threshold fluence, 𝐸𝐸𝑝𝑝 is the single pulse energy and 𝑒𝑒 and 𝜋𝜋 are 

mathematical constants. For cases where the D-Scan method was used to determine the ablation 

threshold, the MATLAB script made available by authors was used (Lenzner, 2015). 

As mentioned previously, the translation rates can be varied to change the number of overlapped 

pulses applied and therefore the incubation coefficients. To do this, the number of applied pulses 

must be quantified using the equation: 

 𝑁𝑁 =
�𝜋𝜋𝜆𝜆𝜌𝜌𝑒𝑒𝑚𝑚𝑚𝑚

𝑣𝑣𝑦𝑦
 (3.13) 

Where N is the pulse superposition, effectively the number of applied pulses, 𝜆𝜆 is the laser 

repetition rate (Hz) and 𝒗𝒗𝒚𝒚 is the sample translation speed in the transverse direction. 

3.3 Femtosecond laser machining with spatially shaped 
beams 

In recent year, significant effort has been put into improving the processing speed of ultrafast laser 

micromachining. With the emergence of Liquid Crystal on Silicon – Spatial Light Modulator 

(LCoS-SLM) technology in optics, the ability to directly modulate the phase of ultrafast laser 

beams have resulted in a variety of new methods that use spatial beam shaping to increase laser 

micromachining efficiency. LCoS-SLM’s possess many more advantages than traditional 

diffractive optical elements, the primary one being that it can replicate any physical optic and 

change between them “on-the-fly” without the need for a new optical setup. 

Laser ablation experiments were performed with the same laser, pulse picker and attenuator and 

similar three-axis motion stage as described in section 3.2.1. For the majority of experiments 

involving spatially shaped beams, the focussing objective was a f = 75 mm objective lens coated 

for 800 nm wavelength (Thorlabs, USA). Spatial beam shaping was carried out using a phase-

only spatial light modulator (LCOS-SLM X10468-02, Hamamatsu Photonics K. K., Japan) with 

95% light utilization efficiency and 210 level phase modulation from 0 - 2π. The LCoS-SLM 

screen is divided in to 600 × 792 pixels with 20 × 20 μm pixel dimensions. The optical system 

used for femtosecond laser machining with spatially shaped beams is illustrated in Figure 3.4. 
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Figure 3.4: Femtosecond laser system used. XYZ control of the machining stage and sample, laser 
parameters such as repetition rate, applied pulse number, scan rate, pulse energies and displayed 
phase mask are computer controlled. CCD: Charge-coupled device; M: Mirror; PBS: Polarized 
beam splitter; BS: beam splitter, LCoS-SLM: Liquid Crystal on Silicon Spatial Light Modulator. 

 

The liquid crystal components are composed of a liquid suspension of rod-shaped crystals which 

are able to alter their orientation when an electric or magnetic field is applied to each pixel. This 

crystal rod orientation alters the refractive index of the pixel itself and therefore can delay light as 

it passes through the liquid crystal layer, modulating the phase of light. 

The desired phase level is applied to the LCoS-SLM in the form of a phase mask which is 

calculated prior to being applied to the LCoS-SLM screen. For all experiments, the correction 

phase mask supplied by Hamamatsu was added to each of the calculated phase masks, shown in 

Figure 3.5. 
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Figure 3.5: Hamamatsu background phase correction for LCoS-SLM operating at λ = 800 nm. 

 

The correction phase mask is used to correct for unavoidable manufacturing errors caused by 

thickness variations and material bending of the LCoS-SLM screen. The modulated light passes 

through the objective lens and forms the desired intensity distribution at the focal plane. However, 

the LCoS-SLM only has a 95% light utilisation efficiency which means that at least 5% of the 

light incident on the screen will remain unmodulated. This is a result of the ‘dead space’ between 

each pixel and is seen as a bright zero-order spot at the centre of the focal plane. The bright zero-

order spot leads to unwanted machining at the image plane and therefore must be removed. In 

order to remove the zero-order spot we utilise the inbuilt Fresnel lens phase mask that serves to 

move the desired intensity distribution focal plane above the zero-order focal plane as illustrated 

in Figure 3.6.
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Figure 3.6: Comparison of reconstructed image with and without added Fresnel lens dephasing. Inset image (A) shows reconstructed image with Fresnel 
lens dephasing applied, no bright zero order spot observed. Inset image (B) shows reconstructed image without Fresnel lens dephasing, bright zero order 
spot indicated by red arrow. 



 

48 

 

3.3.1 Phase mask design 

Several methods can be employed in order to generate the required phase masks to be displayed 

on the LCoS-SLM face. We discuss the various methods used for generating the required phase 

masks for Bessel and vortex beams in the following sections. 

3.3.1.1 Bessel beams – an introduction 

Bessel beams were first discovered by Durnin (Durnin, 1987) who discovered a Bessel solution 

to the Helmholtz equation. Soon after, experimental results were shown demonstrating the Bessel 

beam and its unique properties (Durnin et al., 1987). Bessel beams can be described by the electric 

field equation of the form: 

 𝐸𝐸(𝑟𝑟,𝛷𝛷, 𝜕𝜕) = 𝐸𝐸0𝑒𝑒𝑒𝑒𝑒𝑒(𝑖𝑖𝑘𝑘𝑧𝑧𝜕𝜕)𝐽𝐽𝑒𝑒(𝑘𝑘𝑒𝑒𝑟𝑟)𝑒𝑒𝑒𝑒𝑒𝑒(±𝑖𝑖𝑙𝑙𝛷𝛷) (3.14) 

Where 𝐸𝐸0 is the electric field amplitude, 𝑘𝑘𝑧𝑧 and 𝑘𝑘𝑒𝑒 are wavevectors that follow the form 𝑘𝑘 =

 �𝑘𝑘𝑧𝑧2 + 𝑘𝑘𝑒𝑒2),  𝐽𝐽𝑒𝑒 is the Bessel function of the mth order and 𝑟𝑟,𝛷𝛷, 𝜕𝜕 are the cylindrical coordinates. 

When a zero-order Bessel beam is formed, it has a characteristic bright central spot which is 

surrounded by a series of concentric rings. Meanwhile, as the order of the Bessel beam is 

increased, the intensity profile now features concentric rings without the bright central spot. As 

the Bessel order increases, the diameter of the central ring increases. This is demonstrated in 

Figure 3.7. 

 

Figure 3.7: Simulated intensity profiles for Bessel beams of orders (A) m=0, (B) m=1, (C) m=2 
and (D) m=5 

 

For the scope of this thesis and experiments conducted, the highest order Bessel beam tested was 

m=2. This most attractive property of Bessel beams in the field of laser micromachining is their 
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ability to propagate without experiencing diffraction over extended distances. It should be noted 

that in theory, an ideal Bessel beam would be able to propagate for an infinite distance and have 

an infinite number of consecutive rings surrounding the central core. However, in practice, only 

quasi-Bessel beams can be generated which remain ‘diffraction-free’ for an extended but finite 

distance and similarly have a finite number of outer rings. However, throughout the remainder of 

this thesis we will refer to quasi-Bessel beams as Bessel beams. Femtosecond laser Bessel beam 

machining has been investigated for the laser processing of several materials such as metal 

(Matsuoka et al., 2006)  and glass (Amako et al., 2003, Zambon et al., 2008, Bhuyan et al., 2010a) 

as well as surface nanoprocessing (Courvoisier et al., 2009). Their extended distance at which 

they remain ‘focussed’ allows deeper machining of features compared to Gaussian beams. 

Another interesting property which they possess is their ability to ‘reform’ and overcome 

obstructions that they encounter along their propagation path (McGloin and Dholakia, 2005, 

Bouchal et al., 1998). 

3.3.1.1.1 Methods of generating Bessel beams 
 

There are three main ways in which a Bessel beam can be generated, these being using an annulus 

and lens, a conical lens otherwise known as an axicon and with a Bessel beam phase mask 

displayed on an LCoS-SLM. Within this section we discuss each of these methods and their 

associated pro’s and con’s. 

3.3.1.1.1.1 Annulus and Lens 
 

Using and annulus and lens is considered the simplest way of generating a Bessel beam. If we 

consider the inverse Fourier transform of a Bessel beam, a ring of light, a lens can be used to 

perform the Fourier transform of the ring to produce a Bessel beam. This can be done 

experimentally simply by illuminating an annulus with a Gaussian beam placed at the back focal 

plane of the focussing lens as shown in Figure 3.8. 
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Figure 3.8: Illustration of Bessel beam generated by a Gaussian beam illuminating an annulus 
placed at the back focal plane of a lens with focal length flens 

 

The ring of light passes through the lens and generates wavefronts that converge in a conical 

fashion. At the focal point these wavefronts interfere and form a Bessel beam. 

As mentioned previously, an ideal Bessel beam would be able to propagate for an infinite distance, 

however experimentally this distance is constrained. The maximum distance that a Bessel beam 

can maintain its ‘diffraction-free’ properties is referred to as 𝜕𝜕𝑒𝑒𝑚𝑚𝑚𝑚, which is controlled by the lens 

radius, 𝑅𝑅𝑙𝑙𝑒𝑒𝑙𝑙𝑙𝑙, the focal length of the focussing lens, 𝜆𝜆𝑙𝑙𝑒𝑒𝑙𝑙𝑙𝑙, and the diameter of the annulus, 𝑑𝑑𝑚𝑚. 

Their relationship was described by McGloin et al (McGloin and Dholakia, 2005) to follow: 

 𝜕𝜕𝑒𝑒𝑚𝑚𝑚𝑚 =
𝑅𝑅𝑙𝑙𝑒𝑒𝑙𝑙𝑙𝑙

tan (𝛾𝛾)
 (3.15) 

Where tan(𝛾𝛾) =  
𝑑𝑑𝑚𝑚

2𝜆𝜆𝑙𝑙𝑒𝑒𝑙𝑙𝑙𝑙
 (3.16) 

 

Whilst this is considered the simplest way to generate a Bessel beam, it is also considered to be 

the most inefficient method as the annulus acts to block out a large proportion of the incoming 
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energy from the input Gaussian beam. This method is also limited by the fact that it can only 

produce the zeroth order Bessel beam and not higher orders. 

 

3.3.1.1.1.2 Axicon 
 

In order to form Bessel beams which utilise a greater proportion of the incoming energy, a conical 

lens known as an axicon can be used. When illuminated by a Gaussian beam, the axicon acts to 

form conical wavefronts which converge and interfere to form a Bessel beam as shown in Figure 

3.9. As described previously, this setup will also have a finite ‘diffraction-free’ propagation 

distance (𝜕𝜕𝑒𝑒𝑚𝑚𝑚𝑚) which is described by the equation: 

 𝜕𝜕𝑒𝑒𝑚𝑚𝑚𝑚 =
𝑘𝑘
𝑘𝑘𝑒𝑒
𝜔𝜔 ≈

𝜔𝜔
(𝑙𝑙 − 1)𝛼𝛼

 (3.17) 

Where 𝑘𝑘 and 𝑘𝑘𝑒𝑒 are wavevectors defined in section 3.3.1.1, 𝜔𝜔 is the incident beam waist of the 

Gaussian beam, 𝑙𝑙 is the refractive index of the axicon material and 𝛼𝛼 is the base angle of the of 

the axicon as shown in Figure 3.9 (B). This equation shows us that the maximum ‘diffraction-

free’ distance can be controlled by increasing the beam waist of the incident Gaussian beam or 

alternatively decreasing the base angle of the axicon. 
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Figure 3.9: Illustration of Bessel beam generated by a Gaussian beam illuminating an axicon (A) 
and detail of Axicon shape with base angle (α) indicated. 

 

As the conical lens acts to converge all of the incident light energy to form the Bessel beam, it has 

a much higher efficiency compared to the annulus and lens setup described in section 3.3.1.1.1.1. 

The other main advantage of using an axicon is that higher order Bessel beams can be generated 

simply by illuminating the axicon with a Laguerre-Gauss beam(Arlt and Dholakia, 2000), 

otherwise known as a vortex beam. 

3.3.1.1.1.3 Liquid Crystal on Silicon Spatial Light Modulator 
 

Considered the most versatile method for create a Bessel beam, an LCoS-SLM can be used to 

display a Bessel beam phase mask as illustrated in Figure 3.10 This method was used for all 

experiments where a Bessel beam was generated.  
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Figure 3.10: Illustration of Bessel beam generated by a Gaussian beam illuminating a zero-order 
Bessel beam phase mask displayed on an LCoS-SLM 

 

The phase mask is designed to replicate the phase shift imposed on a Gaussian beam when it 

passes through an axicon. This phase mask can be calculated using the function: 

 𝜓𝜓(𝑟𝑟) = 𝑚𝑚𝑠𝑠𝑑𝑑 �𝑚𝑚φ +
2𝜋𝜋
𝜆𝜆
𝑟𝑟𝜑𝜑𝑅𝑅𝑙𝑙(𝛼𝛼), 2𝜋𝜋� (3.18) 

Where 𝛼𝛼 is the base angle of the axicon, 𝑟𝑟 and 𝜑𝜑 are cylindrical co-ordinates and 𝑚𝑚 is the order 

of the Bessel beam. Equation (3.18) is modulated from 0 to 2𝜋𝜋, the limits by which the LCoS-

SLM is capable of altering the phase of the incoming wavefronts. 

As mentioned previously, the LCoS-SLM used for beam shaping in our experiments has a 95% 

light utilisation efficiency, allowing for most of the incident Gaussian beam to be transferred to 

the resulting Bessel beam. This higher efficiency is comparable to using an axicon and much 

higher than the annulus lens setup described above.   

We previously mentioned the Bessel beam’s unique ability to reform after encountering an 

obstruction in section 3.3.1.1, this has been termed self-healing. The interference pattern that 

forms a Bessel beams comes from a conical wavefront. The region in which the wavefronts 

overlap and interfere is referred to as the ‘Bessel zone’ and is illustrated in Figure 3.11.  



 

54 

 

During the converging stage, if an obstruction acts to block a portion of the wavefronts, the Bessel 

zone will be significantly reduced. However, unless the obstruction is large enough to block the 

entirety of the wavefronts, the remaining unblocked portion of the wavefronts will continue to 

converge, overlap and interfere to create a reconstructed Bessel zone.  

 

 

Figure 3.11:  Wavefronts travelling through an axicon and interfering to form the 'Bessel zone', 
the region in which a Bessel beam is produced.  (A) Illustration to show the conical wavefronts 
forming a Bessel beam with no obstructions. (B) Illustration to show the conical wavelfronts 
forming an initial Bessel zone before wavefronts encounter an obstruction. The point at which the 
unblocked wavefronts resume overlapping and interference is the ‘reconstructed Bessel zone’, 
where the secondary Bessel beam is produced. 

 

The minimum distance required for the Bessel beam to reconstruct and reform, 𝜕𝜕𝑒𝑒𝑚𝑚𝑙𝑙, is 

determined by the wavevectors, 𝑘𝑘 and 𝑘𝑘𝑒𝑒, as well as the radius of the obstruction from the optical 

axis, 𝑟𝑟𝑜𝑜𝑏𝑏𝑙𝑙, in the form: 

 𝜕𝜕𝑒𝑒𝑚𝑚𝑙𝑙 ≈
𝑟𝑟𝑜𝑜𝑏𝑏𝑙𝑙𝑘𝑘
𝑘𝑘𝑒𝑒

 (3.19) 

 

During our experiments, the annular ring intensity profile that forms prior to the formation of the 

Bessel zone was measured using a beam profile. Careful alignment was performed to ensure that 

the ring intensity profile was evenly distributed to ensure that the LCoS-SLM face was illuminated 

correctly and the beam alignment through the objective lens was correct. In order to measure the 

resulting axicon angle and Bessel intensity profile, the beam profiler measured the convergence 

of the ring intensity profile as it was focussed towards the Bessel zone as well as within the Bessel 

zone at very low pulse energies to ensure not to damage the CCD. The resulting virtual axicon 
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and objective lens combination had a 4.56o cone angle and the beam waist of the central core was 

measured to be 58.2 μm. 

3.3.1.2 Vortex beams – an introduction 

Vortex beams, also termed as Laguerre Gaussian (LG) beams, can be interpreted as ‘tornadoes’ 

of light whereby the optical vortex has a central axis by which the outer phase fronts spiral around. 

These phase fronts are delayed incrementally from 0 - 2𝜋𝜋 around the circumference of the beam. 

Meanwhile, the phase at the centre remains undefined and therefore appears as a dark central core. 

When observed using a beam profiler, the profile of an optical vortex appears as a bright ring of 

light. For a vortex beam, the number of 2𝜋𝜋 phase shifts around the circumference of the beam is 

described as the topological charge (𝑙𝑙). An optical vortex with a topological charge, 𝑙𝑙, has a total 

phase shift of 2𝜋𝜋𝑙𝑙 around the circumference of the beam. The topological charge of the optical 

vortex also determines the total circumference and diameter of the vortex beam, this is illustrated 

in Figure 3.12. 

 

 

Figure 3.12:  Simulated 2D intensity profiles of vortex beams (A-D) and corresponding 1D line 
profiles through the centre of each vortex beams. Topological charge (l ): (A, E) = 1, (B,F) = 2, 
(C,G) = 5 and (D,H) = 10. 

 

We can describe the spatial fluence distribution of a vortex beam using the equation found by 

Hnatovsky et al (Hnatovsky et al., 2010b): 
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 φ =
2|𝑙𝑙|+1𝑟𝑟2|𝑙𝑙|𝑒𝑒

−2𝑒𝑒2
𝜔𝜔(𝑧𝑧)2

|𝑙𝑙|!𝜔𝜔(𝜕𝜕)2(|𝑙𝑙|+1) 𝐸𝐸0 (3.20) 

Where:  𝑙𝑙 = 0, ±1, ±2, ±3 … is the topological charge, 𝑟𝑟 is the radial direction, 𝐸𝐸0 is the input 

energy and 𝜔𝜔(𝜕𝜕) is the radius of the Gaussian beam when 𝑙𝑙 = 0. When the topological charge  

𝑙𝑙 = 0, the radius of the Gaussian beam follows the expression: 

 𝜔𝜔(𝜕𝜕) = 𝜔𝜔0 �1 + �
𝑖𝑖𝜆𝜆𝜕𝜕
𝜋𝜋𝜔𝜔02

�
2

� (3.21) 

 𝜔𝜔(𝜕𝜕) = 𝜔𝜔0�1 + �
𝜆𝜆2𝜕𝜕2

𝜋𝜋2𝜔𝜔04
�
2

 (3.22) 

 

Where 𝜕𝜕 is the propagation direction, 𝜆𝜆 is the wavelength, and 𝜔𝜔0 is the beam waist at the focal 

point. We can also define the radius at which the maximum fluence, 𝑟𝑟𝜑𝜑𝑒𝑒𝑚𝑚𝑚𝑚(𝜕𝜕), occurs as: 

 𝑟𝑟𝜑𝜑𝑒𝑒𝑚𝑚𝑚𝑚(𝜕𝜕) =
�2𝜔𝜔(𝜕𝜕)

2
√𝑙𝑙 (3.23) 

 

3.3.1.2.1 Methods of generating vortex beams 
There are three main ways in which vortex beams can be generated, these being using a spiral 

phase plate, mode conversion and with a vortex beam phase mask displayed on an LCoS-SLM. 

Within this section we discuss each of the two main methods and their associated pro’s and con’s 

whilst giving more detail for the LCoS-SLM method which is the method employed throughout 

this research. 

3.3.1.2.1.1 Spiral phase plate 

As mentioned previously in 3.3.1.2, a vortex beam has a 2𝜋𝜋𝑙𝑙 phase shift that occurs throughout 

the circumference of the beam. By using an optical element that imposes this phase shift like a 

spiralised piece of glass with varying thickness we can import an azimuthally dependent phase 

delay on a Gaussian beam as it is transmitted through the optical element. These spiralised pieces 

of glass are referred to as spiral phase plates as shown in Figure 3.13.  
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Figure 3.13:  Illustration of a vortex beam generated by illuminating a spiral phase plate with a 
Gaussian beam. 

Optical vortices generated with a spiral phase plate were first demonstrated by Beijersbergen et 

al (Beijersbergen et al., 1994). Spiral phase plates have also been used to create vortex beams for 

broadband sources using an achromatic spiral phase plate whereby all of the wavelength 

components are overlapped (Swartzlander, 2006). One of the primary benefits of using a spiral 

phase plate is that it can be used with high power laser sources. 

 

3.3.1.2.1.2 Liquid Crystal on Silicon Spatial Light Modulator 
Similar to Bessel beam generation, LCoS-SLM’s are considered the most versatile method for 

creating a vortex beam. Phase masks can be designed that impose a phase shift on an incident 

Gaussian beam which ranges from 0 - 2𝜋𝜋 spiralised around the center of the LCoS-SLM screen. 

The phase mask can be simply calculated from the following equation: 

 𝜓𝜓(𝑟𝑟) = 𝑚𝑚𝑠𝑠𝑑𝑑(𝑙𝑙φ, 2𝜋𝜋) (3.24) 

Where 𝜑𝜑 is the cylindrical co-ordinate and 𝑙𝑙 is the topological charge of the desired vortex beam. 

Equation (3.24) is modulated from 0 to 2𝜋𝜋, the limits by which the LCoS-SLM is capable of 

altering the phase of the incoming wavefronts. The generation of a vortex beam from a LCoS-

SLM phase mask is illustrated in Figure 3.14. 
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Figure 3.14:  Illustration of a vortex beam generated by illuminating an LCoS-SLM phase mask 
with a Gaussian beam. 

 

3.3.2 Diagonal-scan method for determining the ablation threshold 
with Bessel and vortex beams 

As mentioned previously in section 3.2.2.3, the D-scan method developed by Samad and Vieira 

et al (de Rossi et al., 2012, Machado et al., 2012, Freitas et al., 2010, Samad et al., 2008, Samad 

and Vieira, 2006) has been acknowledged for its greatly reduced time required to complete a 

measurement of the ablation threshold. However, this method assumes that laser machining is 

carried out with a Gaussian spatial distribution, which, with rapid advances being made in the 

field of spatial beam shaping (Fahrbach et al., 2010, Stoian et al., 2014, Padgett and Bowman, 

2011, Gamaly and Rode, 2013, Hnatovsky et al., 2010a, Tsai et al., 2013, Bhuyan et al., 2010b, 

Duocastella and Arnold, 2012), is not always the case. 

Vortex and Bessel beams with femtosecond laser pulses have been demonstrated previously to 

fabricate unusual microstructures using the altered intensity profile (Bhuyan et al., 2010b, 

Hnatovsky et al., 2010a, Tsai et al., 2013, Duocastella and Arnold, 2012, Allahyari et al., 2018, 

Nivas et al., 2015, Sahin et al., 2015). The effects of orbital angular momentum and non-Gaussian 

intensity distributions to the photoionisation process, light-matter interaction and ablation 
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behaviour have also been studied (Bhuyan et al., 2010b, Hnatovsky et al., 2010a, Tsai et al., 2013, 

Duocastella and Arnold, 2012).  

The ablation threshold remains the key indicator of ablation behaviour and therefore a reliable 

and efficient method for determining the ablation threshold with non-Gaussian beams is required. 

Similar to the method described in section 3.2.2.3, the sample can be translated along the y and z 

axes simultaneously, through the focal point of a weakly focussed laser beam as shown in Figure 

3.3. The translation rates can be varied to change the number of overlapped pulses and hence 

study the incubation effects. By measuring the maximum radius of the resulting ablation feature, 

𝜌𝜌𝑒𝑒𝑚𝑚𝑚𝑚, we can determine the ablation threshold of the material. 

3.3.2.1 D-Scan Calculation for Vortex Beams 

Here we describe the shape of a feature machined in a sample surface by ultrashort, vortex pulses, 

rather than the Gaussian pulses considered by the original D-Scan method. The final equations 

for calculating the ablation threshold whilst using a vortex beam and the pulse superposition are 

described below; a full derivation of the equations are published elsewhere (Oosterbeek et al., 

2018b) and in Appendix A. We begin with the fluence distribution of a vortex beam (Hnatovsky 

et al., 2010a): 

 𝜑𝜑(𝑟𝑟, 𝜕𝜕) =
2|𝑙𝑙|+1𝑟𝑟2|𝑙𝑙|𝐸𝐸0

|𝑙𝑙|!𝜋𝜋𝜔𝜔(𝜕𝜕)2(|𝑙𝑙|+1) 𝑒𝑒
−2𝑒𝑒2
𝜔𝜔(𝑧𝑧)2 (3.25) 

 

where 𝜑𝜑 = fluence (J cm-2), 𝑙𝑙 = topological charge (order), 𝐸𝐸0 = pulse energy (J), r = radial 

direction (cm), z = propagation direction (cm), and ω(z) = Gaussian beam radius (cm) at l = 0. 

This is equal to 𝜔𝜔(𝜕𝜕)  =  �𝜔𝜔0(1 +  𝜕𝜕2𝜆𝜆2 (𝜋𝜋2𝜔𝜔04)⁄ ), where λ = wavelength and ω0 = beam waist 

(both in cm).  

We have derived the equation for the ablation threshold fluence as a function of the maximum 

damage radius 𝜌𝜌𝑒𝑒𝑚𝑚𝑚𝑚 , for given pulse energies 𝐸𝐸0 and vortex order 𝑙𝑙 using the the non-principal 

branch of the Lambert Omega function W-1, described by Corless et al (Corless et al., 1996). 

 𝜑𝜑𝑡𝑡ℎ =
−|𝑙𝑙|(|𝑙𝑙| + 1)|𝑙𝑙|

|𝑙𝑙|!𝜋𝜋𝑒𝑒|𝑙𝑙|+1 𝑊𝑊−1 �
|𝑙𝑙| + 1

−|𝑙𝑙|1+
1
|𝑙𝑙|
�

𝐸𝐸0
  𝜌𝜌𝑒𝑒𝑚𝑚𝑚𝑚2  (3.26) 
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Equation (3.26) can be used to determine constants for each value of 𝑙𝑙 to find more simplified 

expressions as shown in Table 3.1. 

Table 3.1. Simplified ablation threshold equations for the first four vortex beams as well as the 
generalised equation.  

Beam Shape Equation 

Gaussian 

(Samad and Vieira, 2006) 
0

2
max

0.1171th
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ρ

=
 

Vortex 1st Order (l = ±1) 0
2
max
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ρ

=
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2
max
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ρ

=
 

Vortex 3rd Order (l = ±3) 0
2
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ρ
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2
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ρ

=
 

Vortex l th Order 
( )

1
0

1 211
max

1 1
! l

l

th l

l l l EF W
l e l e ρπ − ++

 − + +
 =
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Having found the ablation threshold for vortex beams of varying topological charge, it is 

important to also calculate the pulse superposition, 𝑁𝑁, to study incubation effects. For a Gaussian 

beam this is done by defining the pulse superposition, 𝑁𝑁, at 𝜕𝜕 = 𝜒𝜒 as the ratio of the sum of 

intensity of all pulses incident on the sample to the intensity of a single pulse centred at 𝜒𝜒 

(Machado et al., 2012). By extending this definition to a vortex beam, we have derived the 

expression below for pulse superposition 𝑁𝑁 using real analysis techniques (Bartle and Sherbert, 

2000): 

 

 𝑁𝑁 = 2�(1 + 𝐴𝐴𝑙𝑙2)|𝑙𝑙|𝑒𝑒−|𝑙𝑙|𝐴𝐴𝐴𝐴𝑙𝑙2
𝑒𝑒

𝑙𝑙=0

 (3.27) 
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Where: 

 𝐴𝐴 = �
𝑣𝑣𝑦𝑦

𝜆𝜆𝜌𝜌𝑒𝑒𝑚𝑚𝑚𝑚
�
2
 (3.28) 

 𝐵𝐵 = −𝑊𝑊−1 �
|𝑙𝑙| + 1

−|𝑙𝑙|𝑒𝑒1+
1
|𝑙𝑙|
� (3.29) 

 
𝑚𝑚 =

�𝑊𝑊−1 �−𝐵𝐵𝜀𝜀
1
|𝑙𝑙|𝑒𝑒−𝐴𝐴�

−𝐴𝐴𝐵𝐵
−

1
𝐴𝐴

 
(3.30) 

and 𝑣𝑣𝑦𝑦 is the velocity in the transverse direction (cm/s), 𝜆𝜆 is the laser repetition rate (Hz), and 𝜀𝜀 

is an arbitrary value ≈ 0 (but still > 0) which sets the accuracy to which 𝑁𝑁 is evaluated with 

equation (3.27). This expression is straightforward to solve using readily available computer 

software. 

 

3.3.2.2 D-Scan Calculation for Bessel Beams 

The fluence distribution (in J/cm2) of an nth order Bessel beam, can be described by: 

 𝜑𝜑(𝑟𝑟, 𝜕𝜕) =
𝐸𝐸0𝑘𝑘𝑒𝑒
𝜔𝜔0

[(𝐹𝐹1 + 𝐹𝐹2)2𝐽𝐽𝑙𝑙2(𝑘𝑘𝑒𝑒𝑟𝑟) + (𝐹𝐹1 − 𝐹𝐹2)2𝐽𝐽𝑙𝑙−12 (𝑘𝑘𝑒𝑒𝑟𝑟)] (3.31) 

Where the function 𝐹𝐹1 and 𝐹𝐹2 are defined by 

 𝐹𝐹1 = �
𝜕𝜕

𝜕𝜕𝑒𝑒𝑚𝑚𝑚𝑚
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 (3.32) 

 𝐹𝐹2 = �
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𝜔𝜔0
� (3.33) 

Where 𝑘𝑘𝑒𝑒 =  𝑘𝑘𝑧𝑧tan (𝜃𝜃) is the radial spatial frequency (cm-1), 𝑘𝑘 = �𝑘𝑘𝑧𝑧2 + 𝑘𝑘𝑒𝑒2 = 2𝜋𝜋 𝜆𝜆⁄  is the 

wavevector (cm-1), 𝜃𝜃 = (𝑙𝑙𝑚𝑚 − 1)𝛾𝛾 is the cone angle (radians), 𝑙𝑙𝑚𝑚 is the refractive index of the 

axicon, 𝛾𝛾 is the axicon opening angle (radians), 𝜔𝜔0 is the Gaussian beam waist at the axicon (cm), 

𝐽𝐽𝑙𝑙 is the nth order Bessel function of the first kind, 𝐸𝐸0 is the pulse energy (J), 𝜕𝜕𝑒𝑒𝑚𝑚𝑚𝑚 = 𝜔𝜔0 𝜃𝜃⁄  is the 

propagation length of the Bessel beam (cm), and H is the Heaviside step function (Jarutis et al., 

2000, McGloin and Dholakia, 2005, Wu et al., 2014). 
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Equation (3.31) is used to implement a D-Scan technique that can calculate the ablation threshold 

from a single damage radius measurement. However, for an ideal Bessel beam this would not be 

possible as the propagation length of a Bessel beam is theoretically infinite, but for real-world 

applications, the quasi-Bessel beam allows us to develop a D-Scan technique that can be applied 

to the quasi-Bessel beam described in equation (3.31). Since quasi-Bessel beams remain fairly 

diffraction free over longer distances along the axis of propagation, the traditional D-scan 

technique used for Gaussian beams cannot be applied as the D-Scan ablation features do not show 

the same changes in radii. However, utilising the on axis beam intensity of a Bessel beam, we can 

adapt the D-Scan technique to determine the ablation threshold by looking at the points at which 

the quasi-Bessel beam induces ablation on the sample. In addition, as the fluence fluctuates 

throughout the axial propagation of the quasi-Bessel beam, there is a slight change in the 

maximum radius of the ablation feature as shown in Figure 3.15. 

 

 

Figure 3.15: Quasi-Bessel beam on-axis intensity as a function of propagation distance (z). Red 
dashed line indicates the ablation threshold. Inset image illustrates the general shape of a quasi-
Bessel beam D-Scan feature on Silicon, it’s start and end points and slight fluctuation in radius. 
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Attempts were made to calculate an analytical solution however this was not feasible for Bessel 

beams due to the nature of the Bessel function 𝐽𝐽𝑙𝑙(𝑟𝑟) which cannot be solved for 𝑟𝑟 analytically. 

Therefore, a numerical solution that uses the measured value of the maximum damage radius, 

𝜌𝜌𝑒𝑒𝑚𝑚𝑚𝑚, and an initial guess for the ablation threshold 𝜑𝜑𝑡𝑡ℎ,𝑚𝑚 can be used to solve for the ablation 

threshold. The pulse superposition 𝑁𝑁, can also be calculated numerically, by taking the ratio of 

the intensity at (𝜒𝜒, 𝜌𝜌𝑒𝑒𝑚𝑚𝑚𝑚) of all pulses hitting the sample, to the intensity of one pulse centred at 

𝜒𝜒. A flowchart illustrating the numerical calculation process is shown in Figure 3.16.  

 

 

Figure 3.16:   Flowchart illustrating the ablation threshold calculation process of a diagonal scan 
feature using a Bessel beam. 
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3.3.3 Depth regression method for determining the ablation threshold 
with Bessel beams in bone tissue 

Although the adapted D-Scan technique described in section 3.3.2 can be used to determine the 

ablation threshold of Bessel beams on most materials, it proves to be challenging when using 

irregularly shaped materials with rough surface features. This is due to the fact that the D-Scan 

method is sensitive the to the focal position and is typically performed with low pulse energies 

that produce surface ablation of several micrometres or less. The surface of bone tissue does not 

have a flat surface with which to effectively use the adapted D-Scan technique and the inherent 

surface roughness means that D-Scan features are often difficult to measure accurately. 

As a result, the ablation threshold of Bessel beams on bone tissue was determined using the depth 

regression technique, a commonly used method for determining the ablation threshold of materials 

(Sanner et al., 2009b, Pietroy et al., 2012). 

The basis of this method assumes that if the intensity of the laser pulse is < 𝜑𝜑𝑡𝑡ℎ, no material will 

be removed from the bulk and therefore no depth will be measured where the laser was incident 

on the sample.  

Linear ablation features were generated at varying fluences and translation rates across the surface 

of the samples. The effective number of overlapping pulses was calculated based from the 

measured profile of the central core of the Bessel beam. In order to measure the depth of the 

ablation features, bone samples were polished and sanded using 800 grit silicon carbide sandpaper 

until the middle of the linear ablation features were exposed. The depth of the ablation features 

were then measured using SEM and plotted as a function fluence. 

The fluence of the Bessel beam was estimated by fitting the profile of the central core of the Bessel 

beam to an approximate Gaussian intensity profile and calculated using equation (3.6). 

3.4 Material characterization techniques 

A variety of methods were used to characterize the surface topography and morphology of the 

ablation features as well as measure the critical dimensions used for calculating the ablation 

threshold and ablation rates. The surface morphology and topography were measured using 

scanning electron microscopy (SEM) for ablation experiments on bone and for assessing the cut 

quality of alumina. Optical coherence tomography (OCT) was used to measure the depth of 

ablation features generated with Gaussian intensity profiles in bone tissue. In addition, ablation 
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features were measured using optical profilometry to generate a 3D profile of the surface height 

and measure the maximum damage radius, 𝜌𝜌𝑒𝑒𝑚𝑚𝑚𝑚, for D-scan ablation features. 

3.4.1 Scanning electron microscopy 

Scanning electron microscopy (SEM) allows the ablation feature surface topography and 

microstructure of materials to be viewed. This was the primary technique used to characterize the 

morphology of bone tissue for signs of thermal damage. SEM was also used to measure the depth 

of ablation features where optical coherence tomography was unusable due to the feature aspect 

ratio as was in the case of the ablation of bone tissue with Bessel beams. In this case, samples 

were sanded using 800 grit silicon carbide sandpaper until cross sections of the ablation features 

were exposed. SEM was also used to assess the edge quality of femtosecond laser cut alumina 

wafers. 

In SEM, a focussed beam of electrons is scanned across the surface of the sample. As the electrons 

hit the sample, a variety of signals are generated due to the interactions of primary electrons with 

matter – secondary electrons, x-rays and backscattered electrons. The secondary electron signals 

are measured and reconstructed into an image. In this work, the scanning electron micrographs 

were acquired with a JEOL JCM – 6000 NeoScope Benchtop SEM. Where required, the samples 

were coated with a 40 nm gold film by direct current sputtering prior to SEM analysis in order to 

increase resolution and prevent charging of the samples. 

3.4.2 Optical Coherence Tomography (OCT) 

Spectral domain optical coherence tomography (SD-OCT) was used to measure the depth of 

ablation features generated in bone tissue with Gaussian intensity profiles. The system utilises a 

broadband super luminescent diode with a central wavelength of 840 nm and a bandwidth of 100 

nm. The setup used can be found in (Sharma, 2013). The captured data was imported to MATLAB 

where depths and dimensions were analysed. 

3.4.3 Overhead illuminated microscopy 

Ablation experiments on bone tissue could not be thin-sectioned due to the need to maintain the 

structural integrity of the bone sample as well as to ensure that no damage was inflicted during 

the sectioning procedure. Therefore, a reflected light microscope was used to examine the surface 
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of intact bone samples. In particular, the ability of reflected light microscopy to generate true 

colour images was advantageous in order to ensure that no tissue carbonization had occurred 

during the ablation procedures.
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CHAPTER 4: ULTRASHORT PULSED 
LASER ABLATION OF BONE TISSUE WITH 
GAUSSIAN BEAMS 

4.1 Introduction 

Despite several advances and novel applications of lasers for medical applications in fields such 

as dentistry, optometry and cosmetics, lasers have yet to be implemented clinically for the removal 

of hard tissue such as bone. Previously conducted experiments on hard tissues have used 

continuous wave (CW) or long-pulsed (≥ nanosecond) lasers with wavelengths in the infrared 

region. These studies have reported extensive carbonization of the tissue paired with detrimental 

heat effects such as thermal cracking around the irradiation site (Hodgson and Wilson, 1991, 

Lesinski and Stein, 1989, Nuss et al., 1988, Murray and Dickinson, 2004, Jowett et al., 2014, 

Stanislawki et al., 2001, Ivanenko et al., 2005). 

Mechanical tools are currently still preferred for hard tissue surgery due to their high cutting and 

drilling speeds (up to 140 m min-1 for high speed drills (Udiljak et al., 2007)), however there are 

many detrimental side effects that result from the required physical contact at the tool-tissue 

interface. As result, extensive investigation into the optimum parameters for mechanical cutting 

and drilling have been performed in order to find the optimum cutting conditions (Pandey and 

Panda, 2013). 

One of the most significant side effects observed during mechanical cutting and drilling of bone 

tissue is the generation of heat as a result of friction leading to thermal osteonecrosis. Previous 

studies have shown a temperature rise of 15 - 21 oC as far away as 1 mm from the cut site during 

traditional osteotomy procedures (Firoozbakhsh et al., 2003).  When temperatures exceed 55oC 

for 30 seconds, irreversible death of bone cells occurs (Lundskog, 1972) which can result in 

increased healing times for the patient or in some cases leads to thermal necrosis, infection and 

tissue loss of cortical bone if temperatures remain over 47oC for 1 minute (Eriksson et al., 1984, 
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Eriksson, 1984, Hoegel et al., 2004). Whilst studies have shown that these excessive temperatures 

can be avoided by increasing the applied force and drill speed (Boyne, 1966, Moss, 1964, Spatz, 

1965, Abouzgia and James, 1997) this increases the generation of micro cracks in the bone and 

the occurrence of drill breakage (Natali et al., 1996). 

 The essential contact for mechanical tools can result in increased temperatures and decreased 

cutting efficiency, accuracy and quality as the cutting face of the tool deteriorates over time 

(Oliveira et al., 2012, Allan et al., 2005, Jochum and Reichart, 2000, Matthews and Hirsch, 1972). 

Significant vibrations are also produced throughout the surrounding tissue during the cutting 

process, meaning that accuracy is dependent on the surgeon’s ability to maintain precision of the 

tool (Wiggins and Malkin, 1976b). These vibrations have also been linked to bone fractures 

resulting from vibrational shockwaves propagating throughout the tissue (Kylen et al., 1977, 

Takamori et al., 2003a).  

Recent advances in ultrashort laser applications and laser micromachining technology have shown 

increased precision and microstructuring of materials such as metals, polymers, ceramics and 

glass (Momma et al., 1997, Korte et al., 2000, Nolte et al., 1999, Ancona et al., 2009, NOLTE et 

al., 2000). These benefits have led to the exploration of femtosecond lasers for hard tissue 

ablation. The ability to ablate materials depends on laser irradiance (W cm-2) rather than individual 

pulse energies (Niemz, 1996). High irradiance can be achieved using low pulse energies by either 

focusing the laser to smaller spot dimensions or delivering pulse energies in extremely short time 

scales (i.e. increasing the peak power).  

Importantly, all the detrimental side effects of mechanical cutting and drilling tools and of CW 

and long pulse laser cutting can be overcome using ultrashort laser pulses. Ultrashort pulsed lasers 

deliver energy to the target on time scales shorter than the thermal diffusion rate of the material, 

ensuring that laser ablation can occur without the accumulation of thermal energy through a ‘cold 

cutting’ mechanism (Rullière, 2005, Sugioka and Cheng, 2014). This allows for the generation of 

clean and precise ablation features with no heat affected zone (HAZ).  Meanwhile, the non-contact 

nature of the laser ablation would overcome the problems associated with tool deterioration, 

vibration induced fractures and precision. 

Femtosecond laser ablation studies in the literature indicate promise for bone surgery applications. 

The reduction in HAZ has been shown in a few studies (Cangueiro et al., 2012, Wieger et al., 

2007, Nicolodelli et al., 2012, Emigh et al., 2012, Girard et al., 2007b). Though the number of 

studies is limited, the laser ablation threshold fluence of cortical bone appears to be relatively 

insensitive to the incident irradiation conditions when the pulses are in the femtosecond regime; 
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this is important for the practical application of this promising technology in the surgical 

setting.  For cortical bone, the range of ablation thresholds measured is from 0.6 to 0.9 J cm-2 (Lim 

et al., 2009, Girard et al., 2007b, Wieger et al., 2007, Cangueiro et al., 2012, Nicolodelli et al., 

2012) with few exceptions (Emigh et al., 2012). For example for bovine cortical bone, 0.6 J cm-2 

was measured with λ = 800 nm, τ = 70 fs and 10 pulses (Nicolodelli et al., 2012), and 0.79 ± 0.04 

J cm-2 for λ = 1030 nm, τ = 500 fs, and a single pulse. The threshold fluence for porcine cortical 

bone has been reported as 0.69 ± 0.08 J cm-2 (λ = 775 nm, τ = 200 fs, 1000 pulses) (Girard et al., 

2007b). Unfortunately, it is difficult to draw conclusions from such a small number of studies that 

employ such widely diverse laser excitation approaches and sample preparation. In fact, it appears 

that the bone preparation details freezing, polishing, storage conditions and whether live or dead 

bone is being studied may play a significant role in the ablation results; extension of these findings 

to live bone in surgery is a challenge. Meanwhile, studies have yet to directly compare the standard 

metrics of femtosecond laser micromachining between two different species of bone. 

The first aim of this thesis is to determine a baseline for ultrafast lasers as a high precision 

orthopaedic tool for cutting and removing bone tissue. We have performed a comprehensive 

assessment of the irradiation conditions that would make femtosecond laser pulses useful for the 

removal of bone tissue during high precision orthopaedic surgical procedures.  Importantly, we 

have studied freshly harvested cortical and skull bone samples from bovine and ovine donors. 

Freshly harvested, unprocessed bone is optimal for most closely approximating the state of bone 

in a surgical scenario, and for avoiding the physical damage that can occur with drying, freezing 

and other processing steps. We determine the ablation threshold for bovine and ovine cortical and 

skull bone and examine the incubation effects at varying applied pulse numbers. In addition, we 

observe the ablation rate of cortical and skull bone at a range of fluence values to ensure it is a 

viable option for high precision orthopaedic surgery in a hand-held or robotic arm. Meanwhile, 

extensive assessment of the ablation features for signs of thermal and structural damage is 

conducted to show femtosecond laser ablation results in a minimized and eliminated HAZ during 

the ablation process to avoid thermal damage leading to tissue necrosis and infection. 
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The outline for this chapter is the following: 

 4.2 Ablation experiments with the Ti:Sapphire laser (τ = 110 fs, repetition rate = 1 

kHz, λ = 800 nm) 

4.2.1 Determining the ablation threshold and incubation factor for cortical and 

skull bone 

4.2.2 Determining the ablation rates for cortical and skull bone 

4.2.3 The effect of focal position on ablation depth 

4.2.4 Feature assessment for signs of HAZ 

4.3 General discussion 

 

4.2 Results 

4.2.1 Determining the ablation threshold and incubation factor 

The ablation threshold for bovine and ovine cortical and skull bone were found using the D2 

method previously explain in section 3.2.2.1 whilst using the laser system described in section 

3.2.1. Ablation threshold results were calculated for 1000, 500, 100, 50 and 10 pulses on cortical 

bone and 1000, 750, 500, 250, 100, 50 and 20 pulses for skull bone at a repetition rate of 1 kHz. 

These experiments were performed with the laser being focussed on the surface of the bone 

sample and pulse energies ranging from 0.17 – 2.17 mJ for cortical bone and 0.266 – 1.036 mJ 

for skull bone. The diameter of the ablation features were measured using SEM as shown in Figure 

4.1. 
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Figure 4.1: SEM micrograph of ablation crater generated with 100 pulses at 0.75 mJ per pulse 
(λ=800 nm, τ=130 fs) with a repetition rate of 1 kHz in bovine cortical bone. Red line illustrates 
the measurement of crater diameter using inbuilt SEM software. 

 

Squared diameter (𝐷𝐷2) of the ablation craters were plotted as a function of the logarithm of the 

pulse energy (𝐸𝐸𝑝𝑝) and fit using a least-squares algorithm to equation 3.7. Values for the ablation 

threshold energy and effective 1 𝑒𝑒2⁄  beam waist were extracted from the slope of the trendlines 

as shown by equation 3.8.  By extrapolating the plot of 𝐷𝐷2 vs  ln (𝐸𝐸𝑝𝑝) to zero, the intercept 

indicates the ablation threshold pulse energy and can be used in conjunction with the effective 

1 𝑒𝑒2⁄  beam waist to determine the ablation threshold using equation 3.6. In all 𝐷𝐷2 vs  ln (𝐸𝐸𝑝𝑝) 

plots, an obvious dislocation in the trend was observed, the data was separated in to two sets, 

‘gentle’ ablation and ‘strong ablation corresponding to fits before the dislocation and after the 

dislocation respectively, and fit individually using the same method previously mentioned above. 

Figure 4.2 and Figure 4.3 illustrate the results from the square of the diameter of the ablation 

features as a function of ln (𝐸𝐸𝑝𝑝) for bovine and ovine cortical bone respectively. 
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Figure 4.2: Squared diameter (𝐷𝐷2) of ablated craters versus pulse energy in bovine cortical bone 
ablated with 1000, 500, 100, 50 and 10 pulses. Trend lines are fitted using a least-squares 
algorithm to the data for all applied pulse numbers. Equation of ‘gentle’ ablation trendline and R2 
values are indicated on each graph. 
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Figure 4.3: Squared diameter (𝐷𝐷2) of ablated craters versus pulse energy in ovine cortical bone 
ablated with 1000, 500, 100, 50 and 10 pulses. Trend lines are fitted using a least-squares 
algorithm to the data for all applied pulse numbers. Equation of ‘gentle’ ablation trendline and R2 
values are indicated on each graph. 
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Using the equations of each of the trendlines, the 1 𝑒𝑒2⁄  beam waist (𝜔𝜔𝑜𝑜) and ablation threshold 

pulse energy (𝐸𝐸𝑡𝑡ℎ) were calculated and used to determine the ablation threshold fluence (𝜑𝜑𝑡𝑡ℎ). 

These values are summarized in Table 4.1 and Table 4.2 for bovine and ovine cortical bone 

respectively. 

 

 

 

Table 4.1: Laser ablation threshold pulse energy, ablation threshold fluence and effective beam 
waist for 1000, 500, 100, 50 and 10 pulses applied to bovine cortical bone 

 Bovine (cortical) 

Number of 

Pulses Applied 

Beam Waist 

(μm) 

Ablation Threshold 

Pulse Energy 

(mJ) 

Ablation Threshold 

Fluence 

(J cm-2) 

1000 95.4 0.127 0.89 

500 94.1 0.123 0.89 

100 96.2 0.130 0.90 

50 93.0 0.123 0.90 

10 89.2 0.122 0.98 

Average 94 ± 2 0.125 ± 0.003 0.91 ± 0.03 
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Table 4.2: Laser ablation threshold pulse energy, ablation threshold fluence and effective beam 
waist for 1000, 500, 100, 50 and 10 pulses applied to ovine cortical bone. 

 
Ovine (cortical) 

Number of 

Pulses Applied 

Beam Waist 

(μm) 

Ablation Threshold 

Pulse Energy 

(mJ) 

Ablation Threshold 

Fluence 

(J cm-2) 

1000 96.28 0.134 0.92 

500 97.52 0.132 0.88 

100 96.47 0.132 0.91 

50 92.14 0.123 0.92 

10 87.41 0.115 0.96 

Average 94 ± 2 0.127 ± 0.008 0.91 ± 0.03 

 

For both bovine and ovine cortical bone samples, the effective beam waist was determined to be 

94 ± 2 µm. This beam waist value was used to calculate the ablation threshold fluences. In both 

bovine and ovine cortical bone, the average ablation threshold was 0.91 ± 0.03 J cm-2. The ablation 

threshold for both bovine and ovine cortical bone samples are slightly higher than those previously 

reported for bovine cortical bone (Cangueiro et al., 2012, Wieger et al., 2007, Nicolodelli et al., 

2012), however these previously reported results have different sample preparation compared to 

our experiments.  

Figure 4.4 and Figure 4.5 illustrate the results from the square of the diameter of the ablation 

features as a function of ln (𝐸𝐸𝑝𝑝) for bovine and ovine skull bone respectively. 

Similar to the data for bovine and ovine cortical bone, the 1 𝑒𝑒2⁄  beam waist (𝜔𝜔𝑜𝑜) and ablation 

threshold pulse energy (𝐸𝐸𝑡𝑡ℎ) were calculated and used to determine the ablation threshold fluence 

(𝜑𝜑𝑡𝑡ℎ). These values are summarized in Table 4.3 and Table 4.4 for bovine and ovine cortical bone 

respectively. 
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Table 4.3: Laser ablation threshold pulse energy, ablation threshold fluence and effective beam 
waist for 1000, 750, 500, 250, 100, 50 and 20 pulses applied to bovine skull bone. 

 Bovine (skull) 

Number of 

Pulses Applied 

Beam Waist 

(μm) 

Ablation Threshold 

Pulse Energy 

(mJ) 

Ablation Threshold 

Fluence 

(J cm-2) 

1000 84.18 0.129 1.16 

750 91.11 0.151 1.16 

500 86.86 0.138 1.16 

250 86.61 0.141 1.20 

100 90.3 0.152 1.19 

50 91.91 0.156 1.18 

20 88.56 0.147 1.19 

Average 88 ± 3 0.145 ± 0.009 1.18 ± 0.02 
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Table 4.4: : Laser ablation threshold pulse energy, ablation threshold fluence and effective beam 
waist for 1000, 750, 500, 250, 100, 50 and 20 pulses applied to ovine skull bone 

 Ovine (skull) 

Number of 

Pulses Applied 

Beam Waist 

(μm) 

Ablation Threshold 

Pulse Energy 

(mJ) 

Ablation Threshold 

Fluence 

(J cm-2) 

1000 96.01 0.149 1.03 

750 94.80 0.154 1.09 

500 88.89 0.126 1.02 

250 92.37 0.148 1.10 

100 92.48 0.158 1.17 

50 88.07 0.141 1.16 

20 87.12 0.152 1.28 

Average 91 ± 3 0.147 ± 0.001 1.12 ± 0.09 

 



Ultrashort pulsed laser ablation of bone tissue with Gaussian beams 

78 

 

Figure 4.4: Squared diameter (𝐷𝐷2) of ablated craters versus pulse energy in bovine skull bone 
ablated with 1000, 750, 500, 250, 100, 50 and 20 pulses. Trend lines are fitted using a least-
squares algorithm to the data for all applied pulse numbers. Equation of ‘gentle’ ablation trendline 
and R2 values are indicated on each graph. 
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Figure 4.5: Squared diameter (𝐷𝐷2) of ablated craters versus pulse energy in ovine skull bone 
ablated with 1000, 750, 500, 250, 100, 50 and 20 pulses. Trend lines are fitted using a least-
squares algorithm to the data for all applied pulse numbers. Equation of ‘gentle’ ablation trendline 
and R2 values are indicated on each graph. 
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The effective beam waist was determined to be 88 ± 3 µm and 91 ± 3 µm for bovine and ovine 

skull bone respectively. These values are similar to each other and fall within one standard 

deviation of each other. In addition, the beam waist values calculated for bovine and ovine cortical 

bone fall within two standard deviation of those calculated for skull bone.  

Beam waist values were used to calculate the ablation threshold fluences. The average ablation 

threshold was found to be 1.18 ± 0.02 J cm-2 and 1.12 ± 0.09 J cm-2 for bovine and ovine skull 

bone respectively. These values are similar to each other and fall within one standard deviation of 

each other whilst being slightly higher than those observed for bovine and ovine cortical bone.  

Graphs of accumulated fluence, N × 𝜑𝜑𝑡𝑡ℎ(𝑁𝑁), as a function of incident pulse number, 𝑁𝑁, for bovine 

and ovine cortical bone were plotted to determine the incubation coefficient from the slope of the 

graph (Figure 4.6). Results show incubation factors of 0.90 ± 0.06 and 1.03 ±0.06 for bovine 

and ovine cortical bone respectively. These values are both within two standard deviations of an 

incubation factor of 1.00, indicating the incubation is minimal to non-existent for bovine and ovine 

cortical bone. 

 

Figure 4.6: Incubation power law model for bovine and ovine cortical bone tissue. Fit results 
indicate incubation factors of 0.90 ± 0.06  and 1.03 ± 0.06  for bovine and ovine cortical bone 
tissue respectively. 

 

Similar plots were created for bovine and ovine skull bone as shown in Figure 4.7 indicating 

incubation factors of 0.98 ± 0.01 and 0.96 ± 0.08 for bovine and ovine skull bone respectively. 

These values are within two standard deviations of each other and as well as an incubation factor 

of 1.00, again indicating the incubation is minimal to non-existent for bovine and ovine skull 

bone. 
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Figure 4.7: Incubation power law model for bovine and ovine skull bone tissue. Fit results indicate 
incubation factors of 0.98  ± 0.01  and 0.96 ± 0.08  for bovine and ovine skull bone tissue 
respectively. 

 

4.2.2 Removal rates 

Depth of linear ablation cuts were measured using OCT as described in section 3.4.2, an example 

image if shown in Figure 4.8. The depth of cut lines were plotted as a function of number of pulses 

applied at varying fluence values for bovine (Figure 4.9) and ovine (Figure 4.10) cortical bone 

tissue as well as bovine (Figure 4.11) and ovine (Figure 4.12) skull bone. 

 

Figure 4.8: OCT measurement of linear ablation features machined in ovine cortical bone with 
627 shots applied at a fluence of 5.3 J cm-2. Measured depth is indicated in red and measures a 
depth of ~176 μm. 
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Bovine cortical bone 

 

 

Figure 4.9: Depth of linear ablation feature cuts as a function of cumulative number of pulses 
applied for bovine cortical bone. Samples were translated relative to the focal point ranging from 
0.1 µm pulse-1 to 1.5 µm pulse-1 corresponding to 1880 to 125 pulses being applied anywhere 
along the ablation feature. Linear trendlines fitted through the linear portion of the data are 
indicated by ---. Equations of trendlines and corresponding R2 values are indicated on each graph. 
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Ovine cortical bone 
 

 

Figure 4.10: Depth of linear ablation feature cuts as a function of cumulative number of pulses 
applied for ovine cortical bone. Samples were translated relative to the focal point ranging from 
0.1 µm pulse-1 to 1.5 µm pulse-1 corresponding to 1880 to 125 pulses being applied anywhere 
along the ablation feature. Linear trendlines fitted through the linear portion of the data are 
indicated by ---. Equations of trendlines and corresponding R2 values are indicated on each graph. 
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Bovine skull bone 

 

Figure 4.11: Depth of linear ablation feature cuts as a function of cumulative number of pulses 
applied for bovine skull bone. Samples were translated relative to the focal point ranging from 0.1 
µm pulse-1 to 1.5 µm pulse-1 corresponding to 1880 to 125 pulses being applied anywhere along 
the ablation feature. Linear trendlines fitted through the linear portion of the data are indicated by 
---. Equations of trendlines and corresponding R2 values are indicated on each graph. 
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Ovine skull bone 

 

Figure 4.12: Depth of linear ablation feature cuts as a function of cumulative number of pulses 
applied for ovine skull bone. Samples were translated relative to the focal point ranging from 0.1 
µm pulse-1 to 1.5 µm pulse-1 corresponding to 1880 to 125 pulses being applied anywhere along 
the ablation feature. Linear trendlines fitted through the linear portion of the data are indicated by 
---. Equations of trendlines and corresponding R2 values are indicated on each graph. 
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The depth of ablation features appeared to increase linearly for the first ~627 pulses applied to the 

sample, after which the depth of the features began to plateau. Trends show that the plateau point 

is greater for larger fluence values. Trendlines were fit to the linear portion of each graph to 

determine the ablation rate at varying fluence values from the gradient of the trendline. These 

values are summarized in Table 4.5 and plotted in Figure 4.13 for cortical bone and Figure 4.14 

for skull bone. 

 

 

Table 4.5: Laser ablation rates for bovine and ovine cortical and skull bone at fluence values 1.04, 
2.41, 3.88 and 5.26 J cm-2 

Cortical Bone Skull Bone 

Fluence 

(J cm-2) 

Bovine 

Ablation 

Rate 

(μm pulse-1) 

Ovine 

Ablation Rate 

(μm pulse-1) 

Fluence 

(J cm-2) 

Bovine 

Ablation Rate 

(μm pulse-1) 

Ovine 

Ablation Rate 

(μm pulse-1) 

1.04 0.29 ± 0.01 0.40 ± 0.01 1.14 0.27 ± 0.01 0.30 ± 0.01 

2.41 0.52 ± 0.02 0.55 ± 0.02 2.65 0.49 ± 0.01 0.50 ± 0.01 

3.88 0.71 ± 0.04 0.78 ± 0.02 4.28 0.68 ± 0.01 0.69 ± 0.01 

5.26 0.91 ± 0.01 0.85 ± 0.04 5.80 0.92 ± 0.01 0.92 ± 0.01 
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Figure 4.13: Ablation rate as a function of pulse fluence in bovine and ovine cortical bone tissue. 
Increase in the ablation rate per unit of fluence was determined from the gradients of each trend 
line and found to be 0.15 ± 0.02 and 0.11 ± 0.06 μm pulse-1 per J cm-2 in bovine and ovine cortical 
bone respectively. Vertical red dashed line indicates the ablation threshold fluence (0.91 Jcm-2). 

 

Figure 4.14: Ablation rate as a function of pulse fluence in bovine and ovine skull bone tissue. 
Increase in the ablation rate per unit of fluence was determined from the gradients of each trend 
line and found to be 0.13 ± 0.02 μm pulse-1 per J cm-2 in bovine and ovine skull bone. Vertical red 
dashed line indicates the ablation threshold fluence (1.14 Jcm-2). 



Ultrashort pulsed laser ablation of bone tissue with Gaussian beams 

88 

 

Analysis of the trend line gradients yield ablation rates in the form of depth of material removed 

per pulse and were found to be 0.29 ± 0.01 – 0.91 ± 0.01 µm pulse-1 and 0.40 ± 0.01 – 0.85 ± 0.04 

µm pulse-1 in bovine and ovine cortical bone respectively. Similarly, the depth of material 

removed per pulse in skull bone tissue was found to be 0.27 ± 0.01 – 0.92 ± 0.01 µm pulse-1 and 

0.30 ± 0.01 – 0.92 ± 0.04 µm pulse-1 in bovine and ovine skull bone respectively. The ablation 

rate shows a linear relationship with respect to fluence as shown in Figure 4.13 and Figure 4.14 

for cortical and skull bone respectively. Trendline gradients suggest that single pulse ablation 

depths increase with respect to fluence. For bovine and ovine cortical bone respectively, the 

ablation rates increase at a rate of 0.15 ± 0.02 and 0.11 ± 0.03 µm pulse-1 per J cm-2 and in skull 

bone at a rate of 0.15 ± 0.02 µm pulse-1 per J cm-2 for both bovine and ovine samples. These values 

are all similar to each other indicating that the change in ablation rate behaviour with respect to 

the applied fluence is similar, regardless of the type of bone tissue. 

4.2.3 Effect of focal position on ablation depth 

The effect of focal position below the sample surface was studied in bovine cortical bone. A series 

of five, 1mm long scribed features were created by translating bovine cortical bone at constant 

rate corresponding to 269 pulses being overlapped at any point along the ablation feature. The 

laser focal plane was placed below the top surface of the bone. Focal positions ranged from 0 – 

5000 μm below the top surface. Experiments were repeated for three fluence values, 2.5, 4.2 and 

5.6 J cm-2 and ablation depth as a function of focal position below the surface was plotted as 

shown in Figure 4.15. 

Ablation depth initially increased with focal position below the sample surface until it reached a 

maximum ablation depth. This was observed at all fluence values tested and showed a maximum 

ablation depth at focal length 2400, 2300 and 2100 µm below the sample surface for 2.5, 4.2 and 

5.6 J cm-2 respectively. Ablation depth was observed to change by a factor of less than two whilst 

the focal depth below the sample surface ranged from 1.0 – 3.0 mm. 
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Figure 4.15: Depth of linear ablation feature cuts in bovine cortical bone at variable focal depths 
with 269 pulses being applied anywhere along the ablation feature at 2.5, 4.2 and 5.6J cm-2. 
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4.2.4 Feature Assessment 

Ablation features (both those used for ablation threshold measurement and linear ablation features 

for removal rate measurement) were viewed using light microscopy. Samples were assessed for 

any signs of thermal damage in the form of discoloration, charring or obvious signs of cracking 

due to thermally induced damage which would suggest a HAZ. No signs of discoloration or 

charring around the ablation craters even at maximum fluence and pulse numbers were seen 

(Figure 4.16 and Figure 4.17). 

 

Figure 4.16: Ablation craters produced at 11.8 J cm-2 in bovine cortical bone tissue with (A) 50, 
(B) 500 and (C) 1000 pulses 

 

Figure 4.17: Optical microscopy image of linear ablation features produced at (A) 5.3 J cm-2, (B) 
3.9 J cm-2 and (C) 1.0 J cm-2 in bovine cortical bone tissue. Samples were translated to allow ~627 
pulses applied at any point along the feature corresponding to a translation rate of 0.3µm pulse-1.   

 

SEM micrographs were also used to analyse features for signs of thermal damage around the 

ablation site as illustrated in Figure 4.18. Ablation craters show no signs of resolidified molten 

material around the irradiation site under any conditions in this study. In addition, no evidence of 

micro-fractures from thermal shockwaves was found. Canaliculi structure within the ablation 

crater can be seen and have not been damaged or sealed from molten material reflow, indicated 

by the red arrows in Figure 4.18 . 
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Figure 4.18: SEM micrograph of ablation feature in bovine cortical bone, created with 1000 pulses 
at 14.9J cm-2. Image shows no signs of thermal damage in the form of cracking, molten material 
deposits around the irradiation site. Red arrows show canaliculi structures within the ablation 
crater remain preserved and are not damaged during laser machining. 

 

Linear ablation features used to measure the depth of ablation as a function of applied pulse 

numbers were also inspected under SEM for signs of HAZ as shown in Figure 4.19. Of interest is 

the nature of the surrounding, unaltered skull bone tissue. Compared to cortical bone, the surface 

is much more irregular and rougher. 
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Figure 4.19: SEM image of linear ablation feature created with a fluence of 5.3 J cm-2 with ~627 
pulses applied at any point along the feature corresponding to a translation rate of 0.3 µm pulse-1 
in bovine skull bone. 

 

Due to the shape of the linear ablation features, images of the side walls and base of the feature 

could be obtained as shown in Figure 4.20. These features have a ‘bubbly’ nature to them (Figure 

4.20C & Figure 4.20D) and did not show signs of melting and resolidification which normally 

appears as a smooth and glassy surface.  
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Figure 4.20: SEM images of linear ablation feature at increasing magnification in bovine cortical 
bone. Feature was created with a fluence of 5.3 J cm-2 with ~627 pulses applied at any point along 
the feature corresponding to a translation rate of 0.3 µm pulse-1. ‘Bubbly’ features on surface are 
collagen tufts and hydroxyapatite crystal structure. 

4.3 Discussion 

4.3.1 Ablation Threshold 

In this study we have determined the standard metrics of femtosecond laser micromachining of 

freshly harvested cortical and skull bone tissue from two donor species. To best correlate with the 

surgical setting, we have been very careful to employ freshly harvested ex vivo cortical bone tissue 

with no polishing or other surface processing.  

The femtosecond laser ablation threshold of cortical and skull bone derived from this study and 

those which have been previously reported in literature are outlined in Table 4.6. Human enamel 

and dentine have also been included as other examples of hard tissue for comparison.  
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Table 4.6: Laser ablation threshold values (𝜑𝜑𝑡𝑡ℎ) for biological hard tissues with associated 
wavelength (λ), pulse duration (τ), number of pulses applied (N) and method used to determine 
laser ablation threshold. 

Tissue Type 
λ 

(nm) 

τ 

(fs) 
N 

φth 

(J cm-2) 
Author, method 

Bovine, cortical bone 800 230 
10 – 

1000 
0.91 ± 0.03 

This work, D2 

Regression 

Bovine, skull bone 800 230 
20 – 

1000 
1.18 ± 0.02 

This work, D2 

Regression 

Ovine, cortical bone 800 230 
10 – 

1000 
0.91 ± 0.03 

This work, D2 

Regression 

Ovine, skull bone 800 230 
20 – 

1000 
1.12 ± 0.09 

This work, D2 

Regression 

Bovine, cortical bone 1030 130 1 0.79 ± 0.05 

(Cangueiro et al., 

2012), 

D2 Regression 

Bovine, cortical bone 1030 560 1 0.73 ± 0.12 
(Cangueiro, 2017), 

D2 Regression 

Bovine, cortical bone 785 100 1 0.93 ± 0.06 
(Cangueiro, 2017) 

D-Scan 

Bovine, cortical bone 785 25 1 0.63 ± 0.10 
(Cangueiro, 2017) 

D-Scan 

Bovine, cortical bone 1040 330 1 0.78 
(Wieger et al., 2007) 

D2 Regression 

Porcine, cortical bone 775 200 1000 0.69 ± 0.08 
(Girard et al., 2007b) 

Method of least damage 

Porcine, cortical bone 800 150 1 2.6 
(Lim et al., 2009) 

D2 Regression 
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Bovine, cortical bone 801 76 1 1.06 

(Nicolodelli et al., 

2012) 

D2 Regression 

Human, enamel 1030 560 1 3.2 ± 0.3 
(Le et al., 2016) 

D2 Regression 

Human, enamel 1053 350 100 0.7 
(Neev et al., 1996) 

Method of least damage 

Human, enamel 1045 500 1 1.6 

(Bello-Silva et al., 

2013) 

Method of least damage 

Human, enamel 615 300 100 0.6 
(Krüger et al., 1999) 

Depth regression 

Human, enamel 800 150, 95 1 2.2 ± 0.1 
(Rode et al., 2002) 

Depth regression 

Human, enamel 800 85 1 0.57 
(Ji et al., 2012) 

Depth regression 

Human, dentine 1045 500 1 1.0 

(Bello-Silva et al., 

2013) 

Depth regression 

Human, dentine 1030 500 1 0.6 ± 0.2 
(Alves et al., 2012) 

Method of least damage 

Human, dentine 1053 350 100 0.5 
(Neev et al., 1996) 

Method of least damage 

Human, dentine 615 300 100 0.3 
(Krüger et al., 1999) 

Depth regression 

Human, dentine 800 85 1 0.43 
(Ji et al., 2012) 

D2 regression 
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As can be seen from Table 4.6 there appears to be a wide spread in the reported values for the 

ablation threshold of bone. Considering only bovine cortical bone, reported values range from 

0.63 – 1.06 J cm-2 throughout a wavelength range of 785 – 1030 nm and pulse durations ranging 

from 25 – 560 fs. However, comparing our results to those which have used similar wavelength 

and pulse durations to our own, we can see that the ablation threshold of bovine cortical bone that 

we determined of 0.91 ± 0.03 J cm-2 is very close to those of Nicolodelli et al. (1.06 J cm-2) 

(Nicolodelli et al., 2012) and Cangueiro (0.93 ± 0.06 J cm-2) (Cangueiro, 2017) who have used 

the diameter regression technique and D-scan technique respectively. Unfortunately, no studies 

have been performed on ovine bone samples and therefore cannot be compared with other sources. 

Similarly, no studies have been performed on bovine and ovine skull samples and therefore cannot 

be compared with literature, but it should be noted that the overall ablation threshold fluence 

values are notably higher for skull bone compared to cortical bone throughout all samples 

previously studied in literature. 

The large spread of values can be attributed to the fact that different experimental methods and 

sample preparation techniques were used across all of the studies namely D2 regression, 

depth/volume regression, method of least damage and D-scan technique, each of which assume 

that the damage inflicted by the incident laser pulses depends on different variables. 

The D2 regression technique assumes that the ablation process depends solely on the deposited 

energy on the material. It does not take into account other variables such as absorption or any 

aspect of the ablation mechanism itself. Conversely, the depth (or volume) regression technique 

is based on the assumption that depth or volume of ablated material depends on the amount of 

absorbed energy and follows through by using the absorption properties to determine the ablation 

threshold (Sanner et al., 2009b). The depth regression technique attempts to take in to account the 

ablation mechanism, whereby the depth of the ablated feature appears to increase linearly as pulse 

energies and fluence increases. This behaviour has been linked to the avalanche ionisation process 

which is also predicted to behave similarly according to kinetic models (Stuart et al., 1996). 

Finally, the method of least damage (similar to the statistical determination approach (Sanner et 

al., 2009b)) uses imaging methods, typically light microscopy, to determine the fluence at which 

ablation features are no longer produced. This method is more often seen when longer pulsed 

lasers are employed due to the probabilistic behaviour of laser damage in this pulse width regime 

compared to the deterministic behaviour of ultrashort laser pulses. Finally, the D-scan method 

whilst being the most recent method developed to determine the ablation threshold of materials 

has yet to be used widely but acts to determine the ablation threshold of materials. It is lauded for 
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its ability to determine the ablation threshold quicker than the other methods previously described 

and does not rely on having an accurate measurement of the beam waist.  

In addition to the multiple methods used to determine the ablation threshold, the spread of reported 

values for bone tissue can also be attributed to differences in the experimental conditions used, 

particularly the incident spot size on the sample. Uteza et al. (Uteza et al., 2007) found that the 

spot size incident on the sample greatly affects the ablation threshold value where if the laser spot 

radius is smaller than 10 µm, the ablation threshold increases drastically. We can see this in the 

ablation threshold value for porcine cortical bone reported by Lim et al. (Lim et al., 2009) who 

used a laser spot radius of 2.72 μm and reported an ablation threshold of 2.6 J cm-2 from the D2 

regression, significantly higher than any other bone tissue. Therefore, it is important that for a 

direct comparison between the ablation threshold of bone tissue, the spot size which is dependent 

on the wavelength and focussing objective must be calibrated to ensure that experimental 

conditions are kept consistent. 

Throughout our study, we have attempted to closely approximate the state of bone in a surgical 

scenario by ensuring that the tissue is freshly harvested and unprocessed in order to avoid any 

physical damage that may occur during drying, freezing or other processing steps. This was not 

the case for all studies in literature whereby some samples were both frozen and polished prior to 

laser ablation experiments (Cangueiro et al., 2012, Wieger et al., 2007, Emigh et al., 2012, 

Nicolodelli et al., 2012). The act of polishing or freezing the tissue would act to change the 

absorption and reflection characteristics of the surface as well as changing the water content of 

the tissue. For a direct comparison between the ablation threshold of bone tissue, it is important 

to ensure that all samples have been prepared in a similar way. 

The values for dentin and enamel are also shown in Table 4.6. Whilst the main components that 

make up enamel are similar to those of bone and dentin, the ablation thresholds reported for 

enamel are generally higher. Enamel is comprised predominantly of hydroxyapatite whilst dentin 

and bone consist of a high degree of collagen fibre networks. The ablation threshold of collagen 

has been reported by Liu et al. (Liu et al., 2005) as 0.06 J cm-2, significantly lower than 

hydroxyapatite crystal. This leads us to believe that the ablation threshold of bone tissue is 

dependent on the ablation threshold of each of the individual components that make up bone 

tissue. The hydrogen bonds that stabilise collagen molecules can be destroyed, resulting in 

instabilities of the remaining hydroxyapatite crystal and thus a lower ablation threshold for bone 

tissue. 
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Whilst several studies have determined the ablation threshold in bone tissue for several species of 

animal (bovine (Cangueiro et al., 2012, Wieger et al., 2007, Lim et al., 2009, Nicolodelli et al., 

2012), porcine (Girard et al., 2007b, Emigh et al., 2012), rodent (Girard et al., 2007b)), a direct 

comparison between bone tissue harvested from two species with identical preparation and laser 

conditions have yet to be performed. This study determined the ablation threshold of cortical bone 

was found to be 0.91 ± 0.03 J cm-2 in both bovine and ovine samples. Femtosecond ablation of 

cortical bone thus seems relatively insensitive to species of origin. Extensive studies have been 

conducted on the interspecies difference in bone composition, density and quality and its 

consequences (Aerssens et al., 1998). There are differences in dry bone weight and density, 

hydroxyproline content and other mechanical properties such as stress and strain response. The 

macroscopic structure of cortical bone seems to be related to its function. Larger animals such as 

cows tend to exhibit thicker cortical bone layers compared to sheep; cortical layers increase in 

thickness with animal size (Bagi et al., 2011). The chemical composition of the cortical bone is 

the same, though, and it is this similarity that we hypothesize accounts for the identical ablation 

threshold values for bovine and ovine samples. This result also suggests that femtosecond ablation 

characteristics would be similar in humans as well. Furthermore, the small variance in the ablation 

threshold within each species group, ± 0.03 Jcm-2 in both bovine and ovine samples, suggests also 

performance of femtosecond laser pulses would be similar from person to person, particularly for 

patients who exhibit normal cortical bone tissue composition. These findings indicate that 

femtosecond laser pulses would require minimal recalibration between patients and ablation 

responses would remain quite consistent. These benefits would allow rapid patient turnover, ease 

of use and a reduction in cost. Future testing on human cadaveric samples is required to ensure 

that this is the case. 

4.3.2 Incubation 

Incubation effects – in which early pulses in a train of pulses remove less material than do later 

pulses – are very common in femtosecond laser ablation, observed for  a wide variety materials 

from metals, semiconductors, polymers to dental tissue (Ashkenasi et al., 1999, Sun et al., 2015b, 

Shaheen et al., 2014b, Di Niso et al., 2014a, Nicolodelli et al., 2012, Oosterbeek et al., 2016d) 

including bone tissue (Cangueiro et al., 2012, Lim et al., 2009, Cangueiro, 2017, Nicolodelli et 

al., 2012). The variation of the ablation threshold with respect to the number of pulses applied 

during the D2 regression method produced a value for the incubation coefficient, S. When the 

value of S = 1, this suggest that incubation is minimal to non-existent and the ablation threshold 

is independent of how many pulses are applied. When the value of S < 1, this suggests that 
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incubation effects are present, and the ablation threshold decreases as the number of pulses applied 

increases. The value of S for most materials is often reported to be <1. The values of S including 

the wavelength, pulse duration and repetition rates are summarised in Table 4.7. 

 

Table 4.7: Incubation factors (S) for femtosecond laser ablation of bone tissue, wavelength (λ), 
pulse width (τ) and repetition rate (Rep. Rate). 

Tissue Type 
λ 

(nm) 

τ 

(fs) 

Rep. 

Rate 

(Hz) 

S Author 

Bovine, cortical bone 800 230 1000 0.90 ± 0.06 This work 

Bovine, skull bone 800 230 500 0.98 ± 0.01 This work 

Ovine, cortical bone 800 230 1000 1.03 ± 0.06 This work 

Ovine, skull bone 800 230 500 0.96 ± 0.08 This work 

Bovine, cortical bone 1030 560 30 0.80 ± 0.04 
(Cangueiro, 

2017) 

Bovine, cortical bone 1030 130 30 0.91 ± 0.02 
(Cangueiro, 

2017) 

Bovine, cortical bone 785 100 500 0.75 ± 0.02 
(Cangueiro, 

2017) 

Bovine, cortical bone 785 25 500 0.80 ± 0.05 
(Cangueiro, 

2017) 

Bovine, cortical bone 785 150 3000 0.92 (Lim et al., 2009) 

Porcine, cortical bone 801 70 1-1000 0.788 ± 0.004 
(Nicolodelli et 

al., 2012) 

 

The ability of a later pulse to remove more material than the first pulse has been attributed to laser 

induced surface defects that are generated during the initial pulse interactions. These defects 

increase light absorption by the material and thereby make it more sensitive to removal by 

femtosecond pulses. Whilst most materials exhibit this behaviour, bone appears to be an outlier 

in this regard. The incubation coefficient for bovine and ovine cortical and skull bone that we 
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have derived are within two standard deviations of S = 1 indicating no evidence of incubation 

effects. This suggests that each pulse removes the same amount of material, regardless of whether 

it is the first or 1000th in the pulse train. The process of incubation can be explained by analysing 

the movement electrons from the valence to conduction band via multiphoton absorption. At this 

point, with the electrons in the conduction band, the electrons can transfer their energy to the 

lattice through electron-phonon collisions. Electrons can then be promoted to energy levels within 

the bandgap which are associated with crystallographic defects within the material which are 

either present in the material prior to laser irradiation or have resulted from the excitation process 

themselves. If an electron is capable of reaching the surface with sufficient energy, it can be 

emitted into the surrounding vacuum or atmosphere. In the final stage, electron-hole radiative 

recombination takes place which reverts the system back to its original state. Throughout the 

excitation process, the formation of self-trapped excitons and Fabre centre occurs, these defects 

can have a lifetime of several milliseconds or longer (Mero et al., 2005). However, the 

experiments we have performed which show little to no signs of incubation, which relates to the 

presence of defect generation previously described. Bone tissue tends to be inhomogeneous at a 

particle level, with naturally occurring defects throughout the tissue. As a result, any further 

defects introduced by initial pulses do not affect the overall number or density of defects within 

the tissue in its pre-irradiated state. 

This unusual behaviour is quite beneficial for surgical implementation, because it means that the 

removal of bone is much more consistent and easier to control. The absence of incubation effects 

ensures that the femtosecond laser machining efficiency stays constant throughout the surgery, 

regardless of whether pulses have been applied previously to the ablation site. The surgeon could 

remove bone tissue without having to recalibrate the pulse fluence ‘on the fly’ as more pulses are 

applied, making the use of femtosecond laser pulses delivered through hand-held or robotic arm 

fibre platforms behave similar to that of a traditional scalpel. 

 

4.3.3 Removal Rates 

Another useful feature of femtosecond pulses is that the depth the ablation cuts is linearly 

dependent on the number of pulses that are applied. This behaviour is consistent with what is 

found in other materials, including metals (Shaheen et al., 2016), polymers (Daengngam et al., 

2015, Dorronsoro et al., 2008) and dielectrics (Shaheen et al., 2015). A linear relationship here 
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provides added precision for the surgeon, who could thus predetermine the desired ablation depth 

by adjusting the number of pulses applied and pulse fluence.  

Femtosecond laser pulses are a high-precision, fairly slow cutting rate tool. The highest ablation 

rate we measured was 54 mm min-1, two orders of magnitude lower than the typical mechanical 

drill rates of 5.53 m min-1 (Udiljak et al., 2003, Udiljak et al., 2007). Although high material 

removal rates are preferred, femtosecond laser pulses would still be successful in its application 

for high precision orthopaedic surgery on smaller bone structures in less accessible surgical sites 

where precision is preferred over speed. In fact, the material removal rates of mechanical tools is 

dependent on the applied load, drill speed and drill specifications  (Pandey and Panda, 2013), 

requiring a large amount of experience from the surgeon to adjust these properties appropriately 

during the procedure. Implementing femtosecond laser pulses would deliver enhanced control and 

accuracy to the surgeon by altering the number of pulses or fluence applied, giving two separate 

parameters that can be easily controlled during the procedure. 

Whilst we have shown the ablation depth is linearly related to the number of pulses applied during 

the initial ablation, the depth of the ablation soon plateaus at higher pulse numbers. This can be 

easily explained due to the diverging nature of the Gaussian beam. Whilst the minimum focal spot 

size is placed at the surface of the sample, the deeper into ablation feature the more the beam 

diverges resulting in a reduction of energy density and fluence. We can assume that at the plateau 

points, the beam has diverged to the point where the fluence is below the ablation threshold and 

therefore no further material is removed. When the power and pulse energies are increased, this 

plateau point increases as the fluence is able to remain above the ablation threshold for greater 

depths.  

4.3.4 Effect of focal position on ablation depth 

The dependence of bone removal rate upon the position of the laser focal point relative to the bone 

surface is relatively weak, another advantage of the method.  Previous results have shown that by 

focusing the beam below the surface of the sample, machining depth can be increased (Jiang et 

al., 1993, Oosterbeek et al., 2016e). These effects are similar to those theorised using the model 

for maximum depth of drilling and experimentally observed by Jiang et. al. (Jiang et al., 1993). 

The optimal focal point is not constant at all fluence values, however they are located within close 

proximity to each other, between 2100 and 2400 μm below the surface. Although the results 

suggest that the ablation rate can be varied by changing the focal point position relative to the 

sample, the maximum increase in ablation depth was small, only ~100 µm. This limited increase 



Ultrashort pulsed laser ablation of bone tissue with Gaussian beams 

102 

in the ablation depth suggests that the surgeon would be able to maintain fairly consistent ablation 

rates without the need for a fixed distance between the laser output and sample surface, the range 

of focal positions in which this occurs is well within the capabilities of a surgeon, and even more 

so in the case of a robotic surgical device. 

One important thing to note is the Rayleigh length (𝜕𝜕𝑅𝑅) previously described by the equation: 

 𝜕𝜕𝑅𝑅 =
𝜋𝜋𝜔𝜔0

2

𝜆𝜆
 (4.1) 

Where ω0 is the beam waist and λ is the wavelength of laser used. Our D2 regression results have 

suggested a 1 𝑒𝑒2⁄   beam waist of ~92 μm, averaged from all cortical and skull bone regression 

fits. Using this value of the beam waist and the wavelength of 800 nm, this would yield a Rayleigh 

range of approximately 33.5 mm. If we compare this with the data illustrated in Figure 4.15, at 

33.5 mm below the surface of the bone tissue, the depth achieved is approximately equal to that 

of the ablation depth when the laser was focussed on the surface of the sample. In some ways, this 

explanation seems to make sense, however upon reflection, the beam waist value appears to be 

too large. Using equation (3.5) in section 3.2.2.1 to calculate the beam waist of an 800 nm beam 

focussed by an 80 mm objective, the theoretical beam waist should be on the order of 8.1 μm in 

diameter with a Rayleigh length of 260 μm which is clearly not the case.  

The discrepancies between the theoretical and experimental beam waists suggest that an external 

mechanism may be distorting the beam to a size other than the theoretical beam waist suggests. It 

is important to note here that many users of the D2 regression technique plot diameter squared as 

a function of fluence rather than pulse energy where their fluence values have been calculated 

using the theoretical beam waist (Sanner et al., 2009a, Martin et al., 2003, Krüger et al., 2003). 

However, others have derived the beam waist experimentally as we have done, plotting diameter 

squared as a function of pulse energy and using the trendline fits to determine the beam waist 

(Turan et al., 2017, Umm i et al., 2016). If there is an external mechanism influencing the size of 

the beam waist, this would result in inaccurate values for the ablation threshold. 

One of the potential explanations for the discrepancy between theoretical and experimental beam 

waists are the nonlinear optical effects of an ultrashort laser pulse as it propagates through the 

ambient medium. The high intensities generated by ultrashort laser pulses can result in the 

refractive index of the medium changing due to the optical Kerr effect that leads to a transverse 

refractive index gradient to be formed and self-focusing of the beam as it propagates (Siegman, 

1986). If this were the case, the beam would focus above the top surface of the sample, diverging 

again before it interacted with the surface leading to the larger beam waist values observed. 
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Another effect that would contribute to the larger beam waist could be the laser induced ionisation 

of the ambient medium that the laser is travelling in. The plasma generated through tunnelling and 

multiphoton ionization processes (L.chin et al., 2012) also leads to a further refractive index 

gradient which effectively acts as a diverging lens. If this is the case then it would again explain 

the larger beam waist values determined experimentally from our experiments. 

Further experiments were performed to observe this phenomenon and the effect of ambient 

pressure on femtosecond laser micromachining and a more detailed explanation of this is 

presented in Chapter 7. 

4.3.5 Feature assessment 

The main factor which has prevented the integration of lasers in hard tissue surgery is the presence 

of a significant HAZ. Throughout this study we have seen no signs of HAZ even at highest fluence 

and pulse numbers. Even though previous studies have utilized flushing of the surgical site with 

various liquids (Kang et al., 2008) to avoid thermal damage, also a common technique for 

mitigating the heat accumulation from mechanical tools, we found no need for this treatment. 

Flushing of the site can result in decreased precision by obscuring the surgeon’s view of the target 

area. In addition, flushing can often carry tissue residue from the target site to the surrounding 

areas. Our results show that ultrafast laser pulses avoid thermal side effects without requiring 

flushing of the target site. 

The primary factor that results in the generation of HAZ is the laser pulse width. Several studies 

have performed ablation of cortical bone using longer pulsed lasers in the microsecond (Jowett et 

al., 2014, Ivanenko et al., 2005) and nanosecond (Girard et al., 2007b, Ivanenko et al., 2005, 

Murray and Dickinson, 2004) regime. The use of longer pulses laser in these regimes show 

extensive thermal damage to the surrounding tissue. Once pulse widths reach the ultrashort regime 

(picosecond and femtosecond) this thermal damage is significantly reduced or alleviated 

completely. Murray et. al. (Murray and Dickinson, 2004) performed a study comparing 

microsecond and picosecond laser ablation of bone tissue with similar average power densities 

and identical wavelengths and observed that thermal damage was only induced in the microsecond 

pulse width regime, further reinforcing that the HAZ is a primarily a result of pulse widths beyond 

the picosecond regime. 

The absence of any HAZ after femtosecond laser ablation can be linked to the underlying non-

thermal ablation mechanism. The short pulse width results in high intensities leading to Coulomb 

explosion, whereby electrons undergo photoemission from the target site followed by charging 
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and ejection of the remaining material (Balling and Schou, 2013, Gamaly et al., 2002, Gamaly, 

2011). Since this process is known to be non-linear, the incident pulse interacts with a highly 

localized region of the target. This results in minimization of thermal effects as the incident energy 

is confined to the ablated material on time scales shorter than those which would allow heat 

transfer to the surrounding area (Gamaly, 2011). 

Finally, the shape and structure of the laser ablation cuts are straight with well-defined edges 

indicating increased accuracy. The non-contact nature of the applied laser pulses is unaffected by 

accuracy issues associated with mechanical tools such as drill-bit wander and misplaced surgical 

inserts (Wiggins and Malkin, 1976a, Hicks et al., 2010). It also avoids problems such as 

degradation of the tool cutting edge, which results in a progressive reduction in cutting efficiency 

and deposition of metallic portions of the tool within the surgical site (H. W. Wevers, 1987). 

Metallic deposits increase the healing time of the surgical site and more commonly result in 

complications with regards to post-operative monitoring and imaging of the wound (Stanislawki 

et al., 2001). Furthermore, repetitive motion of mechanical tools during osteotomy procedures 

that cause significant vibrations in the surrounding tissue and result in fracture (Takamori et al., 

2003b) and haemorrhaging (Liu and Niemz, 2007), increasing healing times or introducing further 

complications, can be avoided.  

HAZ is the main indicator for whether a laser based orthopaedic tool would be successful in 

clinical applications. The drawback behind longer pulsed lasers and mechanical tools is that the 

thermal and thermomechanical damage imposed on the tissue results in longer healing times 

(Lustmann et al., 1992, Nelson et al., 1989). During the laser cutting process, blood supply to the 

tissue can be disruption and the surrounding osteocytes around the irradiation site undergo 

necrosis. As a result, the healing times for the bone increases with respect to the size of the affected 

necrotic tissue (Einhorn, 1995). In addition to the damage of osteocytes, damage to the 

surrounding collagen matrix is another primary factor affecting healing times. Collagen matrices 

serve as a scaffold for osteochondroprogenitor cells which initiate matrix deposition. When the 

collagen matrix is damaged, osteoclasts are required to remove and replace the damaged matrix 

which further delays healing. It has been shown that mechanical tools, CO2 and Nd:YAG which 

cut bone using a thermal mechanism result in an extensive denatured collagen region (Spencer et 

al., 1996) in comparison to ultrashort pulsed lasers (Leucht et al., 2007). Whilst few studies have 

been performed on the healing rates of ultrashort pulsed lasers in comparison to mechanical tools 

and longer pulsed lasers, we can hypothesise that ultrafast lasers would accelerated healing. 

Conversely,  Girard et al. (Girard et al., 2007b) and Cloutier et al. (Cloutier et al., 2010) both 

showed that the healing of mice calvaria bone after femtosecond laser ablation was slowest to heal 
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compared to Er:YAG and mechanical tool cutting however could be overcome if bone growth 

factors were used. Despite this, the majority of studies still show that healing is faster after laser 

cutting than mechanical cutting (Lo et al., 2012, Leucht et al., 2007, Girard et al., 2007a). 

Ensuring that extensive damage is not inflicted on the cells around target site is another important 

measure of the successful integration into clinical practice. Girard et al. (Girard et al., 2007b) 

closely studied the effect of excimer laser cutting versus femtosecond laser cutting on the 

intracellular enzyme activity as an indicator of cell damage. They concluded that cell damage 

extended up to 14 ± 5 μm from the target site femtosecond lasers compared to 435 ± 50 μm for 

excimer lasers. Meanwhile, Leucht et al. (Leucht et al., 2007) studied the expression of the heat-

inducible protein Hsp70 and empty lacunae were 200 μm in size for saw corticotomies compared 

to 50 μm for a 1ps pulsed laser coticotomy. Lo et al. confirmed the extended heating for drill 

osteotomies measuring empty osteocyte lacunae up to 700 μm away from the drill site compared 

to only 180 μm for laser osteotomies. Overall, it appears that bone regrowth and reduced enzyme, 

cellular and structural damage are reduced for ultrashort pulsed laser tools compared mechanical 

and longer pulsed laser tools. 

4.4 Conclusion 

In this work we have investigated ultrashort (230 fs) pulsed lasers as a high precision tool for bone 

tissue removal by evaluating the ablation threshold, incubation effects, ablation rate, effect of the 

depth of focus and ablation feature assessment in cortical and skull bone tissue. Several of our 

experimental findings indicate that femtosecond laser pulses should work quite well in a surgical 

setting.  The similar ablation thresholds measured for all samples tested suggests that femtosecond 

laser cutting is expected to behave similarly for all patients. The absence of incubation effects is 

also a significant advantage for the surgical setting, as the laser ablation properties are largely 

independent of the number of pulses applied during a manual or robotic surgical procedure. This 

finding means that one can expect that the ablation rates (material removed per pulse) would 

remain constant throughout the procedure regardless of the number of pulses applied to the target 

area. A surgeon could, for example, go over an area several times and remove a similar amount 

of material each time. This fortuitous behaviour is not observed for most materials that are 

machined with fs laser pulses. The linear relationships between (1) the number of laser pulses 

applied, and the depth of the resultant feature will lead to and (2) the incident laser fluence and 

the rate of ablation give excellent control over the cutting speed, precision and accuracy.  

Meanwhile, the fact that the ablation depth is relatively independent of the placement of the focal 
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spot relative to the sample surface also is beneficial. It allows ablation rates to remain relatively 

consistent without requiring precise positioning of the focal plan to a region that is well within 

the surgeons’ manual abilities or those of a surgical robot. The preservation of the morphological 

features of healthy bone, even within the ablation features themselves, indicates how minimal the 

collateral damage to the surrounding tissues is for this technique. Together, these characteristics 

point to significant advantages in using femtosecond laser pulses for the removal of bone tissue 

during high precision orthopaedic surgery procedures. 

Finally, it is important to highlight the recent progress of both femtosecond laser systems and that 

of the fiber technology. These two major technological steps are key to the implementation of 

such systems in a hospital environment at a reasonable cost. Significant footprint and cost 

reduction of the laser mean that the system can be implemented on a transportable platform. 

Furthermore, femtosecond pulse delivery through a robotic arm is now possible thanks to a new 

generation of hollow core photonics crystal fibers (Kagome fibers) capable of transporting high 

energy femtosecond pulses without inducing any pulse distortion (Debord et al., 2014, Peng et al., 

2011, Debord et al., 2015, Richardson et al., 2010). Such systems are now commonly installed in 

large manufacturing companies proving the robustness of the solution. 
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CHAPTER 5: ULTRASHORT PULSED 
LASER ABLATION OF BONE TISSUE WITH 
BESSEL BEAMS 

5.1 Introduction 

In chapter 4, we showed that femtosecond laser pulses have proven to be an excellent candidate 

for bone cutting and machining in micro-orthopaedic surgery due to the ability of ultrashort laser 

pulses to cut and machine materials through a ‘cold cutting’ mechanism (Rullière, 2005, Sugioka 

and Cheng, 2014).  

However, the main drawback of the femtosecond laser pulses are their slow cutting speeds and 

limited cutting depths compared to mechanical tools. Ablation rates were found to be 0.29 – 0.91 

± 0.01 µm pulse-1 and 0.27 – 0.92 ± 0.01 µm pulse-1 in cortical and skull bone respectively, 

corresponding to a maximum drilling rate of 54 mm min-1 at a pulse repetition rate of 1kHz, which 

is extremely low when compared to conventional drilling tools (5.53m min-1 (Udiljak et al., 2007, 

Udiljak et al., 2003)). Whilst femtosecond laser pulses would be most successfully integrated in 

micro-orthopaedic surgical procedures located in the sinuses, ear and neck, reducing the time 

required to perform these procedures with higher cutting rates and great maximum cut depths 

would aid in the successful integration for current micro-orthopaedic procedures. 

Recent advances in liquid crystal on silicon spatial light modulator (LCOS-SLM) technology and 

beam shaping techniques have allowed for investigation of different beam types (Bessel and 

vortex beams of varying orders) on the laser machining of a wide range of materials (Oosterbeek 

et al., 2016a, Mitra et al., 2015, Bhuyan et al., 2014, Grojo et al., 2015, Jedrkiewicz et al., 2015). 

Previous work has looked at the effect of Bessel and vortex beams of varying orders on the 

ablation threshold (minimum pulse energy density at which material removal is achieved) of 

quartz and silicon (Oosterbeek et al., 2018a), the common parameter used to measure the 

machining ability of materials (Sanner et al., 2009a, Englert et al., 2007). These results have 

shown a 6 – 7X decrease in the ablation threshold of quartz and silicon. The significant decrease 

in the ablation thresholds have been explained by the unique properties of Bessel beams; their 
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ability to remain focused for distances orders of magnitude greater than the Rayleigh range and 

their ability to self-heal despite obstructions along their propagation axis (Durnin et al., 1987). 

This study investigates ultrafast pulsed Bessel beams and their applications in the orthopaedic 

surgery. Our investigation focuses on determining the standard metrics of micromachining 

(ablation threshold, incubation coefficient and ablation rate) in freshly harvested, unaltered load 

bearing bone samples from bovine and ovine donors. Meanwhile, we assess ablation features of 

signs of any HAZ in the form of thermal and structural damage. 

The outline for this chapter is the following: 

 

 5.2 Ablation experiments with the Ti:Sapphire laser (τ = 230 fs, repetition rate = 500 

Hz, λ = 800 nm) and zero-order Bessel beam with an effective cone angle of 4.56o. 

 5.2.1 Determining the ablation threshold and incubation factor for bovine and 

ovine cortical bone.  

  5.2.2 Determining the ablation rates for bovine and ovine cortical bone. 

  5.2.3 Feature assessment for signs of HAZ  

 5.3 General discussion 
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5.2 Results 

5.2.1 Determining the ablation threshold and incubation factor 

The ablation threshold for bovine and ovine cortical bone was found using the depth regression 

method previously explain in section 3.3.2 whilst using the laser system described in section 3.2.1. 

Bessel beams were created using an LCOS-SLM and corresponding phase mask as described in 

section 3.3.1.1.1.3. 

 Ablation threshold results were calculated for 1164, 582, 291, 116, 83 and 58 pulses on cortical 

bone at a repetition rate of 500 Hz. These experiments were performed with the laser being 

focussed so that the Bessel beam formed on the surface of the bone sample with pulse energies 

ranging from 0.067 – 0.667 mJ. The depth of the ablation features was measured using SEM as 

shown in Figure 5.1. 

 

Figure 5.1: SEM micrograph of ablation feature cross section generated with 116 pulses at any 
point along the ablation feature and a fluence of 17.5 J cm-2 with zero-order Bessel beam. Red 
line illustrated the measurement of crater depth using inbuilt SEM software. 
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Depth of ablation features were plotted as a function of fluence and fit using a least-squares 

algorithm to a linear trendline. Values for the ablation threshold fluence were extracted from the 

y-intercept of graphs. Figure 5.2 and Figure 5.3 illustrate the results from the depth of the ablation 

features as a function of fluence for bovine and ovine cortical bone respectively. 

Using the equations of each of the trendlines, we can solve to calculate the ablation threshold 

fluence (𝜑𝜑𝑡𝑡ℎ). These values are summarized in Table 5.1. 

For both bovine and ovine cortical bone samples ablated with a zero-order Bessel beam, the 

ablation threshold fluence was found to be 0.13 ± 0.03 J cm-2. This value is significantly lower 

than the value previously reported in chapter 4 for Gaussian beams for cortical bone (0.91 ± 0.03 

J cm-2), approximately 7 times lower. 

 

 

Table 5.1: Laser ablation threshold fluence for bovine and ovine cortical bone ablated with zero-
order Bessel beam. 

 Bovine (cortical) Ovine (cortical) 

Number of 

Pulses Applied 

Ablation Threshold Fluence 

(J cm-2) 

Ablation Threshold Fluence 

(J cm-2) 

1164 0.10 0.13 

582 0.10 0.11 

291 0.18 0.10 

116 0.11 0.17 

83 0.16 0.1 

58 0.12 0.17 

Average 0.13 ± 0.03 0.13 ± 0.03 
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Figure 5.2: Depth of ablated features verses Fluence in bovine cortical bone ablated with 1164, 
582, 291, 116, 83 and 58 pulses. Trend lines are using a least-squares algorithm to the data for all 
applied pulse numbers. Equation of trendline and R2 values are indicated on each graph. 
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Figure 5.3: Depth of ablated features verses Fluence in ovine cortical bone ablated with 1164, 
582, 291, 116, 83 and 58 pulses. Trend lines are using a least-squares algorithm to the data for all 
applied pulse numbers. Equation of trendline and R2 values are indicated on each graph. 
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Graphs of accumulated fluence, N × 𝜑𝜑𝑡𝑡ℎ(𝑁𝑁), as a function of incident pulse number, 𝑁𝑁, for bovine 

and ovine cortical bone were plotted to determine the incubation coefficient from the slope of the 

graph. Results show incubation factors of 0.94 ± 0.05  and 0.93 ± 0.05  for bovine and ovine 

cortical bone respectively. These values are both within two standard deviation of an incubation 

factor of 1.00, indicating that incubation is minimal to non-existent for bovine and ovine cortical 

bone when a zero-order Bessel beam is applied. 

 

 

Figure 5.4: Incubation power law model for bovine and ovine cortical bone tissue ablated with 
zero-order Bessel beam. Fit results indicate incubation factors of 0.94 ± 0.05  and 0.93 ± 0.05  
for bovine and ovine cortical bone tissue respectively. Equation of trendline and R2 values are 
indicated on each graph. 

5.2.2 Removal rates 

Ablation rates were determined by analysing the depth of the ablation features as a function of the 

number of pulses applied as shown in Figure 5.5. The relationship between depth of the ablation 

feature as a function of the number of shots applied appears to follow a two term decaying power 

function of the form 𝐷𝐷 = −𝑅𝑅 × 𝑁𝑁𝑏𝑏 + 𝑐𝑐, where D is the depth of the ablation feature, a is the rate 

of decay, N is the number of pulses applied and c is the plateau point of the trend. The values of 

each of the coefficients are summarised in Table 5.2. The general relationship shows a steep 

increase in the depth within the first 150 pulses followed by a plateau region. The plateau region 

is reached within less pulses compared to Gaussian beams (~627 pulses) as described in section 

4.2.2.  

This can be explained as the intensity distribution along the propagation axis of a Bessel beams 

sees much higher initial intensities which decreases as the propagation distance increases. 
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However, compared to Gaussian beams at similar pulse fluence and shot numbers, the maximum 

depths are significantly greater. 

 

 

 

Figure 5.5: Depth of linear ablation feature cuts as a function of cumulative number of pulses 
applied for bovine and ovine cortical bone with a zero-order Bessel beam applied. Samples were 
translated relative to the focal point ranging from 0.1 µm pulse-1 to 1.5 µm pulse-1 corresponding 
to 1164 to 58 pulses being applied anywhere along the ablation feature. 
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Table 5.2: Coefficients of trendline equations for bovine and ovine cortical bone with zero-order 
Bessel beam applied. 

Fluence 

(J cm-2) 

Rate Coefficients (bovine) Rate Coefficients (ovine) 

a 

(×10-4) 

b c a 

(×10-4) 

b c 

25.0 -7.949 -0.997 1566 -7.949 -0.998 1566 

22.5 -7.106 -0.999 1392 -9.273 -1.069 1364 

20.0 -8.748 -1.088 1192 -12.470 -1.183 1162 

17.5 -3.138 -0.841 1167 -5.700 -1.008 1077 

15.0 -6.814 -1.095 900.8 -5.108 -1.021 918.6 

12.5 -2.554 -0.887 828.2 -3.584 -0.9674 789.8 

10.0 -0.896 -0.623 795.4 -4.414 -1.076 625.8 

7.5 -1.968 -0.961 454.5 -2.520 -1.025 443.9 

5.0 -42.00 -1.862 243.9 -2.417 -1.126 283.3 

2.5 -2958 -0.757 156.0 -6.561 -1.562 130.9 

 

The initial ablation rates within the first ~150 pulses were determined by using a linear fit of the 

initial portion of the trendlines and were found to be 1.1 - 13.2 ± 0.07 and 1.4 – 13.2 ± 0.07 μm 

pulse-1 for bovine and ovine cortical bone respectively for pulse fluences between 2.5 and 25.0 J 

cm-2. Ablation rates for all fluences are summarised in Table 5.3. The plateau point, or maximum 

theoretical depth, for each fluence were determined from the coefficient c described above, the 

trendline coefficients and maximum depths are summarised in Table 5.3. Results indicate that the 

ablation rates and maximum depth of ablation for bovine and ovine cortical bone when machining 

is performed with a zero-order Bessel beam are relatively identical, therefore showing that Bessel 

beam machining of cortical bone tissue is insensitive to the species of bone. 

The maximum ablation rate calculated for zero-order Bessel beams are on the order of 14X greater 

than the maximum ablation rate determined for Gaussian beams. With greater ablation rates for 

zero-order Bessel beams compared to Gaussian, this would result in much shorter surgical times 

to complete similar procedures hence reducing the risk of infection to the patient.  
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Table 5.3: Laser ablation rates for bovine and ovine cortical bone with zero-order Bessel beam 
applied at fluence values ranging from 2.5 – 25.0 J cm-2. 

Fluence 

(J cm-2) 

Bovine 

Ablation Rate 

(μm pulse-1) 

Ovine 

Ablation Rate 

(μm pulse-1) 

Maximum Depth 

(bovine) 

(μm) 

Maximum Depth 

(ovine) 

(μm) 

25.0 13.2 ± 0.7 13.2 ± 0.7 1560 ± 80 1560 ± 80 

22.5 11.8 ± 0.6 11.8 ± 0.6 1390 ± 70 1360 ± 70 

20.0 10.3 ± 0.5 10.5 ± 0.5 1192 ± 60 1160 ± 60 

17.5 9.0 ± 0.4 8.9 ± 0.4 1167 ± 60 1080 ± 50 

15.0 7.8 ± 0.4 7.6 ± 0.4 900 ± 50 920 ± 50 

12.5 6.4 ± 0.3 6.3 ± 0.3 828 ± 40 790 ± 40 

10.0 5.1 ± 0.3 5.2 ± 0.3 795 ± 40 630 ± 30 

7.5 4.0 ± 0.2 3.7 ± 0.2 454 ± 20 440 ± 20 

5.0 2.7 ± 0.1 2.5 ± 0.1 243 ± 10 280 ± 10 

2.5 1.1 ± 0.1 1.4 ± 0.1 15 ± 1 130 ± 7 

 

The maximum depth values for bovine and ovine cortical bone shown in Table 5.3 were plotted 

as a function of applied fluence as shown in Figure 5.6. The theoretical maximum depth achieved 

with respect to fluence appears to follow a linear relationship and are similar for both bovine and 

ovine cortical bone tissue.  
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Figure 5.6: Maximum depth as a function of applied fluence for bovine and ovine cortical bone 
with a zero-order Bessel beam applied. Equation of trendline and R2 values are indicated on each 
graph. 

5.2.3 Feature Assessment 

Figure 5.7 shows a direct comparison between the ablation depths achieved from a zero-order 

Bessel beam (Figure 5.7A) and a conventional Gaussian beam (Figure 5.7B) at identical pulse 

fluence (25.0 J cm-2) and applied pulse numbers (1000 pulses).  It is evident that the zero-order 

Bessel beams achieves much greater depths than Gaussian beams, approximately 3X deeper, and 

has the same shape as those seen in other materials such as glass (Bhuyan et al., 2010a) despite 

have the exact same pulse fluence and pulse number. This can be explained from the extended 

focal length of Bessel beams being order of magnitudes greater than the Rayleigh range of 

traditional Gaussian beams. Whilst the diverging nature of Gaussian beams results in the intensity 

of the spot to decrease significantly as the ablation depth increases, Bessel beams remain tightly 

focused so that intensities remain above the ablation threshold for a longer distance, allowing 

ablation to continue to occur. In addition, during the ablation process, ablated material would be 

ejected from the sample forming a plasma plume that interacts with trailing pulses, reflecting a 

portion of the energy away and decreasing the ablation efficiency. Bessel beams possess the 

unique property to self-heal, therefore if any ejected material or plasma is formed above the 

surface of the sample during the ablation process, a larger portion of the pulse energy is not 

affected by the ejected material or plasma plume and is able to interact with the material to cause 

more ablation to occur. 
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All ablation features produced were viewed using optical microscopy and scanning electron 

microscopy. Samples were assessed for any signs of HAZ in the form of discoloration, cracking 

or signs of charring due to thermally induced damage. There were no signs of HAZ in all optical 

microscopy analysis. 
 

 

Figure 5.7: Cross-section of ablation features in bovine cortical bone produced at a pulse energy 
of 0.6 mJ per pulse and 1000 pulses with a zero-order Bessel beam (A) and traditional Gaussian 
beam (B). Samples were irradiated with λ = 800 nm, τ = 100 fs pulses at a repetition rate of 1 kHz. 

 

Meanwhile, all features were also analysed using SEM as shown in Figure 5.8, to gain high 

resolution and magnification images of the ablation features. Structural analysis appeared to be 

the same as those obtained for Gaussian beams outlined in section 4.2.4. The ablation features 

showed no signs of resolidified molten material around the periphery of the ablation site even at 

highest pulse numbers and fluence applied. Furthermore, there were no signs of cracking or micro-
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fractures that typically occur from thermal shockwaves propagating through the material. Upon 

high magnification of the ablation features, canaliculi structures were still intact within the 

ablation features indicating that no melting of the material occurred during the ablation process.  

 

 

Figure 5.8: Overhead view of ablation features produced at a pulse fluence of 25.0 Jcm-2 and 1164 
pulses with a zero-order Bessel beams at 75X magnification (A) and 200X magnification (B) 

5.3 Discussion 

5.3.1 Ablation Threshold 

In this study we have determined the standard metrics of femtosecond laser micromachining with 

a zero-order Bessel beam of freshly harvested cortical bone tissue from two donor species. To 

best correlate with the surgical setting, we have been very careful to employ freshly harvested ex 

vivo cortical bone tissue with no polishing or other surface processing.  

The ablation threshold of cortical bone tissue using the depth regression technique was found to 

be 0.13 ± 0.03 J cm-2 for both bovine and ovine samples. This value is significantly lower than 

the value previously reported in for Gaussian beams for cortical bone (0.91 ± 0.03 J cm-2), 

approximately 7 times lower. It should be noted that the effective beam waist of the central spot 

within the Bessel profile was measured using a beam profiler to be 58.2 μm compared to the larger 

effective beam waist derived from the D2 regression for Gaussian beams which was 94 μm. This 

means that the effective fluence values incident on the bone tissue were several times higher for 

Bessel beam machining compared to Gaussian beam machining. However, the ablation threshold 

should be independent of the beam waist as it is a measure of the energy density at which material 

removal occurs.  
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With reference to Table 4.6 which shows a summary of ablation thresholds calculated for various 

bone tissue, the ablation threshold of bovine and ovine cortical bone tissue was significantly lower 

than any previously reported in literature. This suggests that the unique properties of Bessel 

beams, are associated with the reduced ablation threshold. Other researchers have suggested that 

the reason behind Bessel beam’s improved machining is their self-healing ability (Bhuyan et al., 

2010b, Courvoisier et al., 2009, McGloin and Dholakia, 2005, Padgett and Bowman, 2011, Wu 

et al., 2014). Several researchers have shown that a significant portion of the incident pulse energy 

is absorbed a reflected by the generated plasma that forms within the first few femtoseconds of 

the pulse interacting with the material and initial mechanism of ablation (Fang et al., 2017, 

Kirkwood et al., 2009, Povarnitsyn et al., 2009, Semerok and Dutouquet, 2004, Vorobyev and 

Guo, 2011). However, the Bessel beam’s ability to self-heal after interacting with the generated 

plasma would mean that a significantly larger portion of the incident pulse energy would be able 

to interact with the material and thus reducing the ablation threshold. 

5.3.2 Incubation 

We have also studied the role of incubation for bovine and ovine cortical bone tissue undergoing 

ablation with a zero-order Bessel. Beam. We found that the incubation coefficient, S, to be equal 

to 0.94 ± 0.05  and 0.93 ± 0.05  for bovine and ovine cortical bone respectively. Similar to the 

incubation coefficients found for Gaussian beams, these values are within two standard deviation 

of S=1 which would indicate that incubation does not play a significant role in the ablation of 

cortical bone tissue with a zero-order Bessel beam. These results are understandable as incubation 

should not be dependent on the beam type. As previously described in section 4.3.2, the incubation 

phenomenon has been attributed to the formation of defects within the material. As bone tissue is 

already an inhomogeneous material on a particle level, any defects introduced by initial pulses do 

not affect the overall number of defects within the tissue and therefore leads to no signs of 

incubation or change in the ablation threshold. 

5.3.3 Removal Rate 

As mentioned previously in section 4.3.4, femtosecond laser pulses have been criticized for their 

relatively slow cutting rates. The highest ablation rate measured for Gaussian beams was 54 mm 

min-1, two orders of magnitude slower than typical mechanical drill rates (5.53 m min-1 (Udiljak 

et al., 2003, Udiljak et al., 2007). We have shown that by utilising a zero-order Bessel beam we 

can achieve ablation rates of up to 13.2 µm pulse-1 which correspond to a drilling rate of up to 
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~800 mm min-1. These drilling rates are 14X greater than the maximum ablation rate determined 

for Gaussian beams and only a factor of seven slower than mechanical drill rates. 

The relationship between depth of the ablation feature as a function of the number of shots applied 

follows a two-term decaying power function. The exponential values for each of the trendlines 

are all approximately equal to -1 regardless of the fluence applied. This suggests that the relative 

ability for ablation to take place is irrespective of the applied fluence, this is also a signature of 

scale invariance in power law models. 

Coefficient a has been ignored for these fits as it represents a fitting parameter to compensate for 

the value of coefficient c when N = 1. 

The maximum theoretical depth was also able to be determined from the trendline equations as 

coefficient c and was plotted as a function of fluence as shown in Figure 5.6. The maximum 

theoretical depth appeared to increase linearly with applied fluence. This relationship is 

understandable as the fluence (and single pulse energies) increases the fluence along the 

propagation path of the Bessel beam remains above the ablation threshold. This allows material 

to be continually removed even at greater depths. 

We have previously discussed in section 4.3.3 that focal material removal rates with mechanical 

tools is dependent on the applied load, drill speed and drill specifications (Pandey and Panda, 

2013). Where the ablation rates of Gaussian beams are insufficient, or the target depth required is 

too deep for Gaussian beams without having to remove a large area of surrounding material, 

Bessel beams appear to be ideal for these situations.  

The ablation rates were fitted with a two-term decaying power law model, but we acknowledge 

that this relationship is not a true representation of the physical mechanisms being performed. 

Any relationship in the form of 𝑦𝑦 = 𝑅𝑅𝑒𝑒𝑏𝑏 + 𝑐𝑐 would mean that a situation where the pulse number 

is equal to 0 cannot be achieved. If the relationship were true, this would mean that the depth of 

the ablation feature would be infinitely negative indicated that the material would be ‘growing’ 

spontaneously. However, for this study we can assume that this relationship is an acceptable 

model. 

A direct comparison of the depth achieved after 1000 pulses were applied to bovine cortical bone 

tissue is shown in Figure 5.7 at identical pulse energies. It is evident that the Bessel beams is able 

to reach depths approximately 3X greater than traditional Gaussian beams, further reinforcing the 

increased ablation rates. 
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5.3.4 Feature Assessment 

We previously provided a thorough description of the important of ensuring that no signs of HAZ 

are present during femtosecond laser ablation of bone tissue in section 4.3.5. Similar to Gaussian 

beams, no signs of HAZ or thermal damage were observed when laser ablation occurred with a 

zero-order Bessel beam. This suggests that femtosecond laser pulses would be ideal for 

orthopaedic surgery with both Gaussian and Bessel beams. 

5.4 Conclusion 

In this work we have investigated ultrashort (230 fs) pulses lasers as a Bessel beam for high 

precision orthopaedic surgery in order to increase cutting and drilling efficiency whilst 

maintaining no signs of HAZ. We have evaluated the ablation threshold, incubation effects, 

ablation rate and ablation feature assessment in cortical bone tissue. Our experimental findings 

show that Bessel beams are a prime candidate for achieving higher material removal rates 

compared to Gaussian beams which are within an acceptable range compared to conventional 

mechanical tools. The ablation threshold for Bessel beams appears to be on the order of 7 times 

lower than the ablation threshold for Gaussian beams in both bovine and ovine cortical bone. 

Meanwhile, the similar ablation thresholds measured for all samples tested further reinforces that 

femtosecond laser ablation of bone will behave similarly for all patients regardless of if a Bessel 

or Gaussian beam are used. Incubation effects were also found to be absent in the case of Bessel 

beams for both bovine and ovine cortical bone tissue, similar to the results found for Gaussian 

beams. Ablation rates were observed to fit a two-term decaying power law model where the depth 

of the ablation feature increased rapidly within the first 150 pulses in a linear fashion before 

plateauing. The plateau points for Bessel beams were approximately 2 – 3X greater than the 

plateau points of Gaussian beams at similar pulse energies indicating the greater depths can be 

achieved Bessel beams. Our results also show that the maximum ablation depth is dependent on 

the applied fluence. This means that a surgeon would be able to reach deeper target depths without 

having to first remove a greater area of tissue at the surface, minimizing the affected target area. 

However, if deeper features were required, the surgeon would need to perform a raster scanning 

method whereby they would have to progressively ablate larger areas of bone tissue in order to 

ensure that the beam was able to propagate and ablate material to the desired depth. At this point, 

the laser micromachining times may take too long in order to perform the necessary surgery but 

for high precision orthopaedic surgery, removing and drilling to several tens of millimetres may 

be unnecessary. In addition, if the need arose, the surgeon would be able to integrate both 
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conventional mechanical tools for course material removal and then switch to the laser system 

when finer material removal is necessary. 

Throughout all applied fluence and applied pulses no signs of HAZ or thermal damage were 

observed. 

The setup used during these experiments was all using free-space optics which would be 

unsuitable for clinical applications due to the size of the equipment needed and the method of 

beam delivery. As mentioned previously in chapter 4, the most robust solution would be to use a 

femtosecond fiber system implemented on a transportable platform that could be handheld, like a 

traditional scalpel, or delivered via a robotic arm. Integrating a spatial light modulator in to a fiber 

based femtosecond laser is somewhat impractical. However, significant advances have been made 

in the field of micro-optic 3D printing. It is now a possibility to 3D print micro-optics or axicons 

that could fit on the end of a fiber and generate a Bessel beam for surgical applications (Gissibl et 

al., 2016, Mangirdas et al., 2010, Huang et al., 2014). Together, these findings show that 

femtosecond laser pulses when applied as a Bessel beam can be used for enhanced laser ablation 

of bone tissue during high precision orthopaedic surgery procedures. 
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CHAPTER 6: ABLATION THRESHOLD 
FLUENCE OF SILICON AND QUARTZ WITH 
FEMTOSECOND BESSEL AND VORTEX 
BEAMS 

6.1 Introduction 

In chapter 5, we showed that femtosecond laser pulses when shaped as a Bessel beam exhibit 

enhanced ablation rates and reduced ablation threshold fluences for bovine and ovine cortical bone 

tissue. Femtosecond laser pulses have also been proposed as novel tools for machining a wide 

range of materials such as silicon and quartz due to their ultrashort pulse widths enabling nonlinear 

absorption by the materials (Krueger et al., 1997a, Chichkov et al., 1996, Nolte et al., 1997, 

Wellershoff et al., 1999, Gamaly et al., 2002). Despite their ability to cut these otherwise hard to 

machine materials, femtosecond lasers have yet to be used widely due to their slow material 

processing speeds (Collins et al., 2014). 

As a result, significant effort has been made to make femtosecond laser processing of materials 

more efficient. The majority of research has involved creating a new generation of ultrafast lasers 

with higher average powers and repetition rates which will allow processing speeds to increase to 

commercially viable levels. However, it is expected that a limit will be reached at which these 

variables can be improved and therefore other parameters related to efficient laser ablation must 

be explored. 

One such parameter is the ablation threshold which has been deemed to be one of the main 

parameters that measures a material’s machining ability (Sanner et al., 2009b, Lebugle et al., 2014, 

Englert et al., 2007). The majority of methods that have been developed, such as the D2 regression 

diameter regression method (Sanner et al., 2009b, Liu, 1982a), and the D-Scan (diagonal scan) 

method developed by Samad and Vieira et al. (de Rossi et al., 2012, Machado et al., 2012, Freitas 

et al., 2010, Samad et al., 2008, Samad and Vieira, 2006), have been tailored for Gaussian beams. 

However, rapid advances are being made in the field of spatial beam shaping (Fahrbach et al., 

2010, Stoian et al., 2014, Padgett and Bowman, 2011, Gamaly and Rode, 2013, Hnatovsky et al., 

2010a, Tsai et al., 2013, Bhuyan et al., 2010b, Duocastella and Arnold, 2012) and therefore a 
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reliable, accurate and widely applicable method is needed for the accurate determination of the 

ablation threshold regardless of beam shape or type. 

Material processing with non-Gaussian beam shapes have been demonstrated using vortex and 

Bessel beams (Bhuyan et al., 2010b, Hnatovsky et al., 2010a, Tsai et al., 2013, Duocastella and 

Arnold, 2012, Allahyari et al., 2018, Nivas et al., 2015, Sahin et al., 2015). These beam shapes 

have been shown to have the ability to generate unusual microstructures during laser processing 

as well as investigate the effect of orbital angular momentum and non-Gaussian intensity 

distributions on the photoionisation process, and by extension the general light-matter interaction 

and ablation behaviour (Bhuyan et al., 2010b, Hnatovsky et al., 2010a, Tsai et al., 2013, 

Duocastella and Arnold, 2012). Given that the ablation threshold is a key indicator of ablation 

behaviour, it is essential to be able to measure this parameter when using non-Gaussian beams. 

In this chapter we will show experimental results of the extension to the D-Scan ablation threshold 

measurement technique previously described in section 3.3.2 for Bessel and vortex beams in weak 

focussing conditions. 

The outline for this chapter is the following: 

 

6.2 Ablation experiments with Ti:Sapphire laser (τ = 230 fs, repetition rate = 500 Hz, 

λ = 800 nm) with zeroth, first and second-order Bessel beam with an effective 

cone angle of 4.56o, first and second order vortex beams and Gaussian beams. 

6.2.1 Ablation threshold and incubation effects for silicon and quartz with 

Gaussian, Bessel and vortex beams 

 6.3 General discussion 
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6.2 Results 

Determining the ablation threshold and incubation factor 

The ablation threshold for silicon and quartz were found using the adapted D-Scan method 

outlined in section 3.3.2 whilst using the laser system described in section 3.2.1. Bessel beams 

were created using an LCOS-SLM and corresponding phase mask as described in section 

3.3.1.1.1.3. D-Scan features were generated under weak focussing conditions, an example of 

which is shown in Figure 6.1. 

 

 

Figure 6.1 Examples of D-Scan features machined in (a, c, e) Silicon and (b, d, f) Quartz using 
(a-b) Gaussian beams, (c-d) 2nd order vortex beams, and (e-f) 1st order Bessel beams; 
measurements obtained using optical profilometry. The focal plane for Gaussian and vortex beams 
is marked; -z denotes the sample above the focal plane, while +z denotes the sample below the 
focal plane. 

 

Gaussian and vortex beams D-Scan features show the expected initial increase and latter decrease 

in damage radius as the focal plane is approached, indicated by z in Figure 6.1. Ablation features 

generated with Bessel beams show small variation in the damage radius due to the inherently long 

focal range of Bessel beams.  

Figure 6.2 shows the expected damage radii for Gaussian and 1st – 4th order vortex beams. The 

ring-like beam profile of vortex beams should effectively give rise to two different damage radii, 
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an inner and outer damage radius (given by the principal and non-principal branches of the 

Lambert Omega function (Oosterbeek et al., 2018b)). However, only the outer damage radius is 

seen as the inner radius feature is overcome by ablation of successive pulses as the sample is 

traversed through the focal point. 

Bessel beams can also result in multiple damage radii due to the multiple rings normally seen in 

a Bessel beam profile. However, similar to the features seen for vortex beams, only a single 

damage radius is observed since the beam is translated diagonally through the focal plane, ablating 

over regions where any inner damage features would typically be observed. 

 

Figure 6.2: Gaussian beam waist (dotted line) and damage radius (blue and red lines) for (a) 
Gaussian, (b) 1st order vortex, (c) 2nd order vortex, (d) 3rd order vortex, and (e) 4th order vortex 
beams. For (b-e), the blue line denotes the outer damage radius calculated using the non-principal 
branch of the Lambert Omega function (W-1), while the red line denotes the inner damage radius 
calculated using the principal branch of the Lambert Omega function (W0). Radii calculated for 
the theoretical case where λ = 800 nm, ω0 = 15 µm, Fth = 1.0 J/cm2, E0 = 0.1 mJ. Marked point 
“x” indicates the point (χ,ρmax). 
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The maximum damage radii for 0th, 1st and 2nd order Bessel beams, 1st and 2nd order vortex beams 

and Gaussian beams were measured, and the ablation threshold calculated at varying translation 

speeds. By varying the translation speeds, the number of overlapping pulses applied to the sample 

change with lower translation speeds leading to higher pulse superposition and vice versa. 

 The ablation threshold for silicon and quartz were plotted as a function of pulse superposition for 

each of the different beam shapes as shown in Figure 6.3. 

 

 

Figure 6.3: Ablation thresholds and effects of pulse number for (A) quartz and (B) Silicon using 
a femtosecond pulsed laser with Gaussian, Bessel and vortex beam shapes. Solid lines show 
incubation curve fits according to the Ashkenasi model (Ashkenasi et al., 1999). 
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The ablation threshold as a function of pulse superposition for various beam types were fitted with 

incubation curves based on the defect model described by Ashkenasi et al. (Ashkenasi et al., 1999) 

allowing us to determine the single pulse ablation threshold (𝜑𝜑𝑡𝑡ℎ(1)), infinite pulse ablation 

threshold (𝜑𝜑𝑡𝑡ℎ(∞)) and incubation coefficient (k). These values are summarised in  

The data obtained for Gaussian beams were compared with those in literature (Fang and Cao, 

2014, Shaheen et al., 2014a) and found to be within agreement. It is evident from these results 

that the ablation threshold appears to be dependent on the beam shape suggesting that for some 

materials a change in beam shape away from traditional Gaussian beams may improve laser 

micromachining efficiency by reducing the ablation threshold. 

 The defect model appears to agree with the majority of the data with R2 > 0.7, however, where 

data was only obtained for higher pulse superpositions, we can only observe the plateau region of 

the trend where the ablation threshold fluence is constant (an example of this is Figure 6.3A, 

Bessel beams on quartz).  

The data obtained for Gaussian beams were compared with those in literature (Fang and Cao, 

2014, Shaheen et al., 2014a) and found to be within agreement. It is evident from these results 

that the ablation threshold appears to be dependent on the beam shape suggesting that for some 

materials a change in beam shape away from traditional Gaussian beams may improve laser 

micromachining efficiency by reducing the ablation threshold. 
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Table 6.1: Single pulse and infinite pulse ablation thresholds for undoped silicon and crystalline 
quartz wafers ablated with Gaussian, vortex and Bessel femtosecond pulsed beams. Incubation 
coefficients derived from the defect model (Ashkenasi et al., 1999) and R2 values for various beam 
types. 

Silicon 

Beam Type Pulse Range 
𝝋𝝋𝒕𝒕𝒕𝒕(𝟏𝟏) 

(J cm-2) 

𝝋𝝋𝒕𝒕𝒕𝒕(∞) 

(J cm-2) 

K 

(× 10-4) 
R2 

Gaussian 458 - 7596 0.36 ± 0.03 0.28 ± 0.02 8.88 0.69 

Vortex (order = 1) 247 - 3886 0.25 ± 0.05 0.098 ± 0.007 32.9 0.84 

Vortex (order = 2) 238 - 3596 0.19 ± 0.02 0.14 ± 0.01 15.2 0.48 

Bessel (order = 0) 103 - 1686 0.33 ± 0.03 0.054 ± 0.006 84.6 0.95 

Bessel (order = 1) 134 - 1793 0.100 ± 0.005 0.056 ± 0.004 6.09 0.71 

Bessel (order = 2) 182 - 2399 0.080  ± 0.003 0.058 ± 0.007 4.72 0.72 

 

Quartz 

Beam Type Pulse Range 
𝝋𝝋𝒕𝒕𝒕𝒕(𝟏𝟏) 

(J cm-2) 

𝝋𝝋𝒕𝒕𝒕𝒕(∞) 

(J cm-2) 

K 

(× 10-4) 
R2 

Gaussian 352 - 5688 4.1 ± 0.2 0.49 ± 0.01 8.88 0.84 

Vortex (order = 1) 194 - 5917 1.7 ± 0.2 0.37 ± 0.05 13.1 0.85 

Vortex (order = 2) 191 - 4350 1.7 ± 0.1 0.55 ± 0.1 8.95 0.92 

Bessel (order = 0) 227 - 3200 0.66 ± 0.6 0.099 ± 0.006 142 0.33 

Bessel (order = 1) 236 - 2568 20.2 ± 2 0.17 ± 0.02 345.9 0.054 

Bessel (order = 2) 169 - 2914 1.7± 0.7 0.17 ± 0.04 100 0.66 
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6.3 Discussion 

Using the adapted D-Scan method for non-Gaussian beams, Gaussian, vortex and Bessel beams 

in weak focusing conditions were tested to observe the effect on laser micromachining efficiency 

through analysis of the ablation threshold. Our results show that the adapted D-Scan method for 

non-Gaussian beams is a feasible way for determining the ablation threshold for Bessel and vortex 

beams. 

All of the ablation features show the expected initial increase and subsequent decrease in damage 

radius as the sample is traversed through the focal plane. Ablation features generated with Bessel 

beams have a comparable small variation in damage radius which is to be expected due to the 

relatively constant nature of the intensity distribution within the Bessel region. Upon analysis of 

the data presented in Figure 6.3, it is evident that incubation effects play a significant role during 

the laser ablation process of all materials, regardless of their beam shape. As the translation speed 

increases, the pulse superposition decreases and it is evident that at lower pulse superpositions, 

the ablation threshold is higher than those conducted at low translation speeds and high pulse 

superpositions. 

Looking closely at the infinite pulse ablation threshold of silicon and quartz with Bessel and 

vortex beams we can see a clear dependence of the ablation threshold on beam shape. The ablation 

threshold for silicon showed a dramatically reduced ablation threshold, ~5X smaller, for a zero-

order Bessel beam (0.054 ± 0.006 J cm-2) compared to a Gaussian beam (0.28 ± 0.02 J cm-2) at 

high pulse superpositions. However, the derived single pulse ablation thresholds were 

approximately equal, 0.33 ± 0.03 J cm-2 for zero-order Bessel beam and 0.36 ± 0.03 J cm-2 for 

Gaussian beams. 

Meanwhile, the ablation threshold for quartz showed a similar reduction in the ablation threshold, 

again ~5X smaller for a zero order Bessel beam (0.099 ± 0.006 J cm-2) compared to Gaussian 

beams (0.49 ± 0.01 J cm-2) at high pulse superpositions. However, unlike Silicon, the derived 

single pulse ablation thresholds were very different, 0.66 ± 0.06 J cm-2 for Bessel beams and 4.1 

± 0.2 J cm-2 for Gaussian.  

Comparing the ablation threshold of silicon with vortex beams showed a ~3X reduction in the 

infinite pulse ablation threshold for a first-order vortex beam (0.098 ± 0.007 J cm-2) compared to 

the Gaussian beam (0.28 ± 0.02 J cm-2). The single pulse ablation threshold also showed a 

reduction by ~1/3, not as dramatic as for infinite pulses with the single pulse ablation threshold 
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for first-order vortex beams being 0.25 ± 0.05 J cm-2 compared to Gaussian beams, 0.36 ± 0.03 J 

cm-2.  

The ablation thresholds for quartz showed a different behaviour altogether. The infinite pulse 

ablation threshold derived for a first-order vortex beam (0.37 ± 0.05 J cm-2) was only slightly 

lower than that of Gaussian beams (0.49 ± 0.01 J cm-2). Meanwhile, the single pulse ablation 

thresholds showed a more dramatic reduction of 1.7 ± 0.2 J cm-2 for first-order vortex beams 

compared to 4.1 ± 0.2 J cm-2 for Gaussian beams. However, analysis of Figure 6.3A shows that 

the general ablation threshold for Gaussian beams seems to be lower overall compared to first and 

second-order vortex beams and the derived values for the single and infinite pulse ablation 

threshold may be skewed due to the lack of low pulse superposition data points. 

We can infer from these results that there must be a unique property underlying the ablation 

process which is highly dependent on the beam shape used. If we analyse the fluence of each of 

the beam types as shown in Figure 6.4, we can see that the amount of energy required to reach the 

same peak fluence for each beam type is different. The zero-order Bessel beam requires the least 

amount of energy, followed by the Gaussian and then the 1st order vortex beam in that ratio of 

0.53:1:2.72, Bessel0:Gaussian:Vortex1.  

 

Figure 6.4: Schematic illustrating beam shape for Gaussian, 0th order Bessel beam, and 1st order 
vortex beam, at equal peak fluence. Pulse energy ratio for Gaussian: Bessel0:Vortex1 is 
1:0.53:2.72. 
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However, our results indicate that the pulse energy ratios for different beam shapes does not 

provide the simple explanation for the reduced ablation threshold in both vortex and Bessel beams. 

If this were the case, we would see significantly higher ablation threshold for vortex beams. 

Looking closely at the single and infinite pulse ablation thresholds for zero-order Bessel beams 

being lower than Gaussian, we can attribute to the unique properties of the Bessel beam. The zero-

order Bessel beam is more energy efficient as it requires less total pulse energy for a Bessel beam 

to reach a given peak fluence than for a Gaussian beam to reach that same fluence. This is due to 

the reduced spot size of the Bessel beam’s central core compared to the spot size of a traditional 

Gaussian. If a reduced spot size were the sole reason behind the reduced ablation threshold, using 

a high NA microscope objective or shorter focal length lens with a smaller focal spot would also 

result in a decreased ablation threshold which is not the case. Clearly, non-linear processes in the 

ablation process (multiphoton absorption, avalanche ionization, etc.), and effects like self-

focusing and beam re-healing play a significant role in determining the efficiency of the 

femtosecond laser ablation process, depending on the material and focusing conditions. Our 

results indicate that the use of Bessel beams reduces the ablation threshold fluence and increases 

the pulse energy efficiency considerably compared to Gaussian and vortex beams. For Bessel 

beams, work by others suggests that the most dominant contribution to improved machining is 

their re-healing ability (Bhuyan et al., 2010b, Courvoisier et al., 2009, McGloin and Dholakia, 

2005, Padgett and Bowman, 2011, Wu et al., 2014). It has been shown that a significant proportion 

of the ultrashort pulse is absorbed or reflected by the plasma formed during ablation (Fang et al., 

2017, Kirkwood et al., 2009, Povarnitsyn et al., 2009, Semerok and Dutouquet, 2004, Vorobyev 

and Guo, 2011) – using Bessel beams may allow refocusing of the beam after this plasma, utilising 

a greater proportion of the pulse energy, and effectively decreasing the ablation threshold. This 

would also explain why the infinite pulse ablation threshold of Bessel beams are so much lower 

than those of Bessel beams. As more pulses are applied to the material, we can assume that there 

is a build-up of plasma in and around the material which results in absorption or reflection of 

successive pulses. The Bessel beams ability to self heal after interacting with this plasma would 

mean that a significant portion of the pulses’ energy is able to interact with the material, causing 

ablation. The self-healing ability of Bessel beams would also explain why there is minimal 

difference in the single pulse ablation threshold of Silicon. When a single pulse is applied to the 

sample, the self-healing properties of the Bessel beam are not in effect as much as when multiple 

pulses are applied as any plasma formed and released above the sample from the application of a 

single pulse has no successive pulses to interact with. However, this is not the case for quartz as 

quartz is transparent to the wavelength used, 800 nm. This means that the ablation process is a 
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highly non-linear process and requires multiphoton absorption to begin the ablation process. The 

smaller central core size and higher intensities formed by the Bessel beam at lower pulse energies 

compared to Gaussian beams mean that the multiphoton absorption and ablation process can occur 

at lower pulse energies. 

Understanding the influence of other, more complex processes on the lowered ablation threshold 

with Bessel beams, and material- and pulse-number-dependent responses, requires further study, 

particularly at lower pulse numbers. The D-Scan method is capable of reaching pulse 

superposition values close to 1, as evidenced by multiple studies (de Rossi et al., 2012, Machado 

et al., 2012, Oosterbeek et al., 2016c). Note, however, that the pulse energy efficiency – the laser 

power requirement that is of prime importance to industrial users, as it is critical to determining 

machining speed – derives from both the laser fluence decrease and the pulse energy efficiency 

inherent in the beam shape. 

6.4 Conclusions 

We have shown that the amended D-Scan method allows calculation of the ablation threshold for 

weakly focused ultrashort vortex and Bessel shaped laser pulses - this allows the ablation 

threshold fluence to be determined from a single surface scan, with knowledge of only the pulse 

energy and beam shape. 

We observe that the laser ablation threshold fluence depends upon the beam shape and reinforces 

the fact that femtosecond laser micromachining and the ablation of materials occurs through 

complex, non-linear light-matter interactions and subsequent cascade events. By varying the beam 

shape and utilising the amended D-Scan technique, we can obtain ablation thresholds for vortex 

and Bessel beams of different orders. Our results have shown increased efficiency during the 

ablation of silicon and quartz with Bessel beams and through this has shown that femtosecond 

laser micromachining efficiency can be improved to industrially relevant processing rates. 
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CHAPTER 7: ABLATION THRESHOLD 
FLUENCE OF SILICON, STAINLESS STEEL 
AND SAPPHIRE WITH FEMTOSECOND 
GAUSSIAN BEAMS IN VACUUM 
CONDITIONS 

7.1 Introduction 

In chapters 4 and 5 we determined the ablation threshold fluence of skull and cortical bone with 

Gaussian beams and cortical bone with Bessel beams respectively. We found that the ablation 

threshold fluence was significantly reduced for Bessel beams compared to Gaussian beams and 

attributed this to the self-healing abilities of Bessel beams and the greater (Bhuyan et al., 2010b, 

Courvoisier et al., 2009, McGloin and Dholakia, 2005, Padgett and Bowman, 2011, Wu et al., 

2014). It has been shown that a significant proportion of the ultrashort pulse is absorbed or 

reflected by the plasma formed during ablation (Fang et al., 2017, Kirkwood et al., 2009, 

Povarnitsyn et al., 2009, Semerok and Dutouquet, 2004, Vorobyev and Guo, 2011). We also 

showed that a Bessel beam’s profile is more efficient, requiring less energy in order to reach a 

desired peak fluence compared to Gaussian beams as shown in Chapter 6. 

In chapter 4, section 4.3.4 we noted that there was a discrepancy between the 1 𝑒𝑒2⁄   beam waist 

(~92 μm) derived from the D2 regression results compared to the theoretical beam waist for an 

800 nm beam passing through our 80 mm focussing objective (~8 μm). Whilst many authors in 

literature determine the ablation threshold fluence using the theoretical beam waist calculated 

from their wavelength and focussing objective (Sanner et al., 2009b, Martin et al., 2003, Krüger 

et al., 2003), others derive the beam waist as we have done, plotting diameter squared as a function 

of pulse energy and using the trendline fits for their D2 regression data (Turan et al., 2017, Umm 

i et al., 2016). The discrepancy between the theoretical beam waist and derived beam waist and 

their use for calculating the ablation threshold results in varying values for the ablation threshold. 

It is therefore imperative that the standard protocol be decided upon, particularly when deciding 
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whether or not the theoretical beam waist is an accurate method for determining the ablation 

threshold. 

In addition, the D2 regression technique often results in data which appears to have a sharp 

dislocation in the trendlines as pulse energies increase. This dislocation is attributed to the 

transition between two competing mechanisms that both result in material removal and ablation. 

The “gentle” ablation phase is thought to be a result of Coulomb explosion whereas the “strong” 

ablation phase is a result of thermal vaporization. The Coulomb explosion tends to dominate at 

lower fluences near the ablation threshold. During this process, excited electrons are ejected from 

the target surface, creating an electric field of charge separation between the ejected electrons and 

the ionized atoms in the bulk material. If the electron energy is greater than the binding energy of 

the ions in the bulk material, the resulting electric field forces the ions in the bulk of the material 

to be ejected resulting in material removal. This process is thought to only occur for the first few 

monolayers of the material (several nanometres) and is dependent on the absorption skin depth. 

However, when the fluence increases and the mechanism moves in to the “strong” ablation 

regime, the material undergoes rapid heating and phase explosion, followed by thermal 

vaporization of the bulk material. This process was observed and explained by Stoian et al. (Stoian 

et al., 2000) during the ablation of Al2O3. Since then, most research has accepted this explanation 

for the two different types of ablation seen and link it to the two-temperature model (Fang et al., 

2010, Anisimov et al., 1974b). However, the mechanisms behind ultrashort pulsed laser ablation 

still remain poorly understood due to their challenging experimental conditions, those being the 

extremely short time scale of laser-matter interaction and complexity behind the physical 

processes which need to be considered. 

In this chapter we will attempt to link the deviations in the theoretical and experimental beam 

waists obtained through the D2 regression technique. We present our experimental findings for 

the ablation threshold and D2 trends for undoped Silicon, Stainless Steel and Sapphire when 

ablation occurs in ambient conditions and under low vacuum conditions. We will attempt to link 

the dislocations in the D2 regression trends to changes in the Keldysh parameter from the 

multiphoton ionisation regime to tunnelling ionisation. 
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The outline for this chapter is the following: 

 7.2 Ablation experiments with Ti:Sapphire laser (τ = 230 fs, repetition rate = 500 Hz, 

λ = 800 nm) with Gaussian beams 

  7.2.1 Ablation threshold in vacuum and ambient conditions for Silicon, 

Stainless Steel and Sapphire 

   7.2.2 Feature assessment 

 7.3 General discussion 

7.2 Results 

7.2.1 Determining the ablation threshold  

The ablation threshold for silicon and quartz were found using the D2 regression method outlined 

in section 3.2.2 whilst using the laser system described in section 3.2.1. For all experiments, 

samples were placed in a homebuilt vacuum chamber connected to a commercial vacuum pump 

(TRP-5D) and mounted with a 300 µm thick sapphire plate for transmission of the laser beam into 

the chamber to be focussed on the surface of the sample. For experiments under ambient 

conditions, the sample was placed within the vacuum chamber and the beam transmitted through 

the sample sapphire plate previously mentioned, but the vacuum was not turned on and the 

chamber was at atmospheric pressure. 

D2 regression experiments were performed with 1000, 500, 100, and 10 pulses at energies ranging 

from 9.6 – 802.8 μJ per pulse at a repetition rate of 500 Hz. The diameter of the ablation features 

were measured using SEM, careful analysis of the ablation features appear to show an inner and 

outer circular feature as shown in Figure 7.1. Diameters of the inner and outer features were 

measured and plotted as a function of the applied pulse energy. 
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Figure 7.1: SEM micrograph of ablation crater generated with 1000 pulses at 802.8 μJ per pulse 
(λ=800 nm, τ=230 fs) with a repetition rate of 500 Hz on undoped Silicon. Blue lines illustrate 
the measurement of inner crater diameter, red lines illustrate the measurement of outer crater 
diameter using inbuilt SEM software. 

7.2.1.1 Undoped Silicon 

Squared diameter (𝐷𝐷2) of the ablation craters were plotted as a function of the logarithm of the 

pulse energy (𝐸𝐸𝑝𝑝) and fit using a least-squared algorithm to equation 3.7. Values for the ablation 

threshold energy and effective 1 𝑒𝑒2⁄  beam waist were extracted from the slope of the trendlines 

as shown by equation 3.8. By extrapolating the plot of 𝐷𝐷2 vs  ln (𝐸𝐸𝑝𝑝) to zero, the intercept 

indicates the ablation threshold pulse energy and can be used in conjunction with the effective 

1 𝑒𝑒2⁄  beam waist to determine the ablation threshold using equation 3.6.  

The D2 vs  ln (𝐸𝐸𝑝𝑝) plots for undoped silicon under ambient conditions and vacuum conditions are 

shown in Figure 7.2 and Figure 7.3 respectively. For experiments under ambient conditions, a 

minimum of two and maximum of four different ablation regimes were identified based on visual 

inspection of the dislocation in the trendlines. Meanwhile, for experiments under vacuum 

conditions, the majority of results only showed two different ablation regimes. The data was 

separated into the corresponding number of sets for the number of ablation regimes observed and 

fit individually. For cases where inner diameters were present, these points were found to fit the 

trendline of the previous ablation regime. The ablation threshold pulse energy, derived beam waist 

and resulting ablation threshold fluence for each trendline is summarized in Table 7.1. 
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In general, the size of the ablation features made under vacuum conditions were significantly 

smaller than those produced under ambient conditions. In addition, the presence of an inner 

diameter feature encased by an outer diameter feature was only seen for 1000 pulses under vacuum 

conditions. For 500, 100 and 10 pulses, only a single diameter ablation feature was observed with 

only two ablation regimes. The ablation features made under ambient conditions were much larger 

compared to those in vacuum and for 1000, 500 and 100 pulses both an inner and outer diameter 

feature were observed. By plotting the diameter of the features as a function of pulse energy, we 

can see the presence of at least three different ablation regimes.  

Of interest is the difference in the derived beam waist from the data obtained for vacuum 

conditions versus ambient conditions. In most cases, the beam waist for vacuum conditions was 

approximately half that of ambient conditions. This observation cannot be explained by classical 

Gaussian beam optics as the beam waist should only be dependent on the focusing objective used, 

the wavelength of light and size of the lens/aperture which, during our experiments, were 

identical. This observation leads us to believe that the presence of ambient gas during the ablation 

process leads to a significant change of the underlying ablation dynamics.  
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Figure 7.2: Squared diameter (𝐷𝐷2) of ablated craters versus pulse energy in undoped silicon 
ablated with 1000, 500, 100, and 10 pulses in ambient conditions. Trend lines are fitted using a 
least-squares algorithm to the data for all applied pulse numbers. Hollow points indicate the inner 
diameter features. Note the different y-axis scale for 10 pulse data compared to 1000, 500 and 100 
pulses. Black and blue trendlines correspond to low and medium ablation regimes fitted for inner 
diameter features. Green and red lines correspond to medium and high ablation regimes for outer 
diameter features. 
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Figure 7.3:  Squared diameter (𝐷𝐷2) of ablated craters versus pulse energy in undoped silicon 
ablated with 1000, 500, 100, and 10 pulses in vacuum conditions. Trend lines are fitted using a 
least-squares algorithm to the data for all applied pulse numbers. Hollow points indicate the inner 
diameter features. Note the different y-axis scale for 1000 pulse data compared to 500, 100 and 
10 pulses. Black and blue trendlines correspond to low and medium ablation regimes fitted for 
inner diameter features. Outer ablation features were only seen for 1000 pulses corresponding to 
the red trendline. 
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Table 7.1: Summary of undoped Silicon ablation threshold energy (Eth), derived beam waist (ω0) and corresponding ablation threshold fluence (φth) for 
low, medium and high ablation regimes calculated from both inner and outer diameter features under ambient conditions. 

 

 Low Ablation Regime 

Inner Diameter (---) 

Medium Ablation Regime 

Inner Diameter (---) 

Medium Ablation Regime 

Outer Diameter (---) 

High Ablation Regime 

Outer Diameter (---) 

Pulses 
Eth 

(μJ) 

ω0 

(μm) 

φth 

(J cm-2) 

Eth 

(μJ) 

ω0 

(μm) 

φth 

(J cm-2) 

Eth 

(μJ) 

ω0 

(μm) 

φth 

(J cm-2) 

Eth 

(μJ) 

ω0 

(μm) 

φth 

(J cm-2) 

1000 9.88 18.19 1.90 54.64 51.83 1.29    395.9 193.7 0.67 

500 9.66 19.17 1.67 69.16 46.8 2.01 132.6 88.17 1.09 414.5 201.5 0.65 

100 8.56 15.15 2.37 87.98 40.14 3.48 116.5 91.88 0.88 407.4 209.4 0.59 

10 7.22 14.42 2.21 92.88 29.83 6.65       
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Table 7.2: Summary of undoped Silicon ablation threshold energy (Eth), derived beam waist (ω0) and corresponding ablation threshold fluence (φth) for 
low, medium and high ablation regimes calculated from both inner and outer diameter features under vacuum conditions. 

 

 Low Ablation Regime 

Inner Diameter (---) 

Medium Ablation Regime 

Inner Diameter (---) 

Medium Ablation Regime 

Outer Diameter (---) 

High Ablation Regime 

Outer Diameter (---) 

Pulses 
Eth 

(μJ) 

ω0 

(μm) 

φth 

(J cm-2) 

Eth 

(μJ) 

ω0 

(μm) 

φth 

(J cm-2) 

Eth 

(μJ) 

ω0 

(μm) 

φth 

(J cm-2) 

Eth 

(μJ) 

ω0 

(μm) 

φth 

(J cm-2) 

1000 3.76 10.93 2.00 62.72 24.14 6.85    307.6 77.34 3.27 

500 5.85 11.89 2.63 70.45 24.99 7.18       

100 9.89 14.16 3.14 177.4 34.03 9.75       

10 4.78 9.95 3.07 116.1 25.82 11.09       
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7.2.1.2 Stainless Steel 

An identical method was used to plot the squared diameter (𝐷𝐷2) of the ablation craters as a 

function of the logarithm of the pulse energy (𝐸𝐸𝑝𝑝) for stainless steel in vacuum and ambient 

conditions.  

The D2 vs  ln (𝐸𝐸𝑝𝑝) plots for stainless steel under ambient conditions and vacuum conditions are 

shown in Figure 7.4 and Figure 7.5 respectively.  

For experiments under ambient conditions, a minimum of two and maximum of four different 

ablation regimes were identified based on visual inspection of the dislocation in the trendlines. 

Meanwhile, for experiments under vacuum conditions, the majority of results showed two 

different ablation regimes when considering the inner diameter features and another two different 

ablation regimes for the outer diameter features. The data was separated into the corresponding 

number of sets for the number of ablation regimes observed and fit individually. Unlike silicon, 

where inner diameters were present, these points were found to fit their own trendline rather than 

fit the trendline of the previous ablation regime. The ablation threshold pulse energy, derived 

beam waist and resulting ablation threshold fluence for each trendline is summarized in Table 7.3. 

Similar to the results obtained for undoped silicon, the size of the ablation features made under 

vacuum conditions were significantly smaller than those produced under ambient conditions. The 

presence of an inner diameter feature encased by an outer diameter feature was obvious for 100, 

500 and 100 pulses applied regardless of whether or not the ablation occurred in vacuum or 

ambient conditions. 

Unlike the results seen for Silicon, the derived beam waist from the data obtained under vacuum 

conditions for inner diameter ablation features in the low and medium ablation regimes were 

comparable to those derived under ambient conditions. The deviation in the beam waist was only 

seen for the outer diameter feature for medium and high ablation regimes. Again, this observation 

cannot be explained by classical Gaussian beam optics for the reasons mentioned before, 

reinforcing the belief that the presence of ambient gas during the ablation process leads to a 

significant change of the underlying ablation dynamics.  Upon reflection of the data summarized 

in Table 7.4, it appears that the beam waist values obtained for the medium ablation regime with 

outer diameter features under ambient conditions are fairly close to those obtained for the high 

ablation regime with outer diameter features under vacuum conditions. This suggests that the 

ablation regime which corresponds to the medium ablation regime with outer diameter features 
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under ambient conditions is delayed until pulse energies are higher for the case of vacuum 

conditions. 

 

 

 

Figure 7.4: Squared diameter (𝐷𝐷2) of ablated craters versus pulse energy in stainless steel ablated 
with 1000, 500, 100, and 10 pulses in ambient conditions. Trend lines are fitted using a least-
squares algorithm to the data for all applied pulse numbers. Hollow points indicate the inner 
diameter features. Note the different y-axis scale for 10 pulse data compared to 1000, 500 and 100 
pulses. Black and blue trendlines correspond to low and medium ablation regimes fitted for inner 
diameter features. Green and red lines correspond to medium and high ablation regimes for outer 
diameter features. 
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Figure 7.5: Squared diameter (𝐷𝐷2) of ablated craters versus pulse energy in stainless steel ablated 
with 1000, 500, 100, and 10 pulses in vacuum conditions. Trend lines are fitted using a least-
squares algorithm to the data for all applied pulse numbers. Hollow points indicate the inner 
diameter features. Note the different y-axis scale for 10 pulse data compared to 1000, 500 and 100 
pulses. Black, blue and yellow trendlines correspond to low, medium and high ablation regimes 
fitted for inner diameter features. Green and red lines correspond to medium and high ablation 
regimes for outer diameter features. 
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Table 7.3: Summary of Stainless Steel ablation threshold energy (Eth), derived beam waist (ω0) and corresponding ablation threshold fluence (φth) for low, 
medium and high ablation regimes calculated from both inner and outer diameter features under ambient conditions. 

 Low Ablation Regime 

Inner Diameter (---) 

Medium Ablation Regime 

Inner Diameter (---) 

Medium Ablation Regime 

Outer Diameter (---) 

High Ablation Regime 

Outer Diameter (---) 

Pulses 
Eth 

(μJ) 

ω0 

(μm) 

φth 

(J cm-2) 

Eth 

(μJ) 

ω0 

(μm) 

φth 

(J cm-2) 

Eth 

(μJ) 

ω0 

(μm) 

φth 

(J cm-2) 

Eth 

(μJ) 

ω0 

(μm) 

φth 

(J cm-2) 

1000 2.62 13.65 0.89 27.68 24.64 2.90 39.45 67.51 0.55 275.2 180.8 0.54 

500 2.05 12.16 2.17 58.76 26.50 5.33 72.22 76.13 0.79 361.2 209.2 0.53 

100 7.34 15.48 1.95 58.26 28.28 4.64 94.42 85.14 0.83 350.7 195.2 0.59 

10 3.40 3.94 13.94 294.9 17.72 59.79       
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Table 7.4: Summary of Stainless Steel ablation threshold energy (Eth), derived beam waist (ω0) and corresponding ablation threshold fluence (φth) for low, 
medium and high ablation regimes calculated from both inner and outer diameter features under vacuum conditions. 

 

 Low Ablation Regime 

Inner Diameter (---) 

Medium Ablation 

Regime 

Inner Diameter (---) 

High Ablation Regime 

Inner Diameter (---) 

Medium Ablation 

Regime 

Outer Diameter (---) 

High Ablation Regime 

Outer Diameter (---) 

Pulses 
Eth 

(μJ) 

ω0 

(μm) 

φth 

(J cm-2) 

Eth 

(μJ) 

ω0 

(μm) 

φth 

(J cm-2) 

Eth 

(μJ) 

ω0 

(μm) 

φth 

(J cm-2) 

Eth 

(μJ) 

ω0 

(μm) 

φth 

(J cm-2) 

Eth 

(μJ) 

ω0 

(μm) 

φth 

(J cm-2) 

1000 2.50 10.27 1.51 65.39 29.83 4.68 301.7 61.17 5.13 4.79 27.3 0.41 77.27 67.43 1.08 

500 6.88 13.66 2.35 80.3 30.98 5.33    3.99 26.08 0.37 63.24 62.18 1.04 

100 5.90 12.22 2.51 123.7 41.06 4.67    3.83 20.18 0.60 137.1 78.94 1.40 

10 8.68 7.86 8.95 206.7 25.57 20.13          
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7.2.1.3 Sapphire 

An identical method was used to plot the squared diameter (𝐷𝐷2) of the ablation craters as a 

function of the logarithm of the pulse energy (𝐸𝐸𝑝𝑝) for sapphire in vacuum and ambient conditions.  

The D2 vs  ln (𝐸𝐸𝑝𝑝) plots for sapphire under vacuum conditions are shown in Figure 7.6 for 1000, 

500, 100 and 10 pulses. Unfortunately, D2 vs  ln (𝐸𝐸𝑝𝑝) plots for sapphire under ambient conditions 

could not be created as the ablation features in ambient conditions were highly irregularly shaped 

and therefore a diameter could not be measured accurately.  

The data for experiments under vacuum conditions all show two different ablation regimes 

identified based on visual inspection of the dislocation in the trendlines. The data was separated 

in to two sets for the number of ablation regimes observed and fit individually. Unlike silicon and 

stainless steel, there were no outer diameter features identified. The ablation threshold pulse 

energy, derived beam waist and resulting ablation threshold fluence for each trendline is 

summarized in Table 7.5. 

Table 7.5: Summary of Sapphire ablation threshold energy (Eth), derived beam waist (ω0) and 
corresponding ablation threshold fluence (φth) for low high ablation regimes calculated from inner 
diameter features under vacuum conditions. 

 Low Ablation Regime 

Inner Diameter (---) 

High Ablation Regime 

Inner Diameter (---) 

Pulses 
Eth 

(μJ) 

ω0 

(μm) 

φth 

(J cm-2) 

Eth 

(μJ) 

ω0 

(μm) 

φth 

(J cm-2) 

1000 4.17 4.169 4.06 115.3 30.67 7.8 

500 9.34 11.39 11.4 128.3 29.39 9.5 

100 9.92 14.1 14.1 146.2 29.1 10.9 

10 15.23 14.75 14.75 345.6 32.13 21.3 

 

The fact that the ablation features were large and irregularly shaped under ambient conditions 

compared to vacuum conditions suggests again that the ablation dynamics are dependent on 

whether or not ambient gas is present during the ablation process. Unfortunately, without 
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comparative data for ablation under ambient conditions, we cannot comment on the effect of the 

beam waist. 

 

 

Figure 7.6: Squared diameter (𝐷𝐷2) of ablated craters versus pulse energy in sapphire ablated with 
1000, 500, 100, and 10 pulses in vacuum conditions. Trend lines are fitted using a least-squares 
algorithm to the data for all applied pulse numbers. Hollow points indicate the inner diameter 
features. Black and red trendlines correspond to low and high ablation regimes fitted for outer 
diameter features. Note that no inner diameter ablation features were observed. 
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7.2.2 Feature assessment 

SEM micrographs were used to measure the ablation feature diameters whilst also providing high 

resolution images to assess the morphology of the features generated under vacuum and ambient 

conditions.  

7.2.2.1 Undoped Silicon 

Figure 7.7 and Figure 7.8 show examples of ablation features created in undoped silicon under 

ambient and vacuum conditions respectively. What is immediately clear is that the features created 

under vacuum conditions appear much cleaner than those in ambient conditions. Features created 

under ambient conditions exhibit a deep inner feature surrounded by a shallower outer feature. 

The appearance of these features have an irregular and ‘messy’ appearance to them. As expected, 

when the pulse energies are decreased the size of the ablation feature also decreases which is the 

basis of how the D2 regression technique measures the ablation threshold. More importantly 

however is the prominence of the shallow outer ablation feature which reduces size drastically 

and can no longer be seen at low pulse energies. 

Meanwhile, we can see that as the number of pulses decreases, the prominence of the outer 

diameter ablation features also decreases which is expected as the total amount of material 

removed is related to the number pulses applied to the sample. At medium and high pulses 

energies with 100 pulses applied, the outer diameter feature appears as if it has only created defects 

on the surface rather than removing a significant depth of material. Finally, at 10 pulses, this outer 

diameter feature is no longer easily distinguishable. 

If we compare this to ablation features created under vacuum conditions, we see a similar 

behaviour with respect to the size of the ablation features. As the pulse energies are decreased, 

the diameter of the ablation features also decreases. At higher pulse energies, we can still see signs 

of an outer diameter ablation feature, but its diameter is greatly reduced compared to ambient 

conditions. In addition, we do not see a large depth of material removed in the outer diameter  

 When considering medium pulse energies, we can see signs of an outer diameter feature as a 

difference in the colour of the surface of the material, but it appears that no material has been 

removed from the surface. As pulse energies reach low levels, there are no longer signs of an outer 

diameter feature even as a difference in the colour of the surface of the material. 
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When comparing the depth of material removed to those made under ambient conditions, it 

appears that the depth of features made under vacuum conditions are significantly deeper as shown 

by the darker central portion of the craters. However, without further measurement through atomic 

force microscopy or depth profiling this cannot be confirmed.  
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Figure 7.7: SEM micrographs of ablation features created in undoped silicon under ambient conditions. Pulse numbers and pulse energies are labelled as 
row and column headings. Scale bars are indicated on each image. 
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Figure 7.8: SEM micrographs of ablation features created in undoped silicon under vacuum conditions. Pulse numbers and pulse energies are labelled as 
row and column heading. Scale bars are indicated on each image. 
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7.2.2.2 Stainless Steel 

Figure 7.9 and Figure 7.10 show examples of ablation features created in stainless steel under 

ambient and vacuum conditions respectively. Similar to the results seen for silicon, the features 

created under vacuum conditions appear much cleaner than those in ambient conditions. The outer 

diameter feature for ambient conditions in stainless steel is more prominent compared to silicon 

but have the same structure, a deep inner feature surrounded by a shallower outer feature. The 

appearance of the ambient condition features are again irregular and ‘messy’. The features created 

in stainless steel follow the same relationship whereby the size of the ablation feature decreases 

with respect to the pulse energies used. Again, the outer diameter feature is visible for high and 

medium pulse energies but are no longer observed at low pulse energies. The relationship with 

respect to the number of pulses applied also follows the same relationship as seen for silicon. As 

the number of pulses decreases, the prominence of the outer diameter ablation features also 

decreases. 

In comparison to the ablation features created under vacuum conditions, we can see that also the 

pulse energies decrease, the diameter of the ablation features also decrease. At high pulse energies 

and pulse numbers, we can still see signs of the outer diameter ablation feature but its diameter 

and depth is greatly reduced compared to those created in ambient conditions. The amount of 

material removal is also limited. 

Unlike silicon, at medium pulse energies we cannot see signs of an outer diameter feature even as 

a variation in the colour of the surface in the images. At low pulse energies, there no signs of any 

outer diameter features. 

In the case of stainless steel, we can see an obvious difference in the geometry of the central 

ablation feature for those created under ambient conditions compared to those made under 

vacuum. The central ablation features made in ambient conditions appear to be elliptical in shape, 

particularly at high pulse energies and pulse numbers. However, those made under vacuum 

conditions appear much more circular and regular in shape. 
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Figure 7.9: SEM micrographs of ablation features created in stainless steel under ambient conditions. Pulse numbers and pulse energies are labelled as row 
and column heading. Scale bars are indicated on each image
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Figure 7.10: SEM micrographs of ablation features created in stainless steel under vacuum conditions. Pulse numbers and pulse energies are labelled as 
row and column heading. Scale bars are indicated on each image
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7.2.3 Drilling of undoped silicon in vacuum versus ambient conditions 

Ablation features generated by applying 1000, 500 and 100 pulses on 300 μm thick undoped 

silicon at varying pulse energies (802.8 μJ – 9.6 μJ) in vacuum and ambient conditions were 

viewed using a microscope and the underside of the sample illuminated. This allowed clear 

identification of where the ablation feature had penetrated the full thickness of the sample as 

shown by a bright ‘pinprick’ of light. Comparisons between ablation features made in vacuum 

and ambient conditions were compared as shown in Figure 7.11. 

 

Figure 7.11: Ablation features machined on undoped silicon under ambient (left) and vacuum 
(right) conditions with 1000 pulses applied at varying pulse energies. Through machining of 
silicon wafer indicated by white light penetrating sample. 
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Observing the features where light is clearly visible penetrating through the silicon wafer, an 

estimate of the ablation efficiency can be determined. In Table 7.6 we can clearly see that 

complete drilling of undoped silicon is more efficient under vacuum conditions compared to 

ambient conditions. Complete drilling was observed for all five repeat features at 63.4 μJ and 

1000 pulses in vacuum compared to 578.2 μJ and 1000 pulses in ambient conditions. This 

indicates that under vacuum conditions, an order of 9X less energy is required per pulse in order 

to drill through the 300 μm thick silicon sample. 

Table 7.6: Representative table for through hole drilling of undoped silicon wafer with 1000 
pulses at varying pulse energies in ambient and vacuum conditions. Green cells indicate through 
holes, red cells indicate no through holes observed. 

  
1000 Pulses, Ambient 

Feature Number 

 1000 Pulses, Vacuum 

Feature Number 

  1 2 3 4 5  1 2 3 4 5 

Pu
ls

e 
E

ne
rg

y 
(μ

J)
 

802.8            

728.6            

652.6            

578.2            

497.6            

419            

335.2            

254.2            

171.8            

89.4            

63.4            

46.2            

23.4            

9.6            

 



Ablation threshold fluence of Silicon, Stainless Steel and Sapphire with femtosecond Gaussian beams in vacuum 
conditions 

160 

Similar results were seen for 500 pulses and 100 pulses as shown in Figure 7.12, Table 7.7 and 

Figure 7.13, Table 7.8 respectively. 

 

 

Figure 7.12: Ablation features machined on undoped silicon under ambient (left) and vacuum 
(right) conditions with 500 pulses applied at varying pulse energies. Through machining of silicon 
wafer indicated by white light penetrating sample. 
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Table 7.7: Representative table for through hole drilling of undoped silicon wafer with 500 pulses 
at varying pulse energies in ambient and vacuum conditions. Green cells indicate through holes, 
red cells indicate no through holes observed. 

  
500 Pulses, Ambient 

Feature Number 

 500 Pulses, Vacuum 

Feature Number 

  1 2 3 4 5  1 2 3 4 5 

Pu
ls

e 
E

ne
rg

y 
(μ

J)
 

802.8                      

728.6                      

652.6                      

578.2                      

497.6                      

419                     

335.2                      

254.2                      

171.8                      

89.4                      

63.4                      

46.2                      

23.4                      

9.6                      
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Figure 7.13: Ablation features machined on undoped silicon under ambient (left) and vacuum 
(right) conditions with 100 pulses applied at varying pulse energies. Through machining of silicon 
wafer indicated by white light penetrating sample. 
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Table 7.8: Representative table for through hole drilling of undoped silicon wafer with 100 pulses 
at varying pulse energies in ambient and vacuum conditions. Green cells indicate through holes, 
red cells indicate no through holes observed. 

  
100 Pulses, Ambient 

Feature Number 

 100 Pulses, Vacuum 

Feature Number 

  1 2 3 4 5  1 2 3 4 5 

Pu
ls

e 
E

ne
rg

y 
(μ

J)
 

802.8                      

728.6                      

652.6                      

578.2                      

497.6                      

419                      

335.2                      

254.2                      

171.8                      

89.4                      

63.4                      

46.2                      

23.4                      

9.6                      

 

It is clear that vacuum conditions, even as mild as 0.1 Torr, increase the efficiency of laser drilling 

of silicon significantly. As mentioned previously, with 1000 pulses, a factor of 9X less pulse 

energies were required to machine through the silicon sample. For 500 pulses, successful drilling 

through the sample was achieved at 63.4 μJ for all five repeat ablation features in vacuum 

conditions whilst only two out of five ablation features achieved successful drilling through the 

sample at 802.8 μJ in ambient conditions, ~13X greater pulse energies. This is further reinforced 

by the results shown for 100 pulses applied to the sample. Successful drilling was achieved in all 
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five ablation features at 728.6 μJ in vacuum conditions whilst no ablation features were able to 

penetrate the sample under ambient conditions. 

These results indicate that the presence of ambient gas around the ablation feature significantly 

affect the ablation efficiencies. 

 

7.3 Discussion 

7.3.1 Ablation threshold and beam waist 

In this study we have determined the ablation threshold of undoped silicon, stainless steel 316 and 

sapphire in ambient and vacuum conditions using the same laser system and focussing objective. 

The femtosecond laser ablation threshold undoped silicon, stainless steel and sapphire which have 

been previously reported in literature are outlined in Table 7.9. 

 

Table 7.9: Laser ablation threshold values (𝜑𝜑𝑡𝑡ℎ) for silicon, stainless steel and sapphire with 
associated wavelength (λ), pulse duration (τ), number of pulses applied (N) and method used to 
determine laser ablation threshold 

Material 
λ 

(nm) 

τ 

(fs) 
N 

φth 

(J cm-2) 
Author, method 

Silicon 620 100 1 0.32 

(Sokolowski-Tinten et 

al., 1998) 

Method of least 

damage in vacuum 

Silicon<111>, 

N-doped 
780 100 100 0.19 

(Bonse et al., 2002), 

D2 Regression in 

vacuum 

Silicon<111>, 

N-doped 
780 250 100 0.26 

(Bonse et al., 2002), 

D2 Regression in 

vacuum 
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Silicon<100>, 

N-doped 
785 130 20 0.54 

(Bonse et al., 2002), 

D2 Regression in air 

Silicon<100> 800 110 
32000 - 

1 
0.05 – 0.7 

(Oosterbeek et al., 

2016c) 

D-Scan in air 

Silicon<100> 

P-doped 
800 110 

25000 - 

1 
0.08 – 0.6 

(Oosterbeek et al., 

2016c) 

D-Scan in air 

Silicon<100> 

N-doped 
800 110 

24000 - 

1 
0.09 – 0.5 

(Oosterbeek et al., 

2016c) 

D-Scan in air 

Stainless Steel 316L 775 150 100 0.16 
(Mannion et al., 2003) 

D2 Regression in air 

Stainless Steel 316L 775 150 300 - 1 0.13 – 0.21 

(Mannion et al., 

2004b) 

D2 Regression in air 

Stainless Steel 304 1030 650 
250000 - 

1 

0.067 – 

0.18 

(Sun et al., 2015a) 

D2 Regression in air 

Stainless Steel 304 1030 650 
1000000 

- 50000 

0.048 – 

0.074 

(Di Niso et al., 2014b) 

D2 Regression in air 

Sapphire 775 25 
10000 - 

1 
1.49 – 4.2 

(de Rossi et al., 2012) 

D-Scan in air 

Sapphire 775 150 1500 - 1 0.17 – 3.27 
(Wang et al., 2004) 

D2 Regression in air 

Sapphire 800 200 1000 - 1 1.4 - 3 

(Ashkenasi et al., 

2000) 

D2 Regression in air 
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As  Table 7.9. shows, there is a wide range of ablation threshold fluence values reported for 

silicon, stainless steel and sapphire. Again, this is a reflection on the various wavelengths and 

pulse widths used as well as the experimental parameters such as the number of pulses tested and 

the experimental method used. 

In the case of silicon, the range of ablation threshold values lies within 0.05 – 0.6 J cm-2. If we 

reflect up on the results displayed in Table 7.1, we can see that the only ablation threshold values 

which lie close to the ranges reported by literature are for those we have classified as being within 

the high ablation regime derived from the outer diameter of features during ablation under ambient 

conditions. This might make sense as the common practice for determining the ablation threshold 

based off the D2 regression technique is to only consider the outermost diameter ablation feature. 

However, we have shown that ablation still occurs at lower pulse energies and fluences where 

ablation is also seen to be cleaner. In addition, when considering the derived beam waist during 

the high ablation regime, they are significantly larger than one would have previously calculated. 

The beam waist during this regime is ~200 μm, much larger than the theoretical beam waist of ~8 

μm when considering the properties of the wavelength and objective lens that was used. 

However, we can also see that the beam waist is much smaller when considering the low ablation 

regime, on the order of ~17 μm, whilst this is still larger than the theoretical beam waist of ~8 μm, 

it is within acceptable limits as the theoretical beam waist does not take in to account other factors 

such as aberrations when passing through the focussing objective. The question that arises is 

which beam waist experimentalists should use in order to determine the ablation threshold and 

what is causing the deviation on the size of the beam waist. As previously mentioned, the beam 

waist is one of the most important factors for determining the ablation threshold fluence as it 

described the area in which the pulse energy is distributed within. Beam waist values that are too 

large can seriously underestimate the ablation threshold and vice versa for beam waist values that 

are too small. 

If we compare the beam waist values for ambient and vacuum conditions during the low ablation 

regime, the average beam waist value for ambient conditions is 16 ± 2 µm compared to 11 ± 2 

µm. These values are both quite similar with each other as well as the theoretical beam waist 

calculated. On the other hand, we can see that when we move to the medium ablation regime for 

inner diameter features, the beam waist has increased to 42 ± 10 µm and 27 ± 5 µm for ambient 

and vacuum conditions respectively. As the optics and laser system is identical for the low and 

medium ablation regimes, the difference in the beam waist must be attributed to the presence of 

ambient gases during the ablation process. 



Ablation threshold fluence of Silicon, Stainless Steel and Sapphire with femtosecond Gaussian beams in vacuum 
conditions 

167 

The results for stainless steel show similarities to those of Silicon. From results reported in 

literature, the ablation threshold for stainless steel can lie anywhere within 0.048 – 0.21 J cm-2 

depending on the number of pulses used, wavelength and pulse duration. From the results shown 

in Table 7.3 and Table 7.4, the determined ablation threshold fluence in all cases and ablation 

threshold regimes are significantly higher than those reported in literature. In order to calculate 

fluence values that fall within the values typically reported in literature, one would have to use 

the ablation threshold energy for the low/medium ablation regime determined from inner diameter 

features together with the beam waist of the medium/high ablation regime determined from the 

outer diameter features. In retrospect this may be understood as typical practice may fit the low 

ablation regime data points as well as the medium ablation regime data obtained from the outer 

diameter features into a single set of data resulting in a larger beam waist and ablation threshold 

pulse energy than the low ablation regime. 

Comparing the beam waist values for ambient and vacuum conditions during the low ablation 

regime, the average beam waist determined for both vacuum and ambient conditions are 11 ± 3 

µm. This agrees with the theoretical beam waist value as well as the beam waist determined during 

the silicon ablation experiments under vacuum. However, as the ablation regimes transition from 

low to high, the increase in the beam waist is not the same for both ambient and vacuum 

conditions. We can see that the beam waist increases by approximately 2X as it transitions from 

the low to medium ablation regimes determined from inner diameter features. However, taking in 

to account the outer diameter ablation features, the beam waist under ambient conditions has 

significantly larger, approximately 3X greater than the beam waist determined under vacuum 

conditions. Finally, the high ablation regime beam waists determined from the outer feature 

diameters increase once more for both ambient and vacuum conditions but the size of the beam 

waist determined for ambient conditions is 3X greater than that of the beam waist determined 

under vacuum. The data does however suggest that by placing the sample in a vacuum, the 

ablation mechanisms that results in the effective ablated area during the medium ablation regime 

for ambient conditions is offset until pulse energies are higher. This is shown by the similarity 

between the derived beam waist values for the medium ablation regime in ambient conditions 

versus the high ablation regime in vacuum conditions. 

The results for the ablation threshold of sapphire reported in literature lie within the range of 0.17 

– 4.2 J cm-2. Using the D2 regression technique, the ablation thresholds that we have calculated 

for sapphire lie very far outside of this range, from 4 – 14 J cm-2 under vacuum conditions. 

Unfortunately, due to the irregularities and distortion of the ablation features in sapphire under 
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ambient conditions a comparison between the beam waists and ablation threshold cannot be made. 

However, we can see that the average beam waist determined from the low ablation regime data 

is 11 ± 2 µm, in good agreement with the low ablation regime for silicon and stainless steel in 

ambient and vacuum conditions.  

The low ablation regime has repeatedly derived the same beam waist across all materials and 

atmospheric conditions. This would suggest that the correct beam waist to use which best 

represents the incident laser profile on the sample can be determined from the low ablation regime. 

We have shown that there can be as many as four different ablation regimes, each with their own 

beam waist when fitted to the D2 regression data. As the calculated ablation threshold fluence is 

dependent on an accurate measurement of the beam waist, whether that be from a beam profiler 

or extracted from the D2 regression results, it is imperative that the correct beam waist is used. In 

cases where the beam waist is extracted from the data, the correct ablation regime must be 

identified and used.  

7.3.1 Drilling of undoped silicon in vacuum versus ambient conditions 

In this study we have observed the enhanced efficiency when drilling through 300 μm thick 

undoped silicon in vacuum conditions compared to ambient pressures. Using 1000, 500 and 100 

pulses at varying pulse energies we have shown that 9X less pulse energies are required to reliably 

drill through the silicon sample in vacuum compared to ambient conditions with 1000 pulses. 

Similar results were seen for 500 pulses where successful drilling through the silicon wafer was 

achieved at 63.4 μJ in vacuum but only two of the five ablation features showed complete through 

drilling at a maximum pulse energy of 802.8 μJ. Finally, when 100 pulses were applied, none of 

the ablation features showed complete through machining in ambient conditions whilst at 728.6 

μJ reliable through machining was still observe in vacuum conditions. 

The significant difference in the ablation efficiency between ambient and vacuum conditions 

suggests that the presence of the ambient gas in the atmosphere during the ablation process plays 

a pivotal role, potentially interacting with the beam as it focusses on the sample surface. 

Sun and Longtin (Sun and Longtin, 2004) were able to simulate a the propagation of a focused 

femtosecond laser pulse in a variety of gases (air, nitrogen and helium) as well as in vacuum. They 

showed that by taking in to account the nonlinear optical effects of an ultrashort laser pulse as it 

propagates, the refractive index of the medium changes as a result of the nonlinear interactions 

between the pulse and the medium itself. The strong electrical field that is induced by femtosecond 
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pulses results in an intensity dependent nonlinear refractive index due to the optical Kerr effect 

(Siegman, 1986). In our case, with a Gaussian laser beam and intensity profile, the Kerr effect 

results in a transverse refractive index gradient to be formed resulting in self-focusing of the beam 

as it propagates (Siegman, 1986). 

In addition to the Kerr effect, Sun and Longtin described a secondary phenomenon that contributes 

to the change in refractive index of the medium. As femtosecond pulses travel through air, they 

can result in laser-induced ionization of the beam delivery gas through free electron generation 

(plasma). This plasma is generated through tunneling and multiphoton ionization processes as the 

pulse interacts with the medium particles (L.chin et al., 2012). When plasma is generated, it can 

result in a refractive index decrease which is dependent on the plasma density (Sprangle et al., 

1996, Rae, 1994). The maximum plasma density is achieved along the axis of the beam, therefore 

meaning that the refractive index is smallest at this point. This varying refractive index results in 

defocusing of the beam by the plasma, effectively acting as a diverging lens. 

The contribution of both the Kerr effect and the plasma effect were considered by Sun and Longtin 

and modelled appropriately by considering the temporal Gaussian pulse profile and treating it as 

a collection of pulse slices as shown in 

 

Figure 7.14: Temporal Gaussian pulse profile. Reprinted with permission from (Sun and Longtin, 
2004) 
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Sun and Longtin showed that for a 200 fs, λ = 800 nm, 1 mJ pulse being focussed through a 75 

mm focussing objective, the leading pulse slices follow the Gaussian intensity distribution as 

expected. However, for the higher intensity slices at the central portion of the temporal Gaussian 

envelope, the intensity profiles deviate significantly from the original Gaussian shape as shown 

in Figure 7.15. 

 

 

Figure 7.15: Normalized intensity profile (x=0) at the focal point in air (9th, 13th, 15th and 16th 
pulse slices are shown). Reprinted with permission from (Sun and Longtin, 2004) 

 

Sun and Longtin proceed to sum the intensity profile of each pulse slice to observe the overall 

normalized fluence profile at the focal point as shown in Figure 7.16. This plot shows that in air, 

the pulse experiences both linear and nonlinear effects. The nonlinear effects of both self-focusing 

and plasma defocusing result in a dramatically distorted beam profile that deviates significantly 

from the original Gaussian shape. If we compare this simulated beam profile to the general shape 

of our ablation feature shown in Figure 7.1 we can see that there are some correlations between 

the two. We observe a deeper inner diameter feature which would correspond to the more intense 

portion of the beam profile shown in Figure 7.16, surrounded by a shallow diameter feature 

corresponding to the ‘shoulders’ of the intensity profile shown in Figure 7.16. This suggests that 
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a significant portion of the pulse energy is being distributed over a larger area and therefore 

reducing the peak intensity. 

Sun and Longtin repeated the same procedure for the beam in a complete vacuum and showed 

that there were no distortions of the beam profile and saw different distorted profiles depending 

on the type of ambient gas. Further analysis of these profiles saw that in a vacuum, the maximum 

normalized fluence was approximately 20X greater in vacuum compared to in air.  

 

Figure 7.16: 2-D (cross section at x=0) normalized fluence profile at the focal point. Reprinted 
with permission from (Sun and Longtin, 2004) 

 

These results potentially explain our observations whereby in low vacuum conditions, ablation 

efficiency enhanced. With reduced atmospheric pressures, the number of particles in the ambient 

medium are reduced meaning that there are less of them to interact with the incident laser pulse. 

In effect, this would mean that higher pulse energies are required in order to generate the onset of 

the Kerr effect and plasma distortion of the beam profile. This allows a larger portion of the pulse 

energy to interact with the sample allowing for enhanced ablation as the incident fluence on the 

sample is greater. 

 This effect also explains why the outer diameter feature is not as prominent in vacuum conditions 

compared to ambient pressures. As the pulse no longer undergoes as much distortion from the 
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Kerr effect and plasma distortion, the ‘shoulder’ of the intensity profile as mentioned previously 

are not as pronounced and remain below the ablation threshold. 

 

7.3.2 Ablation mechanism 

The question which has arisen from our observations and analysis of the changing beam waist 

size, the inner and outer diameter features and different ablation regimes is: is this a response of 

the material to the laser ablation mechanism? Or is this due to the beam propagation changing at 

high intensities? 

As mentioned in section 7.1, the common school of thought behind the ultrafast laser ablation 

mechanism is that when a material is irradiated with an ultrafast laser pulse of sufficient intensity, 

ablation by Coulomb explosion occurs. Ablation by Coulomb explosion is characterised by low 

ablation rates where only a few nanometers of material are removed per pulse. This mechanism 

starts before any of the excited electrons and the surrounding lattice have reached thermal 

equilibrium (Bulgakova et al., 2004). Meanwhile, electrons from surrounding regions are able to 

diffuse to the irradiated area in order to neutralise any disparity in the charge. The excited electron 

is able to relax via electron-phonon and phonon-phonon collisions which result in energy being 

transferred to the lattice as lattice vibrations until thermal equilibrium between the electrons and 

lattice is reached. A subsequent temperature rise can result in phase transformation, lending to 

material removal in the form of ablation. This is often the case for higher fluences where the 

material is able to heat up to temperature close to the critical point resulting in ablation by a phase 

explosion mechanism. 

Whilst this process is believed to take place during time periods equal to or shorter than the laser-

material interaction times resulting in negligible thermal or mechanical damage to the material, 

this is not a theory believed by all across the community. Some believe that thermal effects can 

be seen as a result of an accumulation of energy in regions of the irradiated area that are below 

the ablation threshold. The energy within these regions is built up over successive pulses and if 

sufficient enough can result in the same form of ablation as longer pulsed lasers which operate 

via a thermal mechanism. The extent at which this thermal mechanism takes place is controlled 

by the properties of the material, such as morphology and absorption coefficients.  

Significant research efforts have been made to better understand the ablation process in the form 

of simulation models that hope to gain a better understanding of the ablation mechanism in its 
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entirety. Molecular dynamics simulations (Perez and Lewis, 2003, Hirayama and Obara, 2005, 

Lewis and Perez, 2009) and hydrodynamic modelling (Eidmann et al., 2000, Colombier et al., 

2005) are the primary tools chosen for simulating ultrashort pulse laser interactions and ablation 

with materials. In addition, the two temperature model (Anisimov et al., 1974b) is another useful 

tool when considering the thermodynamic evolution of the material after ultrafast pulsed laser 

interactions. The two-temperature model has served as a scaffolding for more advanced models 

that aim to solve the model and predict ablation dynamics (Suslova and Hassanein, 2017a, Suslova 

et al., 2018). Suslova et al. (Suslova et al., 2018) used their computer simulated model and 

experimental data to show that the first ablation regime is related to the depth of the initial heat 

deposition when ballistic heat transport dominates over diffusive transport. The second ablation 

regime occurs when hot electrons penetrate deeper than the skin depth before transferring their 

energy to the lattice. This results in explosive boiling and phase explosion which they claimed is 

purely temperature-controlled ablation mechanism defined solely by the heat propagation 

dynamics. They concluded that material removal is attributed to a combination of more than just 

one ablation mechanism. 

These findings would appear to explain the outer diameter features that we see when ablation 

occurs in ambient conditions. It may be the case that at sufficiently high fluences, ballistic heat 

transport away from the irradiation site results in significant heating and subsequent phase change 

of the material resulting in explosive boiling and phase explosion. The fact that the outer diameter 

features appear to be fairly shallow would suggest that the whilst the surrounding material that is 

deeper into the bulk may be heated sufficiently, it cannot escape and vaporise to cause material 

removal. This would also explain why the outer diameter feature is seen to be more prevalent at 

higher pulse numbers whereby the temperature increase would accumulate as more pulses are 

applied resulting in more material reaching a critical point where it can undergo phase explosion. 

This would suggest that at higher fluences, the ablation of the material behaves as if being 

irradiated with a longer pulsed laser and would explain why the D2 regression technique is not 

typically used for determining the ablation threshold of longer pulsed lasers as the ablated region 

and subsequent size of ablation crater is dependent on the thermal properties of the material. 

Instead, longer pulsed lasers typically utilise the depth/volume regression technique which takes 

in to account the absorption characteristics of the material. However, this does not seem to account 

for the reduced and less obvious outer diameter features, as well as the deeper and cleaner ablation 

craters, when ablation occurs in vacuum. It may be that since the pressures are drastically reduced, 

the temperature of the material and surrounding atmosphere is lower ensuring that thermal 

ablation mechanisms are not as prevalent. 
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Another reason why vacuum conditions may result in the presence of the outer diameter features 

is due to plasma self-focusing. It has been shown that self-focusing of an ultrashort pulsed laser 

can occur due to the nonlinear refractive index of the plasma generated in air (Braun et al., 1995). 

In order for self-focusing to occur, a plasma must be generated which can cause the beam to focus 

or defocus prior to reaching the surface of the sample. If this is the case, it would mean that at 

higher intensities with the Gaussian spatial profile of the beam, those portions of the beam would 

focus before or after the surface of the sample. This would distribute the energy over a larger area 

and therefore result in a larger diameter but shallower ablation feature whilst the portion of the 

beam that was not affected by self-focusing would be allowed to focus on the surface of the sample 

resulting in the deeper central ablation feature. This would explain why the outer diameter feature 

is so deterministic whereby above a certain fluence threshold it can be seen whereas below that 

critical fluence it is not apparent. 

One of the advantages of ultrafast laser pulses is their ability to be absorbed by materials through 

a multiphoton absorption process. Keldysh originally proposed a theoretical treatment for non-

linear photo-ionisation processes along with electron-impact ionisation, both of which are 

characteristic features of femtosecond laser ablation. The Keldysh parameter gives an indicator of 

whether or not tunnelling ionisation will occur as opposed to multiphoton ionisation. It is 

described as the ratio of the time it takes for an electron to tunnel through the potential barrier to 

the oscillation period of the laser field (Fedorov, 2016). The Keldysh parameter is dependent on 

the ionisation potential of the material which is in turn dependent on the atoms and ions in 

question. This means that for longer wavelengths, higher order multiphoton processes are required 

in order for multiphoton ionisation to occur. These higher order multiphoton processes required 

extremely high intensities in order to occur which make ultrafast lasers an ideal tool to generate 

multiphoton ionisation of materials due to their extremely short pulse widths. As photons are 

absorbed by the electrons in the material, the electrons enter a virtual state within the potential. If 

photons are absorbed by the electrons quicker than the lifetime of their virtual state, the electron 

can continue to gain energy otherwise it will relax down it its ground state. At higher intensities, 

the atomic potential can become distorted by the laser field, resulting in tunnelling ionisation. The 

Keldysh parameter gives a good estimate of whether or not multiphoton ionisation is occurring, 

or tunnelling ionisation is the dominant mechanism. When the Keldysh parameter, γ, is greater 

than 1 this suggests that the dominant mechanism is multiphoton ionisation. However, when γ is 

less than 1, this suggests that tunnelling ionisation has occurred. Ilkob et al. (Ilkov et al., 1992) 

have also suggested that when γ is less than 0.5, the ionisation mechanism is purely through 
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tunnelling and between 1 and 0.5 there is a combination of both multiphoton and tunnelling 

ionisation. 

In order to observe whether or not the dislocations in the D2 regression plots could be due to the 

regime changing from multiphoton ionisation to tunnelling ionisation, we looked at the case of 

silicon as it is a semiconductor by which the Keldysh theory is more valid. By plotting the Keldysh 

parameter for silicon as a function of the pulse energies we were able to observe the pulse energies 

which corresponded to Keldysh parameter equal to 1 and 0.5 as shown in Figure 7.17. It is evident 

that for each of the dislocations that arise from the D2 regression data, they correspond well to 

when the Keldysh parameter is greater than 1, less than 1 and less than 0.5. These trends were the 

same for all pulse numbers in silicon. This suggests that the low ablation regime is primarily due 

to multiphoton ionisation at it falls within the region that indicates γ<1. The medium ablation 

regime corresponds to a mixture of both tunnelling ionisation and multiphoton ionisation as the 

data falls within the region where 1> γ>0.5. Finally, the outer diameter features with seem to fall 

within the region were γ<0.5 which suggests that the dominant mechanism is purely tunnelling 

ionisation. However, this may not be the case completely as we can still see evidence of the inner 

diameter feature. 
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Figure 7.17: Squared diameter (𝐷𝐷2) of ablated craters versus pulse energy in undoped silicon 
ablated with 1000 pulses applied in vacuum conditions. Trend lines are fitted using a least-squares 
algorithm to the data for all applied pulse numbers. Hollow points indicate the inner diameter 
features. Black and blue trendlines correspond to low and medium ablation regimes fitted for inner 
diameter features. Outer ablation features correspond to the red trendline. Shaded regions indicate 
pulse energies where γ>1 (grey),1> γ>0.5 (blue) and γ>0.5 (red).  

 

These results suggest that the larger ablation features and in particular the outer diameter ablation 

features may not be due to the thermal mechanisms as explained above but rather attributed to the 

transitions from multiphoton to impact ionisation with a mixture of the two processes occurring 

during the transition. 

In order to confirm these observations, further studies must be performed on other well 

characterised semiconductors to see if the same trends exist. 
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7.4 Conclusions 

In this work we have identified the ablation thresholds for silicon, stainless steel and sapphire in 

ambient and vacuum conditions. We have identified up to four different ablation regimes by 

analysing the inner and outer diameter features which arise at varying fluences and pulse numbers. 

We have shown that the theoretical beam waist which is described by classical Gaussian optics is 

only true for the low ablation regime where pulse energies are less than ~90 μJ. At higher pulse 

energies, a different ablation mechanism occurs and the beam waist changes drastically. We 

believe that this may be due to one or several reasons mentioned in the discussion: 

1. A transition from multiphoton ionisation to tunnelling ionisation based off of the Keldysh 

parameter and the dislocations in D2 regression data. 

2. Heat accumulation from portions of the Gaussian spatial profile that are below the ablation 

threshold. 

3. Self-focusing above or below the sample surface resulting in a larger diameter yet shallow 

outer ablation feature. 
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CHAPTER 8: CONCLUSIONS 

The research described in this thesis has demonstrated that femtosecond lasers provide a unique 

method for micromachining bone tissue for high precision orthopaedic surgery in hand-held or 

robotic fiber laser form. We have determined the standard metrics of laser micromachining for 

fresh cortical and skull bone tissue from both ovine and bovine samples using Gaussian beams. 

We found that the ablation threshold for bovine and ovine cortical bone and bovine and ovine 

skull bone was nearly identical suggesting that the laser ablation of bone tissue is not dependent 

on species and could be easily integrated into clinical practice. We also determined that there were 

no signs of incubation which is unlike most other materials showing that there is virtually no 

change in the ablation threshold with successive number of applied pulses. This is ideal for a 

clinical situation as the ablation rates and required pulse energies would remain constant 

regardless of if the 1st or 10000th pulse had been applied to the bone tissue. The linear relationships 

between (1) the number of laser pulses applied, and the depth of the resultant feature will lead to 

and (2) the incident laser fluence and the rate of ablation give excellent control over the cutting 

speed, precision and accuracy. Meanwhile, we have also shown that the removal of bone material 

was found to be relatively insensitive to the position of the focal point of the beam below the 

sample surface. The range at which the ablation behaviour remains the same is within the limits 

of surgeon and well within those of a surgical robot. We also showed that no structural damage 

of heat affected zones were observed after laser irradiation.  

However, the main criticism of femtosecond laser ablation with respect to surgical 

implementation is that the cutting rates are too slow compared to mechanical tools. We determined 

the standard metrics of laser micromachining for fresh cortical bone tissue from both ovine and 

bovine samples using Bessel beams. We found that the ablation threshold for bovine and ovine 

cortical bone was nearly identical but were 7 times lower than that of Gaussian beams indicating 

that less energy is required in order to cause material removal. Incubation effects were also studied 

and found to be absent, agreeing with the results previously found for Gaussian beams. The 

ablation rate was found to follow a power law model, with ablation rates 14X higher than those 

of Gaussian beams. Meanwhile, the ablation rates are within one order of magnitude of 

mechanical drilling tools. In addition, the maximum depth of Bessel beams were found to be 2 – 

3X greater than those of Gaussian beams. These results show that Bessel beams would be a viable 

solution to the slower cutting rates of Gaussian beams that are typically criticised.  
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In both cases of bone tissue laser micromachining, future work would include studying the effect 

of laser irradiation on healing of live animals as well as the cellular response. It would also be 

ideal to observe the effects of different Bessel beam cone angles and orders on the laser 

micromachining metrics. Finally, the development of a fiber laser delivery system with both 

Gaussian and Bessel beams would be ideal as this has been postulated to be the most ideal scenario 

for clinical applications. 

In order to ensure that our ablation threshold for Bessel beams on cortical bone was a realistic 

value, we developed and used the adapted D-Scan technique for Bessel and vortex beams that 

allow the accurate and efficient calculation of the ablation threshold for weakly focused ultrashort 

vortex and Bessel beams. We observed that the ablation threshold of materials is dependent on 

the spatial beam type and can show a decrease in the ablation threshold for Bessel beams 

compared to Gaussian beams, suggesting that femtosecond laser micromachining efficiency can 

be improved to industrially relevant processing rates. Future work would include extending the 

adapted D-Scan technique for lower pulse numbers to obtain a wider range of results that can fit 

to the entire incubation curves. 

Finally, we showed using the D2 regression technique on silicon, stainless steel and sapphire that 

a variety of ablation regimes are identifiable upon analysis of the ablation features. We showed 

that the theoretical beam waist calculated by classical Gaussian optics is only true for the low 

ablation regime and quickly changes as the ablation mechanism transitions from low to medium 

and then high ablation mechanisms. We have attributed the change in the ablation feature 

diameters and the presence of multiple inner and outer ablation features to a transition from 

multiphoton ionisation to tunnelling ionisation, heat accumulation from portions of the Gaussian 

beam below the ablation threshold or self-focusing of the beam above or below the sample surface. 

Further experiments and computer simulations are required in order to pinpoint the precise 

mechanism of ablation and its relationship to the observations seen during the D2 regression 

experiments. 

We have shown that under low vacuum conditions, the ablation efficiency of undoped silicon is 

greatly enhanced. This was observed by analysing the number of pulses and pulse energies 

required to penetrate through 300 μm undoped silicon. It was observed in all cases that 

significantly less pulse energies were required to completely drill through the silicon wafer in 

vacuum conditions compared to ambient pressures. We have attributed this to the reduced 

interaction of the incident beam with the plasma generated in air and reduced Kerr effect. By 

reducing these phenomenon, higher fluences are achieved at the surface of the sample allowing 

for greater material removal rates and subsequently greater drilling rates. 
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APPENDIX A: THEORETICAL BASIS OF THE 
DIAGONAL SCAN METHOD FOR 
DETERMINING THE LASER ABLATION 
THRESHOLD FOR FEMTOSECOND VORTEX 
PULSES 

This section is adapted from: 

REECE N. OOSTERBEEK, SIMON ASHFORTH, OWEN BODLEY AND M. CATHER 

SIMPSON 

Theoretical bases of the diagonal scan method for determining the laser ablation threshold for 

femtosecond vortex pulses 

arXiv:1802.10332 

 

A.1  Abstract 

In femtosecond laser micromachining, the ablation threshold is a key processing parameter that 

characterises the energy density required to cause ablation. Current techniques for measuring the 

ablation threshold such as the diameter regression and diagonal scan methods are based on the 

assumption of a Gaussian spatial profile, however no techniques currently exist for measuring the 

ablation threshold using a non-Gaussian beam shape. 

Here we present a formalism of the diagonal scan method for determining the ablation threshold 

and pulse superposition for femtosecond vortex pulses. To the authors’ knowledge this is the first 

ablation threshold technique developed for pulses with non-Gaussian spatial profiles. 

Using this method, the ablation threshold can be calculated using measurement of a single feature 

(the maximum damage radius 𝜌𝜌𝑒𝑒𝑚𝑚𝑚𝑚), which allows investigations of ablation threshold and 

incubation effects to be carried out quickly and easily. Extending this method to non-Gaussian 
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beams will allow exploration of new avenues of research, enabling characterisation of the ablation 

threshold and incubation behaviour for a material when ablated with femtosecond vortex pulses. 

A.2 Introduction 

Femtosecond laser ablation is an advanced materials processing technique that enables 

microstructures to be fabricated in almost any material with very high accuracy and resolution 

(Krüger and Kautek, 2004, Cheng et al., 2013). The ultrashort pulse duration leads to non-linear 

absorption, allowing materials to be ablated regardless of their linear absorption characteristics 

(Perry et al., 1999). In addition, this ultrashort timescale limits energy transfer into the atomic 

lattice, greatly reducing heat effects, allowing materials to be ablated with little to no damage in 

the surrounding area (Krueger et al., 1997b). These advantages make femtosecond laser ablation 

an attractive prospect for industrial applications. 

In all work involving femtosecond laser ablation, the ablation threshold (𝐹𝐹𝑡𝑡ℎ in 𝐽𝐽
𝑐𝑐𝑒𝑒2) is a key 

parameter for characterising the interaction between laser and material, and is defined as the 

minimum energy density required to cause material removal. Therefore, it is of utmost importance 

that robust and useful methods of measuring the ablation threshold are available and widely 

applicable. Current methods for determining the ablation threshold are the diameter regression 

method (Sanner et al., 2009a) and the diagonal scan method (Samad and Vieira, 2006). Both of 

these methods rely on the assumption that ablation is carried out using a laser beam with Gaussian 

spatial distribution. With rapid advances being made in the area of spatial beam shaping however, 

this assumption is not always valid. In particular, optical vortex beams have been investigated 

recently, indicating generation of different nanostructures to those obtained when using a 

Gaussian beam (Hnatovsky et al., 2010b, Hnatovsky et al., 2012, Anoop et al., 2014b, Anoop et 

al., 2014a). 

In this work we present a formalism of the diagonal scan method for measuring the femtosecond 

laser ablation threshold that is applicable to vortex beams. We derive an expression for calculating 

the ablation thresh-old based on measurement of the maximum damage radius and demonstrate a 

method for calculating the pulse superposition obtained during a diagonal scan experiment. 
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A.3 Damage Radius 

To determine an expression for the ablation threshold, we consider a diagonal scan experiment 

where a sample is translated diagonally through the focal point of a focused laser beam, as shown 

in Figure 1. 

 

Figure A.1: Diagram demonstrating the diagonal scan experiment and how the ablation feature is 
formed 

 

The spatial fluence distribution of an optical vortex beam is given by (Hnatovsky et al., 2010b): 

 𝜑𝜑 �
𝐽𝐽

𝑐𝑐𝑚𝑚2� =
2|𝑙𝑙|+1𝑟𝑟2|𝑙𝑙|𝑒𝑒

−2𝑒𝑒2
𝜔𝜔(𝑧𝑧)2

|𝑙𝑙|!𝜔𝜔(𝜕𝜕)2(|𝑙𝑙|+1) 𝐸𝐸0[𝐽𝐽] (A. 1) 

Where: 𝑙𝑙 = 0, ±1, ±2, ±3 … is the topological charge, 𝑟𝑟 is the radial direction (in cm), 𝐸𝐸0 is the 

input energy and 𝜔𝜔(𝜕𝜕) is the radius of the Gaussian beam when 𝑙𝑙 = 0 which is equal to: 

 𝜔𝜔(𝜕𝜕) = 𝜔𝜔0 �1 + �
𝑖𝑖𝜆𝜆𝜕𝜕
𝜋𝜋𝜔𝜔02

�
2

� (A. 2) 

Where 𝜕𝜕 is the propagation direction, λ is the wavelength, and 𝜔𝜔0 is the beam waist (all in cm). 

 𝜔𝜔(𝜕𝜕) = 𝜔𝜔0�1 + �
𝜆𝜆2𝜕𝜕2

𝜋𝜋2𝜔𝜔04
�
2

 (A. 3) 
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At 𝑙𝑙 = 0, equation (A. 1) simplifies to the equation for a Gaussian beam: 

 𝜑𝜑 �
𝐽𝐽

𝑐𝑐𝑚𝑚2� =
2𝑒𝑒

−2𝑒𝑒2
𝜔𝜔(𝑧𝑧)2

𝜋𝜋𝜔𝜔(𝜕𝜕)2
𝐸𝐸0[𝐽𝐽] (A. 4) 

 

We can set the damage radius 𝜌𝜌(𝜕𝜕) to be equal to the radius at which the damage threshold 𝜑𝜑𝑡𝑡ℎ is 

exceeded: 

 𝜑𝜑𝑡𝑡ℎ =
2|𝑙𝑙|+1𝜌𝜌(𝜕𝜕)2|𝑙𝑙|𝑒𝑒

−2𝜌𝜌(𝑧𝑧)2
𝜔𝜔(𝑧𝑧)2

|𝑙𝑙|!𝜔𝜔(𝜕𝜕)2(|𝑙𝑙|+1) 𝐸𝐸0 (A. 5) 
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We can set: 

 𝐴𝐴 = �
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 (A. 8) 

 

 𝐵𝐵 =
−2

|𝑙𝑙|𝜔𝜔(𝜕𝜕)2
 (A. 9) 

 

Such that: 

 𝐴𝐴 = 𝜌𝜌(𝜕𝜕)2𝑒𝑒𝐴𝐴𝜌𝜌(𝑧𝑧)2 (A. 10) 

 

 𝐴𝐴𝐵𝐵 = 𝐵𝐵𝜌𝜌(𝜕𝜕)2𝑒𝑒𝐴𝐴𝜌𝜌(𝑧𝑧)2 (A. 11) 
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This is an equation of the form 𝜕𝜕 = 𝑢𝑢𝑒𝑒𝑢𝑢, which can be solved according to the Lambert Omega 

function (Corless et al., 1996) by 𝑢𝑢 = 𝑊𝑊(𝜕𝜕). 

 𝐵𝐵𝜌𝜌(𝜕𝜕)2 = 𝑊𝑊(𝐴𝐴𝐵𝐵) (A. 12) 

 𝜌𝜌(𝜕𝜕)2 = �𝑊𝑊(𝐴𝐴𝐵𝐵)
𝐵𝐵

 (A. 13) 

The Lambert Omega function is multivalued (except at zero), therefore any 𝜕𝜕 two radii can be 

defined, the inner (𝜌𝜌𝑚𝑚𝑙𝑙𝑙𝑙) and outer (𝜌𝜌𝑜𝑜𝑢𝑢𝑡𝑡) damage radius, which can be calculated using the 

principal (𝑊𝑊0) and non-principal (𝑊𝑊−1) branches of the Lambert Omega function: 

 𝜌𝜌𝑚𝑚𝑙𝑙𝑙𝑙(z)  = �𝑊𝑊0(𝐴𝐴𝐵𝐵)
𝐵𝐵

 (A. 14) 

 𝜌𝜌𝑜𝑜𝑢𝑢𝑡𝑡(𝜕𝜕) = �𝑊𝑊−1(𝐴𝐴𝐵𝐵)
𝐵𝐵

 (A. 15) 

Equations (A. 14) and (A. 15) describe the damage radius as a function of the propagation 

direction 𝜕𝜕, and are shown in Figure A.2. For application in a diagonal scan ablation threshold 

measurement technique, we are only interested in the outer damage radius (𝜌𝜌𝑜𝑜𝑢𝑢𝑡𝑡). For this reason 

we do not consider the inner damage radius (𝜌𝜌𝑚𝑚𝑙𝑙𝑙𝑙) further, and all reference to 𝜌𝜌 refer to the outer 

damage radius (𝜌𝜌𝑜𝑜𝑢𝑢𝑡𝑡). 

For real numbers, the non-principal branch of the Lambert Omega function has the limits 

 𝑢𝑢 = 𝑊𝑊−1(𝑒𝑒) for 0 ≥ 𝑒𝑒 ≥ −1
𝑒𝑒

 (A. 16) 

The implications of this limit will be discussed further in section A.6. 
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Figure A.2: Graph showing the damage radius for a vortex beam (l=1), where the inner damage 
radius (calculated using the principal branch of the Lambert Omega function W0) is shown in red, 
and the outer damage radius (calculated using the non-principal branch of the Lambert Omega 
function  W-1) is shown in blue. The Gaussian beam radius is also represented as a black dashed 
line. 
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A.4 Finding the maxima 

To find 𝜌𝜌𝑒𝑒𝑚𝑚𝑚𝑚 we must set 𝑑𝑑𝜌𝜌
𝑑𝑑𝑧𝑧

= 0. Let: 

By applying the chain rule to these definitions, we can obtain an expression for 𝑑𝑑𝜌𝜌
𝑑𝑑𝑧𝑧

 

 

 𝑑𝑑𝜌𝜌
𝑑𝑑𝜕𝜕

=
𝑑𝑑𝜌𝜌
𝑑𝑑𝐶𝐶

×
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 (A. 24) 
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Defining these derivatives: 
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+ 2𝜕𝜕2𝜆𝜆2
𝜋𝜋2𝜔𝜔04

+ 1�
 (A. 30) 

 
𝑑𝑑𝐺𝐺
𝑑𝑑𝐻𝐻

=
(𝜑𝜑𝑡𝑡ℎ|𝑙𝑙|!𝜋𝜋)

1
|𝑙𝑙|𝜔𝜔0

2
|𝑙𝑙|𝐻𝐻

1
|𝑙𝑙|−1

2
1
|𝑙𝑙|𝐸𝐸0

1
|𝑙𝑙||𝑙𝑙|2

 (A. 31) 

 
𝑑𝑑𝜌𝜌
𝑑𝑑𝐶𝐶

=
1

2√C
 (A. 32) 

 
𝑑𝑑𝐷𝐷
𝑑𝑑𝐺𝐺

=
𝑊𝑊−1(𝐺𝐺)

𝐺𝐺(1 + 𝑊𝑊−1(𝐺𝐺))
 (A. 33) 

 

We now evaluate the derivates. From equations (A. 26), (A. 28), (A. 31) and (A. 33): 
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𝑑𝑑𝐵𝐵
𝑑𝑑𝜕𝜕

=
𝑑𝑑𝐵𝐵
𝑑𝑑𝐻𝐻

×
𝑑𝑑𝐻𝐻
𝑑𝑑𝜕𝜕

=
2

|𝑙𝑙|𝜔𝜔02 �
𝜕𝜕4𝜆𝜆4
𝜋𝜋4𝜔𝜔08

+ 2𝜕𝜕2𝜆𝜆2
𝜋𝜋2𝜔𝜔04

+ 1�
×

2𝜕𝜕𝜆𝜆2

𝜋𝜋2𝜔𝜔04
 (A. 34) 

 
𝑑𝑑𝐵𝐵
𝑑𝑑𝜕𝜕

=
4𝜕𝜕𝜆𝜆2

|𝑙𝑙|𝜋𝜋2𝜔𝜔06 �
𝜕𝜕4𝜆𝜆4
𝜋𝜋4𝜔𝜔08

+ 2𝜕𝜕2𝜆𝜆2
𝜋𝜋2𝜔𝜔04

+ 1�
 (A. 35) 

 
𝑑𝑑𝐵𝐵
𝑑𝑑𝜕𝜕

=
4𝜕𝜕𝜆𝜆2

|𝑙𝑙| � 𝜕𝜕
4𝜆𝜆4

𝜋𝜋2𝜔𝜔02
+ 2𝜕𝜕2𝜆𝜆2𝜔𝜔02 + 𝜋𝜋2𝜔𝜔06�

 (A. 36) 

Let: 𝐼𝐼 =
𝜕𝜕4𝜆𝜆4

𝜋𝜋4𝜔𝜔02
+ 2𝜕𝜕2𝜆𝜆2𝜔𝜔0

2 + 𝜋𝜋2𝜔𝜔0
6 (A. 37) 

 𝐼𝐼 =
4𝜕𝜕𝜆𝜆2

|𝑙𝑙|𝐼𝐼
 (A. 38) 

 

From equations (A. 26), (A. 28), (A. 31) and (A. 33) 

 𝑑𝑑𝐷𝐷
𝑑𝑑𝜕𝜕

=
𝑑𝑑𝐷𝐷
𝑑𝑑𝐺𝐺

×
𝑑𝑑𝐺𝐺
𝑑𝑑𝐻𝐻

×
𝑑𝑑𝐻𝐻
𝑑𝑑𝜕𝜕

 (A. 39) 

 
𝑑𝑑𝐷𝐷
𝑑𝑑𝜕𝜕

=
𝑊𝑊−1(𝐺𝐺)

𝐺𝐺(1 + 𝑊𝑊−1(𝐺𝐺))
×

(𝜑𝜑𝑡𝑡ℎ|𝑙𝑙|!𝜋𝜋)
1
|𝑙𝑙|𝜔𝜔0

2
|𝑙𝑙|𝐻𝐻

1
|𝑙𝑙|−1

2
1
|𝑙𝑙|𝐸𝐸0

1
|𝑙𝑙||𝑙𝑙|2

×
2𝜕𝜕𝜆𝜆2

𝜋𝜋2𝜔𝜔04
 (A. 40) 

 

𝑑𝑑𝐷𝐷
𝑑𝑑𝜕𝜕

=
𝑊𝑊−1(𝐺𝐺)

1 + 𝑊𝑊−1(𝐺𝐺) ×
2
1
|𝑙𝑙|𝐸𝐸0

1
|𝑙𝑙||𝑙𝑙|

−(𝜑𝜑𝑡𝑡ℎ|𝑙𝑙|!𝜋𝜋)
1
|𝑙𝑙|𝜔𝜔0

2
|𝑙𝑙|𝐻𝐻

1
|𝑙𝑙|

×
−(𝜑𝜑𝑡𝑡ℎ|𝑙𝑙|!𝜋𝜋)

1
|𝑙𝑙|𝜔𝜔0

2
|𝑙𝑙|𝐻𝐻

1
|𝑙𝑙|−1

2
1
|𝑙𝑙|𝐸𝐸0

1
|𝑙𝑙||𝑙𝑙|2

×
2𝜕𝜕𝜆𝜆2

𝜋𝜋2𝜔𝜔04
 

(A. 41) 

 
𝑑𝑑𝐷𝐷
𝑑𝑑𝜕𝜕

=
𝑊𝑊−1(𝐺𝐺)

1 + 𝑊𝑊−1(𝐺𝐺) ×
𝐻𝐻−1

|𝑙𝑙|
×

2𝜕𝜕𝜆𝜆2

𝜋𝜋2𝜔𝜔04
 (A. 42) 

 
𝑑𝑑𝐷𝐷
𝑑𝑑𝜕𝜕

=
𝑊𝑊−1(𝐺𝐺)

1 + 𝑊𝑊−1(𝐺𝐺) ×
2𝜕𝜕𝜆𝜆2

|𝑙𝑙|𝜋𝜋2𝜔𝜔04 �
𝜕𝜕2𝜆𝜆2
𝜋𝜋2𝜔𝜔04

+ 1�
 (A. 43) 

 
𝑑𝑑𝐷𝐷
𝑑𝑑𝜕𝜕

=
𝑊𝑊−1(𝐺𝐺)

1 + 𝑊𝑊−1(𝐺𝐺) ×
2𝜕𝜕𝜆𝜆2

|𝑙𝑙|(𝜕𝜕2𝜆𝜆2 + 𝜋𝜋2𝜔𝜔04) (A. 44) 
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From equations (A. 19), (A. 23), (A. 25), (A. 38) and (A. 44) 

 

 𝑑𝑑𝐶𝐶
𝑑𝑑𝜕𝜕

=
𝑑𝑑𝐷𝐷
𝑑𝑑𝜕𝜕 𝐵𝐵 − 𝐷𝐷 𝑑𝑑𝐵𝐵𝑑𝑑𝜕𝜕

𝐵𝐵2
 (A. 45) 

 

𝑑𝑑𝐶𝐶
𝑑𝑑𝜕𝜕

=

⎝

⎜
⎛

⎝

⎛ 𝑊𝑊−1(𝐺𝐺)
1 + 𝑊𝑊−1(𝐺𝐺) ×

2zλ2

|𝑙𝑙|(z2λ2 + 𝜋𝜋2𝜔𝜔04) ×
−2

|𝑙𝑙|𝜔𝜔02 �
𝜕𝜕2𝜆𝜆2
𝜋𝜋2𝜔𝜔04

+ 1�
⎠

⎞

−
𝑊𝑊−1(𝐺𝐺)4zλ2

|𝑙𝑙|𝐼𝐼

⎠

⎟
⎞

÷

⎝

⎛ −2

|𝑙𝑙|𝜔𝜔02 �
z2λ2
𝜋𝜋2𝜔𝜔04

+ 1�
⎠

⎞

2

 

(A. 46) 

 

𝑑𝑑𝐶𝐶
𝑑𝑑𝜕𝜕

=

⎝

⎜
⎛

⎝

⎛ 𝑊𝑊−1(𝐺𝐺)
1 + 𝑊𝑊−1(𝐺𝐺) ×

−4zλ2

|𝑙𝑙|2𝜔𝜔02 �
𝜕𝜕4𝜆𝜆4
𝜋𝜋4𝜔𝜔08

+ 2𝜕𝜕2𝜆𝜆2
𝜋𝜋2𝜔𝜔04

+ 1�
⎠

⎞ −
𝑊𝑊−1(𝐺𝐺)4zλ2

|𝑙𝑙|𝐼𝐼

⎠

⎟
⎞

÷

⎝

⎛ 4

|𝑙𝑙|𝜔𝜔04 �
z4λ4
𝜋𝜋4𝜔𝜔08

+ 2𝜕𝜕2𝜆𝜆2
𝜋𝜋2𝜔𝜔04

+ 1�
⎠

⎞ 

(A. 47) 

 
𝑑𝑑𝐶𝐶
𝑑𝑑𝜕𝜕

= ��
𝑊𝑊−1(𝐺𝐺)

1 + 𝑊𝑊−1(𝐺𝐺) ×
−4zλ2

|𝑙𝑙|2I
� −

𝑊𝑊−1(𝐺𝐺)4zλ2

|𝑙𝑙|𝐼𝐼
� ÷ �

4𝜋𝜋2𝜔𝜔0
2

|𝑙𝑙|2I
� (A. 48) 

 
𝑑𝑑𝐶𝐶
𝑑𝑑𝜕𝜕

= �
𝑊𝑊−1(𝐺𝐺)zλ2

(1 + 𝑊𝑊−1(𝐺𝐺))|𝑙𝑙|
−𝑊𝑊−1(𝐺𝐺)zλ2� × �

|𝑙𝑙|
𝜋𝜋2𝜔𝜔02

� (A. 49) 

 
𝑑𝑑𝐶𝐶
𝑑𝑑𝜕𝜕

=
−zλ2

𝜋𝜋2𝜔𝜔02
�

𝑊𝑊−1(𝐺𝐺)
(1 + 𝑊𝑊−1(𝐺𝐺))

−𝑊𝑊−1(𝐺𝐺)|𝑙𝑙|� (A. 50) 

 

From equations (A. 24), (A. 32) and (A. 50): 

 𝑑𝑑𝜌𝜌
𝑑𝑑𝜕𝜕

=
𝑑𝑑𝜌𝜌
𝑑𝑑𝐶𝐶

×
𝑑𝑑𝐶𝐶
𝑑𝑑𝜕𝜕

 (A. 51) 
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𝑑𝑑𝜌𝜌
𝑑𝑑𝜕𝜕

=
1

2√𝐶𝐶
×
−𝜕𝜕𝜆𝜆2

𝜋𝜋2𝜔𝜔02
�

𝑊𝑊−1(𝐺𝐺)
�1 + 𝑊𝑊−1(𝐺𝐺)�

−𝑊𝑊−1(𝐺𝐺)|𝑙𝑙|� (A. 52) 

To find the maxima we set 𝑑𝑑𝜌𝜌
𝑑𝑑𝑧𝑧

= 0 and rearrange for z, therefore: 

 0 =
𝑊𝑊−1(𝐺𝐺)

�1 + 𝑊𝑊−1(𝐺𝐺)�
+ |𝑙𝑙| (A. 53) 

 |𝑙𝑙| + |𝑙𝑙|𝑊𝑊−1(𝐺𝐺) = −1 (A. 54) 

 𝑊𝑊−1(𝐺𝐺) =
−1 − |𝑙𝑙|

|𝑙𝑙|
 (A. 55) 

We now apply the definition of the Lambert Omega function once more, to carry out the reverse 

of the transform done previously (equations (A. 11) and (A. 12)): 

 𝐺𝐺 =  �
−1 − |𝑙𝑙|

|𝑙𝑙|
�𝑒𝑒

−1−|𝑙𝑙|
|𝑙𝑙|  (A. 56) 

Substituting in equation (A. 21): 

 

(𝜑𝜑𝑡𝑡ℎ|𝑙𝑙|!𝜋𝜋)
1
|𝑙𝑙|𝜔𝜔0

2
|𝑙𝑙| � 𝜕𝜕

2𝜆𝜆2
𝜋𝜋2𝜔𝜔04

+ 1�
1
|𝑙𝑙|

2
1
|𝑙𝑙|𝐸𝐸0

1
|𝑙𝑙||𝑙𝑙|

= �
−1 − |𝑙𝑙|

|𝑙𝑙|
�𝑒𝑒

−1−|𝑙𝑙|
|𝑙𝑙|  

 

(A. 57) 

The z-value where the damage radius 𝜌𝜌 reaches its maximum is denoted 𝜒𝜒, where 𝜕𝜕 = ±𝜒𝜒 for 𝜌𝜌 =

𝜌𝜌𝑒𝑒𝑚𝑚𝑚𝑚, therefore: 

 

(𝜑𝜑𝑡𝑡ℎ|𝑙𝑙|!𝜋𝜋)
1
|𝑙𝑙|𝜔𝜔0

2
|𝑙𝑙| �𝜒𝜒

2𝜆𝜆2
𝜋𝜋2𝜔𝜔04

+ 1�
1
|𝑙𝑙|

2
1
|𝑙𝑙|𝐸𝐸0

1
|𝑙𝑙||𝑙𝑙|

= �
−1 − |𝑙𝑙|

|𝑙𝑙|
�𝑒𝑒

−1−|𝑙𝑙|
|𝑙𝑙|  

 

(A. 58) 
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�
𝜒𝜒2𝜆𝜆2

𝜋𝜋2𝜔𝜔04
+ 1�

1
|𝑙𝑙|

=
(|𝑙𝑙| + 1)2

1
|𝑙𝑙|𝐸𝐸0

1
|𝑙𝑙|

(𝜑𝜑𝑡𝑡ℎ|𝑙𝑙|!𝜋𝜋)
1
|𝑙𝑙|𝜔𝜔0

2
|𝑙𝑙|
𝑒𝑒
−1−|𝑙𝑙|

|𝑙𝑙|  

 

(A. 59) 

 

𝜒𝜒2𝜆𝜆2

𝜋𝜋2𝜔𝜔04
=

(|𝑙𝑙| + 1)|𝑙𝑙|2𝐸𝐸0
𝜑𝜑𝑡𝑡ℎ|𝑙𝑙|!𝜋𝜋𝜔𝜔02

𝑒𝑒−1−|𝑙𝑙| − 1 

 

(A. 60) 

 
𝜒𝜒2 =  

(|𝑙𝑙| + 1)|𝑙𝑙|2𝜋𝜋𝜔𝜔0
2𝐸𝐸0

𝜑𝜑𝑡𝑡ℎ|𝑙𝑙|!𝜆𝜆2
𝑒𝑒−1−|𝑙𝑙| −

𝜋𝜋2𝜔𝜔0
4

𝜆𝜆2
 

 

(A. 61) 

 
𝜒𝜒 =  �

(|𝑙𝑙| + 1)|𝑙𝑙|2𝜋𝜋𝜔𝜔02𝐸𝐸0
𝜑𝜑𝑡𝑡ℎ|𝑙𝑙|!𝜆𝜆2𝑒𝑒|𝑙𝑙|+1 −

𝜋𝜋2𝜔𝜔04

𝜆𝜆2
 

 

(A. 62) 

This expression has a similar form to the equivalent expression below for a Gaussian beam 

(Samad and Vieira, 2006) and simplifies to this for 𝑙𝑙 = 0. 

 𝜒𝜒 =  �
2𝜋𝜋𝜔𝜔02𝐸𝐸0
𝜑𝜑𝑡𝑡ℎ𝜆𝜆2𝑒𝑒

−
𝜋𝜋2𝜔𝜔04

𝜆𝜆2
 (A. 63) 

A.5 Isolating the damage threshold 

To isolate the damage threshold, we substitute equation (A. 62) as the z-value into the expression 

for damage radius 𝜌𝜌(𝜕𝜕) (equation (A. 15), Values of A and B are replicated from equations (A. 8) 

and (A. 9), with equation (A. 3) substituted in for 𝜔𝜔(𝜕𝜕). 

 𝜌𝜌(𝜕𝜕)  = �𝑊𝑊−1(𝐴𝐴𝐵𝐵)
𝐵𝐵

 (A. 64) 
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 𝐴𝐴 =

⎝

⎜
⎜
⎜
⎛𝜑𝜑𝑡𝑡ℎ|𝑙𝑙|!𝜋𝜋𝜔𝜔0�1 + 𝜕𝜕2𝜆𝜆2

𝜋𝜋2𝜔𝜔04

2(|𝑙𝑙|+1)

2|𝑙𝑙|+1𝐸𝐸0

⎠

⎟
⎟
⎟
⎞

1
|𝑙𝑙|

 (A. 65) 

 
𝐵𝐵 =

−2

|𝑙𝑙|� 0�1 + 𝜕𝜕2𝜆𝜆2
𝜋𝜋2𝜔𝜔04

�

2 
(A. 66) 

When 𝜕𝜕 = 𝜒𝜒, 𝜌𝜌(𝜕𝜕) = 𝜌𝜌𝑒𝑒𝑚𝑚𝑚𝑚, therefore: 

 

𝜌𝜌𝑒𝑒𝑚𝑚𝑚𝑚2 = 𝑊𝑊−1

⎝

⎜
⎜
⎜
⎜
⎛

⎝

⎜
⎜
⎜
⎛𝜑𝜑𝑡𝑡ℎ|𝑙𝑙|!𝜋𝜋𝜔𝜔0�1 + 𝜕𝜕2𝜆𝜆2

𝜋𝜋2𝜔𝜔04

2(|𝑙𝑙|+1)

2|𝑙𝑙|+1𝐸𝐸0

⎠

⎟
⎟
⎟
⎞

1
|𝑙𝑙|

×
−2

|𝑙𝑙|�𝜔𝜔0�1 + 𝜕𝜕2𝜆𝜆2
𝜋𝜋2𝜔𝜔04

�

2

⎠

⎟
⎟
⎟
⎟
⎞

÷
−2

|𝑙𝑙|�𝜔𝜔0�1 + 𝜕𝜕2𝜆𝜆2
𝜋𝜋2𝜔𝜔04

�

2 

(A. 67) 

 

𝜌𝜌𝑒𝑒𝑚𝑚𝑚𝑚2 = 𝑊𝑊−1

⎝

⎜
⎜
⎛

⎝

⎜
⎛𝜑𝜑𝑡𝑡ℎ|𝑙𝑙|!𝜋𝜋 �𝜔𝜔0

2 + 𝜒𝜒2𝜆𝜆2
𝜋𝜋2𝜔𝜔04

�
|𝑙𝑙|+1

2|𝑙𝑙|+1𝐸𝐸0
⎠

⎟
⎞

1
|𝑙𝑙|

×
−2

|𝑙𝑙| �𝜔𝜔02 + 𝜒𝜒2𝜆𝜆2
𝜋𝜋2𝜔𝜔02

�

⎠

⎟
⎟
⎞

÷
−2

|𝑙𝑙| �𝜔𝜔02 + 𝜒𝜒2𝜆𝜆2
𝜋𝜋2𝜔𝜔02

�
 

(A. 68) 

 

𝜌𝜌𝑒𝑒𝑚𝑚𝑚𝑚2 = 𝑊𝑊−1

⎝

⎜⎜
⎛(𝜑𝜑𝑡𝑡ℎ|𝑙𝑙|!)

1
|𝑙𝑙| �𝜔𝜔0

2 + 𝜒𝜒2𝜆𝜆2
𝜋𝜋2𝜔𝜔04

�
1+ 1

|𝑙𝑙|

21+
1
|𝑙𝑙|𝐸𝐸0

1
|𝑙𝑙|

×
−2

|𝑙𝑙| �𝜔𝜔02 + 𝜒𝜒2𝜆𝜆2
𝜋𝜋2𝜔𝜔02

�
⎠

⎟⎟
⎞

÷
−|𝑙𝑙| �𝜔𝜔0

2 + 𝜒𝜒2𝜆𝜆2
𝜋𝜋2𝜔𝜔02

�

−2
 

(A. 69) 
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 −2𝜌𝜌𝑒𝑒𝑚𝑚𝑚𝑚2

|𝑙𝑙| �𝜔𝜔02 + 𝜒𝜒2𝜆𝜆2
𝜋𝜋2𝜔𝜔02

�
= 𝑊𝑊−1

⎝

⎜⎜
⎛−(𝜑𝜑𝑡𝑡ℎ|𝑙𝑙|!𝜋𝜋)

1
|𝑙𝑙| �𝜔𝜔0

2 + 𝜒𝜒2𝜆𝜆2
𝜋𝜋2𝜔𝜔04

�
1
|𝑙𝑙|

2
1
|𝑙𝑙|𝐸𝐸0

1
|𝑙𝑙||𝑙𝑙|

⎠

⎟⎟
⎞

 (A. 70) 

We now need to substitute equation (A. 62) into equation (A. 70) in place of χ. Considering the 

left hand side only: 

 𝐿𝐿𝐻𝐻𝑆𝑆 =
−2𝜌𝜌𝑒𝑒𝑚𝑚𝑚𝑚2

|𝑙𝑙| �𝜔𝜔02 + 𝜒𝜒2𝜆𝜆2
𝜋𝜋2𝜔𝜔02

�
 (A. 71) 

 
𝐿𝐿𝐻𝐻𝑆𝑆 =

−2𝜌𝜌𝑒𝑒𝑚𝑚𝑚𝑚2

|𝑙𝑙|�𝜔𝜔02 + 𝜆𝜆2
𝜋𝜋2𝜔𝜔02

�
(|𝑙𝑙| + 1)|𝑙𝑙|2𝜋𝜋𝜔𝜔02𝐸𝐸0
𝜑𝜑𝑡𝑡ℎ|𝑙𝑙|!𝜆𝜆2𝑒𝑒|𝑙𝑙|+1 − 𝜋𝜋2𝜔𝜔04

𝜆𝜆2 ��
 

(A. 72) 

 
𝐿𝐿𝐻𝐻𝑆𝑆 =

−2𝜌𝜌𝑒𝑒𝑚𝑚𝑚𝑚2

|𝑙𝑙|�𝜔𝜔02 + �(|𝑙𝑙| + 1)|𝑙𝑙|2𝐸𝐸0
𝜑𝜑𝑡𝑡ℎ|𝑙𝑙|! 𝑒𝑒|𝑙𝑙|+1 − 𝜔𝜔02��

 
(A. 73) 

 𝐿𝐿𝐻𝐻𝑆𝑆 =
−2𝜌𝜌𝑒𝑒𝑚𝑚𝑚𝑚2 𝜑𝜑𝑡𝑡ℎ|𝑙𝑙|!𝜋𝜋𝑒𝑒|𝑙𝑙|+1

|𝑙𝑙|(|𝑙𝑙| + 1)|𝑙𝑙|2𝐸𝐸0
 (A. 74) 

Now considering the right hand  side: 

 𝑅𝑅𝐻𝐻𝑆𝑆 = 𝑊𝑊−1

⎝

⎜⎜
⎛−(𝜑𝜑𝑡𝑡ℎ|𝑙𝑙|!𝜋𝜋)

1
|𝑙𝑙| �𝜔𝜔0

2 + 𝜒𝜒2𝜆𝜆2
𝜋𝜋2𝜔𝜔02

�
1
|𝑙𝑙|

2
1
|𝑙𝑙|𝐸𝐸0

1
|𝑙𝑙||𝑙𝑙|

⎠

⎟⎟
⎞

 (A. 75) 

 

𝑅𝑅𝐻𝐻𝑆𝑆 = 𝑊𝑊−1

⎝

⎜
⎛−(𝜑𝜑𝑡𝑡ℎ|𝑙𝑙|!𝜋𝜋)

1
|𝑙𝑙|

2
1
|𝑙𝑙|𝐸𝐸0

1
|𝑙𝑙||𝑙𝑙|

�𝜔𝜔0
2

+
𝜆𝜆2

𝜋𝜋2𝜔𝜔02
× �

(|𝑙𝑙| + 1)|𝑙𝑙|2𝜋𝜋𝜔𝜔0
2𝐸𝐸0

𝜑𝜑𝑡𝑡ℎ|𝑙𝑙|!𝜆𝜆2𝑒𝑒|𝑙𝑙|+1 −
𝜋𝜋2𝜔𝜔0

4

𝜆𝜆2
��

1
|𝑙𝑙|

⎠

⎟
⎞

 

(A. 76) 

 𝑅𝑅𝐻𝐻𝑆𝑆 = 𝑊𝑊−1 �
−(𝜑𝜑𝑡𝑡ℎ|𝑙𝑙|!𝜋𝜋)

1
|𝑙𝑙|

2
1
|𝑙𝑙|𝐸𝐸0

1
|𝑙𝑙||𝑙𝑙|

�
(|𝑙𝑙| + 1)|𝑙𝑙|2𝐸𝐸0
𝜑𝜑𝑡𝑡ℎ|𝑙𝑙|!𝜋𝜋𝑒𝑒|𝑙𝑙|+1�

1
|𝑙𝑙|
� (A. 77) 
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𝑅𝑅𝐻𝐻𝑆𝑆 = 𝑊𝑊−1 �

−(𝜑𝜑𝑡𝑡ℎ|𝑙𝑙|!𝜋𝜋)
1
|𝑙𝑙|

2
1
|𝑙𝑙|𝐸𝐸0

1
|𝑙𝑙||𝑙𝑙|

×
(|𝑙𝑙| + 1)2

1
|𝑙𝑙|𝐸𝐸0

1
|𝑙𝑙|

(𝜑𝜑𝑡𝑡ℎ|𝑙𝑙|!𝜋𝜋)
1
|𝑙𝑙| 1+ 1

|𝑙𝑙|
� 

 

(A. 78) 

 
𝑅𝑅𝐻𝐻𝑆𝑆 = 𝑊𝑊−1 �

(|𝑙𝑙| + 1)

−|𝑙𝑙|𝑒𝑒1+
1
|𝑙𝑙|
� 

 

(A. 79) 

Setting LHS = RHS: 

 

−2𝜌𝜌𝑒𝑒𝑚𝑚𝑚𝑚2 𝜑𝜑𝑡𝑡ℎ|𝑙𝑙|!𝜋𝜋𝑒𝑒|𝑙𝑙|+1

|𝑙𝑙|(|𝑙𝑙| + 1)|𝑙𝑙|2𝐸𝐸0
= 𝑊𝑊−1 �

(|𝑙𝑙| + 1)

−|𝑙𝑙|𝑒𝑒1+
1
|𝑙𝑙|
� 

 

(A. 80) 

 
𝜑𝜑𝑡𝑡ℎ =

−|𝑙𝑙|(|𝑙𝑙| + 1)|𝑙𝑙|

|𝑙𝑙|!𝜋𝜋𝑒𝑒|𝑙𝑙|+1 𝑊𝑊−1 �
(|𝑙𝑙| + 1)

−|𝑙𝑙|𝑒𝑒1+
1
|𝑙𝑙|
�

𝐸𝐸0
𝜌𝜌𝑒𝑒𝑚𝑚𝑚𝑚2  

 

(A. 81) 

This equation gives the damage threshold as a function of the maximum damage radius 𝜌𝜌𝑒𝑒𝑚𝑚𝑚𝑚, for 

a given power 𝐸𝐸0 and vortex charge 𝑙𝑙, allowing calculation of the ablation threshold from 

measurement of 𝜌𝜌𝑒𝑒𝑚𝑚𝑚𝑚. 

Simplifications of this formula for vortex beams of order 𝒍𝒍 =  𝟏𝟏 𝐭𝐭𝐭𝐭 𝟓𝟓 are shown below: 

 Vortex 1st Order (𝒍𝒍 = 𝟏𝟏,−𝟏𝟏):     𝝋𝝋𝒕𝒕𝒕𝒕 ≈ 𝟎𝟎.𝟏𝟏𝟏𝟏𝟏𝟏𝟏𝟏 𝑬𝑬𝟎𝟎
𝝆𝝆𝒕𝒕𝒎𝒎𝒎𝒎𝟏𝟏  (A. 82) 

 Vortex 2nd Order (𝒍𝒍 = 𝟏𝟏,−𝟏𝟏):     𝝋𝝋𝒕𝒕𝒕𝒕 ≈ 𝟎𝟎.𝟏𝟏𝟏𝟏𝟏𝟏𝟐𝟐 𝑬𝑬𝟎𝟎
𝝆𝝆𝒕𝒕𝒎𝒎𝒎𝒎𝟏𝟏  (A. 83) 

 Vortex 3rd Order (𝒍𝒍 = 𝟏𝟏,−𝟏𝟏):     𝝋𝝋𝒕𝒕𝒕𝒕 ≈ 𝟎𝟎.𝟏𝟏𝟐𝟐𝟐𝟐𝟏𝟏 𝑬𝑬𝟎𝟎
𝝆𝝆𝒕𝒕𝒎𝒎𝒎𝒎𝟏𝟏  (A. 84) 

 Vortex 4th Order (𝒍𝒍 = 𝟐𝟐,−𝟐𝟐):     𝝋𝝋𝒕𝒕𝒕𝒕 ≈ 𝟎𝟎.𝟏𝟏𝟏𝟏𝟐𝟐𝟏𝟏 𝑬𝑬𝟎𝟎
𝝆𝝆𝒕𝒕𝒎𝒎𝒎𝒎𝟏𝟏  (A. 85) 

 Vortex 5th Order (𝒍𝒍 = 𝟓𝟓,−𝟓𝟓):     𝝋𝝋𝒕𝒕𝒕𝒕 ≈ 𝟎𝟎.𝟏𝟏𝟎𝟎𝟑𝟑𝟐𝟐 𝑬𝑬𝟎𝟎
𝝆𝝆𝒕𝒕𝒎𝒎𝒎𝒎𝟏𝟏  (A. 86) 
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These have a similar form to the equivalent expression for a Gaussian beam (Samad and Vieira, 

2006): 

 Gaussian:      𝜑𝜑𝑡𝑡ℎ ≈ 0.1171 𝐸𝐸0
𝜌𝜌𝑚𝑚𝑚𝑚𝑚𝑚
2  (A. 87) 

 

A.6 Limitations of the Lambert Omega function 

The non-principal branch of the Lambert Omega function W−1(x) used to calculate 𝜌𝜌𝑜𝑜𝑢𝑢𝑡𝑡,𝑒𝑒𝑚𝑚𝑚𝑚, is 

defined for real variables only when 0 ≥ 𝑒𝑒 ≥ −1
𝑒𝑒

 . Therefore, to find the limits (in the z-direction) 

of the solution defined in equation (A. 15) we set: 

 0 ≥ 𝐴𝐴𝐵𝐵 ≥
−1
𝑒𝑒

 (A. 88) 

From the definitions of A and B in equations (A. 8) and (A. 9), it is clear that the inequality 0 ≥ 

AB is true, as 𝜑𝜑𝑡𝑡ℎ, 𝜔𝜔(𝜕𝜕), and 𝐸𝐸0 are physical parameters with positive, real values. Now we 

consider only the inequality AB ≥ −1 . Substituting in equations (A. 8) and (A. 9) for A and B we 

get: 

 

⎝

⎜
⎜
⎜
⎜
⎛𝜑𝜑𝑡𝑡ℎ|𝑙𝑙|!�𝜔𝜔0�1 + 𝜕𝜕2𝜆𝜆2

𝜋𝜋2𝜔𝜔04
�

2(|𝑙𝑙|+1)

2|𝑙𝑙|+1𝐸𝐸0

⎠

⎟
⎟
⎟
⎟
⎞

1
|𝑙𝑙|

×
−2

|𝑙𝑙|�𝜔𝜔0�1 + 𝜕𝜕2𝜆𝜆2
𝜋𝜋2𝜔𝜔04

�

2 ≥
−1
𝑒𝑒

 (A. 89) 

 
−(𝜑𝜑𝑡𝑡ℎ|𝑙𝑙|!π)

1
|𝑙𝑙| �𝜔𝜔0

2 + 𝜕𝜕2𝜆𝜆2
𝜋𝜋2𝜔𝜔02

�
1+ 1

|𝑙𝑙|

21+
1
|𝑙𝑙|𝐸𝐸0

1
|𝑙𝑙|

×
−2

|𝑙𝑙| �𝜔𝜔02 + 𝜕𝜕2𝜆𝜆2
𝜋𝜋2𝜔𝜔04

�
≥
−1
𝑒𝑒

 (A. 90) 

 
−(𝜑𝜑𝑡𝑡ℎ|𝑙𝑙|!𝜋𝜋)

1
|𝑙𝑙| �𝜔𝜔0

2 + 𝜕𝜕2𝜆𝜆2
𝜋𝜋2𝜔𝜔02

�
1
|𝑙𝑙|

|𝑙𝑙|2
1
|𝑙𝑙|𝐸𝐸0

1
|𝑙𝑙|

≥
−1
𝑒𝑒

 (A. 91) 

 
(𝜑𝜑𝑡𝑡ℎ|𝑙𝑙|!𝜋𝜋) �𝜔𝜔0

2 + 𝜕𝜕2𝜆𝜆2
𝜋𝜋2𝜔𝜔02

�

|𝑙𝑙||𝑙𝑙|2𝐸𝐸0
≤
−1
𝑒𝑒

 (A. 92) 
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𝜕𝜕2𝜆𝜆2

𝜋𝜋2𝜔𝜔02
≤

|𝑙𝑙||𝑙𝑙|2𝐸𝐸0
𝜑𝜑𝑡𝑡ℎ|𝑙𝑙|!𝜋𝜋𝑒𝑒|𝑙𝑙| −𝜔𝜔0

2 (A. 93) 

 𝜕𝜕2 ≤
𝜋𝜋2𝜔𝜔0

2

𝜆𝜆2
�

|𝑙𝑙||𝑙𝑙|2𝐸𝐸0
𝜑𝜑𝑡𝑡ℎ|𝑙𝑙|!π𝑒𝑒|𝑙𝑙| − 𝜔𝜔0

2� (A. 94) 

Therefore: 

 𝜕𝜕𝑙𝑙𝑚𝑚𝑒𝑒 ≤
𝜋𝜋𝜔𝜔0

𝜆𝜆
�

|𝑙𝑙||𝑙𝑙|2𝐸𝐸0
𝜑𝜑𝑡𝑡ℎ|𝑙𝑙|!𝜋𝜋𝑒𝑒|𝑙𝑙| − 𝜔𝜔02 (A. 95) 

And 

 −|𝜕𝜕𝑙𝑙𝑚𝑚𝑒𝑒| ≤ 𝜕𝜕 ≤ |𝜕𝜕𝑙𝑙𝑚𝑚𝑒𝑒| (A. 96) 

This expression describes the minimum and maximum z-values that are defined using the Lambert 

Omega function. In order for equation (A. 81) to be usable, we need to know when it is valid (i.e. 

when it is defined using the Lambert Omega function). For it to be valid, 𝜌𝜌𝑒𝑒𝑚𝑚𝑚𝑚 (which is reached 

when 𝜕𝜕 = ±𝜒𝜒) must be defined, leading to the expression: 

 𝜒𝜒 ≤ |𝜕𝜕𝑙𝑙𝑚𝑚𝑒𝑒| (A. 97) 

 

Substituting in equations (A. 62) and (A. 95): 

 �
(|𝑙𝑙| + 1)|𝑙𝑙|2𝜋𝜋𝜔𝜔02𝐸𝐸0
𝜑𝜑𝑡𝑡ℎ|𝑙𝑙|!𝜆𝜆2𝑒𝑒|𝑙𝑙|+1 −

𝜋𝜋2𝜔𝜔04

𝜆𝜆2
≤
𝜋𝜋𝜔𝜔0

𝜆𝜆
�

|𝑙𝑙||𝑙𝑙|2𝐸𝐸0
𝜑𝜑𝑡𝑡ℎ|𝑙𝑙|!𝜋𝜋𝑒𝑒|𝑙𝑙| − 𝜔𝜔02 (A. 98) 

 
(|𝑙𝑙| + 1)|𝑙𝑙|2𝜋𝜋𝜔𝜔0

2𝐸𝐸0
𝜑𝜑𝑡𝑡ℎ|𝑙𝑙|!𝜆𝜆2𝑒𝑒|𝑙𝑙|+1 −

𝜋𝜋2𝜔𝜔0
4

𝜆𝜆2
≤

|𝑙𝑙||𝑙𝑙|2𝜋𝜋𝜔𝜔0
2𝐸𝐸0

𝜑𝜑𝑡𝑡ℎ|𝑙𝑙|! 𝜆𝜆2𝑒𝑒|𝑙𝑙| −
𝜋𝜋2𝜔𝜔0

4

𝜆𝜆2
 (A. 99) 

 
(|𝑙𝑙| + 1)|𝑙𝑙|2𝜋𝜋𝜔𝜔0

2𝐸𝐸0
𝜑𝜑𝑡𝑡ℎ|𝑙𝑙|!𝜆𝜆2𝑒𝑒|𝑙𝑙|+1 ≤

|𝑙𝑙||𝑙𝑙|2𝜋𝜋𝜔𝜔0
2𝐸𝐸0

𝜑𝜑𝑡𝑡ℎ|𝑙𝑙|! 𝜆𝜆2𝑒𝑒|𝑙𝑙| (A. 100) 

 (|𝑙𝑙| + 1)|𝑙𝑙|

𝑒𝑒|𝑙𝑙|+1 ≤
|𝑙𝑙||𝑙𝑙|

𝑒𝑒|𝑙𝑙|  (A. 101) 

 (|𝑙𝑙| + 1)|𝑙𝑙| ≤ |𝑙𝑙||𝑙𝑙|𝑒𝑒 (A. 102) 
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Which is true for the case l = 0. For the nontrivial case l ≠ 0: 

 |𝑙𝑙|𝑙𝑙𝑙𝑙(|𝑙𝑙| + 1) ≤ |𝑙𝑙|𝑙𝑙𝑙𝑙(|𝑙𝑙|) + 1 (A. 103) 

 𝑙𝑙𝑙𝑙(|𝑙𝑙| + 1) ≤ 𝑙𝑙𝑙𝑙(|𝑙𝑙|) +
1
|𝑙𝑙|

 (A. 104) 

 0 ≤ 𝑙𝑙𝑙𝑙(|𝑙𝑙|) − 𝑙𝑙𝑙𝑙(|𝑙𝑙| + 1) +
1
|𝑙𝑙|

 (A. 105) 

We can evaluate equation (A. 105) and see it is correct for small values of 𝑙𝑙 (:). To verify this for 

larger values of 𝑙𝑙 we examine the limits of this expression as 𝑙𝑙 approaches ∞. 

 𝑙𝑙𝑖𝑖𝑚𝑚
𝑙𝑙→∞

�𝑙𝑙𝑙𝑙(|𝑙𝑙|)  −  𝑙𝑙𝑙𝑙(|𝑙𝑙| + 1) +
1
|𝑙𝑙|
� (A. 106) 

 

 

Figure A.3: Graph showing the behaviour of equation (A. 105) for values of 𝑙𝑙 from -5 to 5. 

 

We can separate this expression into two limits: 

 𝑙𝑙𝑖𝑖𝑚𝑚
𝑙𝑙→∞

1
|𝑙𝑙|

 − 𝑙𝑙𝑖𝑖𝑚𝑚
𝑙𝑙→∞

1
|𝑙𝑙|
�𝑙𝑙𝑙𝑙(|𝑙𝑙|)  −  𝑙𝑙𝑙𝑙(|𝑙𝑙| + 1)� (A. 107) 

 𝑙𝑙𝑖𝑖𝑚𝑚
𝑙𝑙→∞

1
|𝑙𝑙|

 = 0 (A. 108) 
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 𝑙𝑙𝑖𝑖𝑚𝑚
𝑙𝑙→∞

1
|𝑙𝑙|
�𝑙𝑙𝑙𝑙(|𝑙𝑙|)  −  𝑙𝑙𝑙𝑙(|𝑙𝑙| + 1)� = 𝑙𝑙𝑖𝑖𝑚𝑚

𝑙𝑙→∞
�𝑙𝑙𝑙𝑙 �

|𝑙𝑙|
|𝑙𝑙| + 1

�� (A. 109) 

 𝑙𝑙𝑖𝑖𝑚𝑚
𝑙𝑙→∞

�𝑙𝑙𝑙𝑙 �
|𝑙𝑙|

|𝑙𝑙| + 1
�� = 0 (A. 110) 

Therefore we can see that: 

 𝑙𝑙𝑖𝑖𝑚𝑚
𝑙𝑙→∞

�𝑙𝑙𝑙𝑙(|𝑙𝑙|)  −  𝑙𝑙𝑙𝑙(|𝑙𝑙| + 1) +
1
|𝑙𝑙|
� = 0 (A. 111) 

This indicates that equation (A. 105) is true for 𝑙𝑙 ≠ 0. Therefore from equations (A. 102) and (A. 

105) we can see that 𝜌𝜌𝑒𝑒𝑚𝑚𝑚𝑚 will always have a definite value according to equation (A. 13) for any 

𝑙𝑙. 

A.7 Pulse superposition 

Having found an expression for the ablation threshold 𝜑𝜑𝑡𝑡ℎ, we would also like to be able to 

determine the number of pulses that correspond to this ablation threshold. For the Gaussian beam 

this has been found by defining pulse superposition 𝑁𝑁 at 𝜕𝜕 = 𝜒𝜒 as the ratio of the sum of the 

intensity of all pulses hitting the sample to the intensity of a single pulse centred at 𝜒𝜒 (Machado 

et al., 2012). Here we extend this definition to an optical vortex beam. 

 

Figure A.4: Graph showing a diagonal scan for a vortex beam. 
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Consider the diagonal scan shown Figure A.4, where a pulse hits the surface centred at (0,𝑦𝑦). The 

intensity created by this pulse at (𝑒𝑒,𝜒𝜒) is given by: 

 𝜑𝜑(𝑒𝑒, 𝑦𝑦, 𝜕𝜕) =
2|𝑙𝑙|+1(𝑒𝑒2 + (𝜒𝜒 − 𝑦𝑦)2)|𝑙𝑙|𝐸𝐸0

|𝑙𝑙|!𝜋𝜋𝜔𝜔(𝜕𝜕)2(|𝑙𝑙|+1) 𝑒𝑒
2�𝑞𝑞2+(𝜒𝜒−𝑦𝑦)2�

𝜔𝜔(𝑧𝑧)2  (A. 112) 

from equation (A. 1), as 𝑟𝑟 = �𝑒𝑒2 + (𝜒𝜒 − 𝑦𝑦)2. At time 𝜑𝜑 = 𝜑𝜑0 a pulse hits the sample at 𝑦𝑦 = 𝜒𝜒, 

generating the intensity 𝜑𝜑(𝑒𝑒,𝜒𝜒, 𝜕𝜕). Here it generates the profile maximum  𝜌𝜌𝑒𝑒𝑚𝑚𝑚𝑚 and is therefore 

located at 𝜕𝜕 = 𝜒𝜒 by definition. Therefore, 𝜑𝜑(𝑒𝑒,𝜒𝜒, 𝜕𝜕) = 𝜑𝜑(𝑒𝑒,𝜒𝜒,𝜒𝜒). 

The next pulse hits after some time 1
𝑓𝑓
, (where f is the repetition rate of the laser in Hz) at which 

point the sample has been displaced by 𝑣𝑣𝑦𝑦
𝑓𝑓

 and 𝑣𝑣𝑧𝑧
𝑓𝑓

 in the 𝑦𝑦 and 𝜕𝜕 direction respectively (where 𝑣𝑣𝑦𝑦 

and 𝑣𝑣𝑧𝑧 are the translational speeds in the y and z directions respectively). 

The intensity at (𝑒𝑒, 𝜒𝜒) generated by the 𝑙𝑙𝑡𝑡ℎ pulse is therefore given by: 

 𝜑𝜑𝑡𝑡0+𝑙𝑙𝑓𝑓
=

2|𝑙𝑙|+1 �𝑒𝑒2 + �𝑙𝑙𝑣𝑣𝑦𝑦 𝜆𝜆⁄ �
2
�

|𝑙𝑙|
𝐸𝐸0

|𝑙𝑙|!𝜋𝜋𝜔𝜔(𝜒𝜒 + (𝑙𝑙𝑣𝑣𝑧𝑧 𝜆𝜆⁄ ))2(|𝑙𝑙|+1) 𝑒𝑒
−2(𝑞𝑞2+�𝑙𝑙𝑣𝑣𝑦𝑦 𝑓𝑓⁄ �2

𝜔𝜔(𝜒𝜒+(𝑙𝑙𝑣𝑣𝑧𝑧 𝑓𝑓⁄ ))2  (A. 113) 

The total intensity accumulated at (𝑒𝑒, 𝜒𝜒), φ𝑡𝑡𝑜𝑜𝑡𝑡 is the sum of all pulses that hit the sample: 

 𝜑𝜑𝑡𝑡𝑜𝑜𝑡𝑡 = � 𝜑𝜑𝑡𝑡0+𝑙𝑙𝑓𝑓

∞

𝑙𝑙=−∞

 (A. 114) 

 𝜑𝜑𝑡𝑡𝑜𝑜𝑡𝑡 = �
2|𝑙𝑙|+1 �𝑒𝑒2 + �𝑙𝑙𝑣𝑣𝑦𝑦 𝜆𝜆⁄ �

2
�

|𝑙𝑙|
𝐸𝐸0

|𝑙𝑙|!𝜋𝜋𝜔𝜔(𝜒𝜒 + (𝑙𝑙𝑣𝑣𝑧𝑧 𝜆𝜆⁄ ))2(|𝑙𝑙|+1) 𝑒𝑒
−2�𝑞𝑞2+�𝑙𝑙𝑣𝑣𝑦𝑦 𝑓𝑓⁄ �2�
𝜔𝜔(𝜒𝜒+(𝑙𝑙𝑣𝑣𝑧𝑧 𝑓𝑓⁄ ))2

∞

𝑙𝑙=−∞

 (A. 115) 

If we assume that the spot size 𝜔𝜔 does not change significantly around 𝜒𝜒 and can be considered 

= 𝜔𝜔(𝜒𝜒), then: 

 𝜑𝜑𝑡𝑡𝑜𝑜𝑡𝑡 =
2|𝑙𝑙|+1𝐸𝐸0

|𝑙𝑙|!𝜋𝜋
× �

�𝑒𝑒2 + �𝑙𝑙𝑣𝑣𝑦𝑦 𝜆𝜆⁄ �
2
�

|𝑙𝑙|

𝜔𝜔(𝜒𝜒)2(|𝑙𝑙|+1) 𝑒𝑒
−2�𝑞𝑞2+�𝑙𝑙𝑣𝑣𝑦𝑦 𝑓𝑓⁄ �2�

𝜔𝜔(𝜒𝜒)2
∞

𝑙𝑙=−∞

 (A. 116) 

From equation (A. 62): 

 𝜒𝜒 =  �
(|𝑙𝑙| + 1)|𝑙𝑙|2𝜋𝜋𝜔𝜔02𝐸𝐸0
𝜑𝜑𝑡𝑡ℎ|𝑙𝑙|!𝜆𝜆2𝑒𝑒|𝑙𝑙|+1 −

𝜋𝜋2𝜔𝜔04

𝜆𝜆2
 (A. 117) 

Substituting this into the expression for beam waist (A. 3) we obtain: 
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 𝜔𝜔(𝜒𝜒) = 𝜔𝜔0 �1 + �
(|𝑙𝑙| + 1)|𝑙𝑙|2𝜋𝜋𝜔𝜔02𝐸𝐸0
𝜑𝜑𝑡𝑡ℎ|𝑙𝑙|!𝜆𝜆2𝑒𝑒|𝑙𝑙|+1 −

𝜋𝜋2𝜔𝜔04

𝜆𝜆2
�

𝜆𝜆2

𝜋𝜋2𝜔𝜔04
 (A. 118) 

 𝜔𝜔(𝜒𝜒) = �
(|𝑙𝑙| + 1)|𝑙𝑙|2𝐸𝐸0
𝜑𝜑𝑡𝑡ℎ|𝑙𝑙|!𝜋𝜋𝑒𝑒|𝑙𝑙|+1  (A. 119) 

From equation (A. 81) we know: 

 𝜑𝜑𝑡𝑡ℎ =
−|𝑙𝑙|(|𝑙𝑙| + 1)|𝑙𝑙|𝐸𝐸0
𝜌𝜌𝑒𝑒𝑚𝑚𝑚𝑚2 |𝑙𝑙|!𝜋𝜋𝑒𝑒|𝑙𝑙|+1 𝑊𝑊−1 �

(|𝑙𝑙| + 1)

−|𝑙𝑙|𝑒𝑒1+
1
|𝑙𝑙|
� (A. 120) 

Substituting equation (A. 81) into equation  (A. 119): 

 𝜔𝜔(𝜒𝜒) = �2𝜌𝜌𝑒𝑒𝑚𝑚𝑚𝑚2

−|𝑙𝑙|
�𝑊𝑊−1 �

(|𝑙𝑙| + 1)

−|𝑙𝑙|𝑒𝑒1+
1
|𝑙𝑙|
��

−1

 (A. 121) 

Let: 

 𝐿𝐿 =
(|𝑙𝑙| + 1)

−|𝑙𝑙|𝑒𝑒1+
1
|𝑙𝑙|

 (A. 122) 

Such that: 

 𝜔𝜔(𝜒𝜒) = �
2𝜌𝜌𝑒𝑒𝑚𝑚𝑚𝑚2

−|𝑙𝑙|𝑊𝑊−1(𝐿𝐿)
 (A. 123) 

Substituting equation (A. 123) into equation (A. 116) 

 𝜑𝜑𝑡𝑡𝑜𝑜𝑡𝑡 =
2|𝑙𝑙|+1𝐸𝐸0

|𝑙𝑙|!𝜋𝜋
× �

�𝑒𝑒2 + �𝑙𝑙𝑣𝑣𝑦𝑦 𝜆𝜆⁄ �
2
�

|𝑙𝑙|

� 2𝜌𝜌𝑒𝑒𝑚𝑚𝑚𝑚2

−|𝑙𝑙|𝑊𝑊−1(𝐿𝐿)�
|𝑙𝑙|+1 × 𝑒𝑒

−2�𝑞𝑞2+�𝑙𝑙𝑣𝑣𝑦𝑦 𝑓𝑓⁄ �2�
2𝜌𝜌𝑚𝑚𝑚𝑚𝑚𝑚

2 (−|𝑙𝑙|𝑊𝑊−1(𝐿𝐿))⁄
∞

𝑙𝑙=−∞

 (A. 124) 

 

𝜑𝜑𝑡𝑡𝑜𝑜𝑡𝑡 =
(−|𝑙𝑙|𝑊𝑊−1(𝐿𝐿))|𝑙𝑙|+1𝐸𝐸0

|𝑙𝑙|!𝜋𝜋𝜌𝜌𝑒𝑒𝑚𝑚𝑚𝑚
2(|𝑙𝑙|+1)

× � �𝑒𝑒2 + �
𝑙𝑙𝑣𝑣𝑦𝑦
𝜆𝜆
�
2
�

|𝑙𝑙|

× 𝑒𝑒
|𝑙𝑙|𝑊𝑊−1(𝐿𝐿)�𝑞𝑞2+�𝑙𝑙𝑣𝑣𝑦𝑦 𝑓𝑓⁄ �2�

𝜌𝜌𝑚𝑚𝑚𝑚𝑚𝑚
2

∞

𝑙𝑙=−∞

 

(A. 125) 
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𝜑𝜑𝑡𝑡𝑜𝑜𝑡𝑡 =
(−|𝑙𝑙|𝑊𝑊−1(𝐿𝐿))|𝑙𝑙|+1𝐸𝐸0

|𝑙𝑙|!𝜋𝜋𝜌𝜌𝑒𝑒𝑚𝑚𝑚𝑚
2(|𝑙𝑙|+1) 𝑒𝑒

|𝑙𝑙|𝑊𝑊−1(𝐿𝐿)𝑞𝑞2
𝜌𝜌𝑚𝑚𝑚𝑚𝑚𝑚
2

× � �𝑒𝑒2 + �
𝑙𝑙𝑣𝑣𝑦𝑦
𝜆𝜆
�
2
�

|𝑙𝑙|

× 𝑒𝑒
|𝑙𝑙|𝑊𝑊−1(𝐿𝐿)�𝑙𝑙𝑣𝑣𝑦𝑦 𝑓𝑓⁄ �2

𝜌𝜌𝑚𝑚𝑚𝑚𝑚𝑚
2

∞

𝑙𝑙=−∞

 

(A. 126) 

To obtain pulse superposition 𝑁𝑁, we normalise 𝜑𝜑𝑡𝑡𝑜𝑜𝑡𝑡 to the intensity 𝜑𝜑0 of a single pulse centred 

at χ. First we must evaluate 𝜑𝜑0 as 𝜑𝜑𝑡𝑡0+𝑛𝑛𝑓𝑓
 when 𝑙𝑙 = 0. Using equation (A. 113): 

 𝜑𝜑0 =
2|𝑙𝑙|+1𝑒𝑒2|𝑙𝑙|𝐸𝐸0

|𝑙𝑙|!𝜋𝜋𝜔𝜔(𝜒𝜒)2(|𝑙𝑙|+1) 𝑒𝑒
−2𝑞𝑞2
𝜔𝜔(𝜒𝜒)2 (A. 127) 

Substituting equation (A. 123) into equation (A. 127): 

 𝜑𝜑0 =
2|𝑙𝑙|+1𝑒𝑒2|𝑙𝑙|𝐸𝐸0

|𝑙𝑙|!𝜋𝜋 � 2𝜌𝜌𝑒𝑒𝑚𝑚𝑚𝑚2

−|𝑙𝑙|𝑊𝑊−1(𝐿𝐿)�
(|𝑙𝑙|+1) 𝑒𝑒

−2𝑞𝑞2

� 2𝜌𝜌𝑚𝑚𝑚𝑚𝑚𝑚
2

−|𝑙𝑙|𝑊𝑊−1(𝐿𝐿)� (A. 128) 

 𝜑𝜑0 =
(−|𝑙𝑙|𝑊𝑊−1(𝐿𝐿))|𝑙𝑙|+1𝑒𝑒2|𝑙𝑙|𝐸𝐸0

|𝑙𝑙|!𝜋𝜋𝜌𝜌𝑒𝑒𝑚𝑚𝑚𝑚
2(|𝑙𝑙|+1) 𝑒𝑒

𝑞𝑞2|𝑙𝑙|𝑊𝑊−1(𝐿𝐿)
𝜌𝜌𝑚𝑚𝑚𝑚𝑚𝑚
2  (A. 129) 

Now setting 𝑁𝑁 = 𝜑𝜑𝑡𝑡𝑜𝑜𝑡𝑡 𝜑𝜑0⁄ , and substituting in equations (A. 126) and (A. 129): 

 𝑁𝑁 =
1
𝑒𝑒2|𝑙𝑙| � �𝑒𝑒2 + �

𝑙𝑙𝑣𝑣𝑦𝑦
𝜆𝜆
�
2
�

|𝑙𝑙|

× 𝑒𝑒|𝑙𝑙|𝑊𝑊−1(𝐿𝐿)�
𝑙𝑙𝑣𝑣𝑦𝑦

𝑓𝑓𝜌𝜌𝑚𝑚𝑚𝑚𝑚𝑚
�
2∞

𝑙𝑙=−∞

 (A. 130) 

 𝑁𝑁 = � �1 + �
𝑙𝑙𝑣𝑣𝑦𝑦
𝜆𝜆𝑒𝑒

�
2
�

|𝑙𝑙|

× 𝑒𝑒|𝑙𝑙|𝑊𝑊−1(𝐿𝐿)�
𝑙𝑙𝑣𝑣𝑦𝑦

𝑓𝑓𝜌𝜌𝑚𝑚𝑚𝑚𝑚𝑚
�
2∞

𝑙𝑙=−∞

 (A. 131) 

Unlike for a Gaussian beam, 𝑁𝑁 clearly varies along the x-axis (length q). 𝜑𝜑𝑡𝑡ℎ is calculated using 

the position 𝜌𝜌𝑒𝑒𝑚𝑚𝑚𝑚 along the x-axis, so to calculate the corresponding 𝑁𝑁 we set 𝑒𝑒 = 𝜌𝜌𝑒𝑒𝑚𝑚𝑚𝑚: 

 𝑁𝑁 = � �1 + �
𝑙𝑙𝑣𝑣𝑦𝑦
𝜆𝜆𝜌𝜌𝑒𝑒𝑚𝑚𝑚𝑚

�
2
�

|𝑙𝑙|

× 𝑒𝑒|𝑙𝑙|𝑊𝑊−1(𝐿𝐿)�
𝑙𝑙𝑣𝑣𝑦𝑦

𝑓𝑓𝜌𝜌𝑚𝑚𝑚𝑚𝑚𝑚
�
2∞

𝑙𝑙=−∞

 (A. 132) 

We can define: 

 𝐻𝐻2 = −𝑊𝑊−1(𝐿𝐿) (A. 133) 

Where 𝐻𝐻 ∈ ℜ, as −𝑊𝑊−1(𝐿𝐿) < 0 for any 𝐿𝐿 ∈  ℜ by definition (Corless et al., 1996). We can also 

define: 
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 𝐾𝐾 =
𝑙𝑙𝑣𝑣𝑦𝑦
𝜆𝜆𝜌𝜌𝑒𝑒𝑚𝑚𝑚𝑚

 (A. 134) 

Where 𝐾𝐾 ∈ ℜ, as 𝑣𝑣𝑦𝑦, 𝜆𝜆, and 𝜌𝜌𝑒𝑒𝑚𝑚𝑚𝑚 are all physical parameters with real positive values. Therefore: 

 𝑁𝑁 = � (1 + 𝐾𝐾2𝑙𝑙2)|𝑙𝑙| × 𝑒𝑒−|𝑙𝑙|𝐻𝐻2𝐾𝐾2𝑙𝑙2
∞

𝑙𝑙=−∞

 (A. 135) 

Unlike for a Gaussian beam, this expression does not have an analytical solution, therefore must 

be summed numerically. For this to result in a finite 𝑁𝑁, we must check the convergence of this 

summation. Firstly, we can write 𝑁𝑁 as the sum of two sums (from equation (A. 135)):  

 𝑁𝑁 = 𝑆𝑆1 + 𝑆𝑆2 (A. 136) 

 𝑆𝑆1 = �(1 + 𝐾𝐾2𝑙𝑙2)|𝑙𝑙| × 𝑒𝑒−|𝑙𝑙|𝐻𝐻2𝐾𝐾2𝑙𝑙2
∞

𝑙𝑙=0

 (A. 137) 

 𝑆𝑆2 = � (1 + 𝐾𝐾2𝑙𝑙2)|𝑙𝑙| × 𝑒𝑒−|𝑙𝑙|𝐻𝐻2𝐾𝐾2𝑙𝑙2
0

𝑙𝑙=−∞

 (A. 138) 

Comparing these pointwise, it is clear that 𝑆𝑆1 = 𝑆𝑆2, therefore we can write: 

 𝑁𝑁 = 2�(1 + 𝐾𝐾2n2)|𝑙𝑙| × 𝑒𝑒−|𝑙𝑙|H2𝐾𝐾2n2
∞

𝑙𝑙=0

 (A. 139) 

Now, let: 

 𝑀𝑀 = 2𝑚𝑚𝑅𝑅𝑒𝑒(𝐾𝐾2, 1) (A. 140) 

Therefore: 

 1 + 𝐾𝐾2𝑙𝑙2 ≤ 𝑀𝑀 +
𝑀𝑀𝑙𝑙2

2
 (A. 141) 

The right hand side of equation (A. 141) resembles the first few terms of the Taylor Expansion 

for 𝑒𝑒𝑙𝑙: 

 𝑒𝑒𝑙𝑙 = �
𝑙𝑙𝑘𝑘

𝑘𝑘!
= 1 + 𝑙𝑙 +

𝑙𝑙2

2!

∞

𝑘𝑘=0

+
𝑙𝑙3

3!
+ ⋯. (A. 142) 

Therefore we can also say: 

 1 + 𝐾𝐾2𝑙𝑙2 ≤ 𝑀𝑀 +
𝑀𝑀𝑙𝑙2

2
≤ 𝑀𝑀𝑒𝑒𝑙𝑙 (A. 143) 
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We can therefore set upper and lower bounds on 𝑁𝑁: 

 0 ≤ 𝑁𝑁 ≤ 𝑁𝑁𝑢𝑢 = 2�(𝑀𝑀𝑒𝑒𝑙𝑙)|𝑙𝑙|𝑒𝑒−|𝑙𝑙|𝐻𝐻2𝐾𝐾2𝑙𝑙2
∞

𝑙𝑙=0

 (A. 144) 

 0 ≤ 𝑁𝑁 ≤ 𝑁𝑁𝑢𝑢 = 2�𝑀𝑀|𝑙𝑙|𝑒𝑒|𝑙𝑙|�𝑙𝑙−𝐻𝐻2𝐾𝐾2𝑙𝑙2�
∞

𝑙𝑙=0

 (A. 145) 

We can see that the expression for the upper bound 𝑁𝑁𝑢𝑢 satisfies the conditions for the integral test 

(namely that it is positive and decreasing), and is therefore convergent, as 𝐻𝐻 ∈ ℜ and 𝐾𝐾 ∈ ℜ. 

Therefore, since 𝑁𝑁𝑢𝑢 > 𝑁𝑁 ≥ 0,  𝑁𝑁 is also convergent according to the limit comparison test (Bartle 

and Sherbert, 2000).  

Because 𝑁𝑁 has a finite sum, we can say that for every 𝜀𝜀 > 0, there exists a natural number 𝑚𝑚 such 

that for all 𝑙𝑙 ≥ 𝑚𝑚, the terms 𝑁𝑁𝑙𝑙 satisfy (𝑁𝑁𝑙𝑙 − 𝑁𝑁) <  𝜀𝜀 (Bartle and Sherbert, 2000).  Therefore: 

 𝑁𝑁 = � (1 + 𝐾𝐾2𝑙𝑙2)|𝑙𝑙|
𝑒𝑒

𝑙𝑙=−𝑒𝑒

𝑒𝑒−|𝑙𝑙|𝐻𝐻2𝐾𝐾2𝑙𝑙2 (A. 146) 

where: 

 𝐾𝐾 =
𝑣𝑣𝑦𝑦

𝜆𝜆𝜌𝜌𝑒𝑒𝑚𝑚𝑚𝑚
 (A. 147) 

 𝐻𝐻2 = −𝑊𝑊−1(𝐿𝐿) = −𝑊𝑊−1 �
|𝑙𝑙| + 1

−|𝑙𝑙|𝑒𝑒1+
1
|𝑙𝑙|
� (A. 148) 

We can again invoke the symmetry of 𝑁𝑁 around 𝑙𝑙 = 0 to write:  

 𝑁𝑁 = 2�(1 + 𝐾𝐾2𝑙𝑙2)|𝑙𝑙|
𝑒𝑒

𝑙𝑙=0

𝑒𝑒−|𝑙𝑙|𝐻𝐻2𝐾𝐾2𝑙𝑙2 (A. 149) 

We can then find an expression for 𝑚𝑚 in terms of 𝜀𝜀: 

 𝜀𝜀 = (1 + 𝐾𝐾2𝑚𝑚2)|𝑙𝑙|𝑒𝑒−|𝑙𝑙|𝐻𝐻2𝐾𝐾2𝑒𝑒2  (A. 150) 

 𝜀𝜀
1
|𝑙𝑙| = (1 + 𝐾𝐾2𝑚𝑚2)|𝑙𝑙|𝑒𝑒−𝐻𝐻2𝐾𝐾2𝑒𝑒2 (A. 151) 

 −𝐻𝐻2𝜀𝜀
1
|𝑙𝑙| = −𝐻𝐻2(1 + 𝐾𝐾2𝑚𝑚2)𝑒𝑒−𝐻𝐻2𝐾𝐾2𝑒𝑒2 (A. 152) 

 −𝐻𝐻2𝜀𝜀
1
|𝑙𝑙|𝑒𝑒−𝐻𝐻2 = −𝐻𝐻2(1 + 𝐾𝐾2𝑚𝑚2)𝑒𝑒−𝐻𝐻2𝐾𝐾2𝑒𝑒2𝑒𝑒−𝐻𝐻2 (A. 153) 
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 −𝐻𝐻2𝜀𝜀
1
|𝑙𝑙|𝑒𝑒−𝐻𝐻2 = −𝐻𝐻2(1 + 𝐾𝐾2𝑚𝑚2)𝑒𝑒−𝐻𝐻2�1+𝐾𝐾2𝑒𝑒2� (A. 154) 

We can now use the Lambert Omega function again to rearrange this: 

 −𝐻𝐻2(1 + 𝐾𝐾2𝑚𝑚2) = 𝑊𝑊−1 �−𝐻𝐻2𝜀𝜀
1
|𝑙𝑙|𝑒𝑒−𝐻𝐻2� (A. 155) 

And rearrange for 𝜀𝜀: 

 
1 + 𝐾𝐾2𝑚𝑚2 =

𝑊𝑊−1 �−𝐻𝐻2𝜀𝜀
1
|𝑙𝑙|𝑒𝑒−𝐻𝐻2�

−𝐻𝐻2  
(A. 156) 

 
𝑚𝑚2 =

𝑊𝑊−1 �−𝐻𝐻2𝜀𝜀
1
|𝑙𝑙|𝑒𝑒−𝐻𝐻2�

−𝐻𝐻2𝐾𝐾2 −
1
𝐾𝐾2 

(A. 157) 

 
𝑚𝑚 =

�𝑊𝑊−1 �−𝐻𝐻2𝜀𝜀
1
|𝑙𝑙|𝑒𝑒−𝐻𝐻2�

−𝐻𝐻2𝐾𝐾2 −
1
𝐾𝐾2 

(A. 158) 

This allows us to calculate 𝑁𝑁 to arbitrary precision by choosing an arbitrarily small 𝜀𝜀, calculating 

𝑚𝑚 using equation (A. 158), and evaluating equation (A. 149) numerically. 

A.8 Conclusions 

We have presented a formalism of the diagonal scan method for determining the ablation threshold 

and pulse superposition for femtosecond vortex pulses. To the author's knowledge this is the first 

ablation threshold technique developed for pulses with non-Gaussian spatial profiles. 

The method allows calculation of the ablation threshold from the measurement of a single feature, 

allowing investigations of ablation threshold and incubation effects to be carried out promptly. 

The extension of the method to non-Gaussian beams will allow new avenues of research to be 

explored, enabling characterisation of the ablation threshold and incubation behaviour for a 

material with 

femtosecond vortex pulses. 



Appendix A: Theoretical basis of the diagonal scan method for determining the laser ablation threshold for 
femtosecond vortex pulses 

204 

A.9 Acknowledgements 

The authors acknowledge financial support from the New Zealand Ministry of Business, 

Innovation and Employment Grants UOAX1202 (Laser Microfabrication and Micromachining) 

and UOAX1416 (Tailored Beam Shapes for Fast, Efficient and Precise Femtosecond Laser 

Micromachining), and would like to thank Mr. Andy (Xindi) Wang for assistance with real 

analysis calculations.



References 

205 

REFERENCES 
 

 

ABOUZGIA, M. B. & JAMES, D. F. 1997. Temperature rise during drilling through bone. Int J 
Oral Maxillofac Implants, 12, 342-53. 

AERSSENS, J., BOONEN, S., LOWET, G. & DEQUEKER, J. 1998. Interspecies differences in 
bone composition, density, and quality: Potential implications for in vivo bone research. 
Endocrinology, 139, 663-670. 

AFANASYEV, Y. V., KROKHIN, O. N. & SKLIZKOV, G. V. 1966. IEEE J. of Quantum 
Electronics. QE-2. 

ALLAHYARI, E., JJ NIVAS, J., CARDANO, F., BRUZZESE, R., FITTIPALDI, R., 
MARRUCCI, L., PAPARO, D., RUBANO, A., VECCHIONE, A. & AMORUSO, S. 
2018. Simple method for the characterization of intense Laguerre-Gauss vector vortex 
beams. Applied Physics Letters, 112, 211103. 

ALLAN, W., WILLIAMS, E. D. & KERAWALA, C. J. 2005. Effects of repeated drill use on 
temperature of bone during preparation for osteosynthesis self-tapping screws. Br J Oral 
Maxillofac Surg, 43, 314-9. 

ALVES, S., OLIVEIRA, V. & VILAR, R. 2012. Femtosecond laser ablation of dentin. Journal 
of Physics D: Applied Physics, 45, 245401. 

AMAKO, J., SAWAKI, D. & FUJII, E. 2003. Microstructuring transparent materials by use of 
nondiffracting ultrashort pulse beams generated by diffractive optics. Journal of the 
Optical Society of America B-Optical Physics, 20, 2562-2568. 

AMINZADEH, A., SHAHABI, S. & WALSH, L. 2002. FT-Raman Spectroscopic Studies of 
Nd/YAG Laser Irradiated Human Dental Enamel. Iranian Journal of Chemistry and 
Chemical Engineering (IJCCE), 21, 44-46. 

ANCONA, A., DÖRING, S., JAUREGUI, C., RÖSER, F., LIMPERT, J., NOLTE, S. & 
TÜNNERMANN, A. 2009. Femtosecond and picosecond laser drilling of metals at high 
repetition rates and average powers. Optics letters, 34, 3304-3306. 

ANISIMOV, S., KAPELIOVICH, B. & PERELMAN, T. 1974a. Electron emission from metal 
surfaces exposed to ultrashort laser pulses. Zh. Eksp. Teor. Fiz, 66, 375-377. 

ANISIMOV, S. I., KAPELIOVICH, B. L. & PEREL'MAN, T. L. 1974b. Electron emission from 
the metal surfaces induced by ultrashort lasers pulses. Zhurnal Ehksperimental'noj i 
Teoreticheskoj Fiziki, 66, 776-781. 

ANOOP, K. K., FITTIPALDI, R., RUBANO, A., WANG, X., PAPARO, D., VECCHIONE, A., 
MARRUCCI, L., BRUZZESE, R. & AMORUSO, S. 2014a. Direct femtosecond laser 
ablation of copper with an optical vortex beam. 116, 113102. 

ANOOP, K. K., RUBANO, A., FITTIPALDI, R., WANG, X., PAPARO, D., VECCHIONE, A., 
MARRUCCI, L., BRUZZESE, R. & AMORUSO, S. 2014b. Femtosecond laser surface 
structuring of silicon using optical vortex beams generated by a q-plate. 104, 241604. 



References 

206 

ARLT, J. & DHOLAKIA, K. 2000. Generation of high-order Bessel beams by use of an axicon. 
Optics Communications, 177, 297-301. 

ASHKENASI, D., LORENZ, M., STOIAN, R. & ROSENFELD, A. 1999. Surface damage 
threshold and structuring of dielectrics using femtosecond laser pulses: the role of 
incubation. Applied Surface Science, 150, 101-106. 

ASHKENASI, D., STOIAN, R. & ROSENFELD, A. 2000. Single and multiple ultrashort laser 
pulse ablation threshold of Al2O3 (corundum) at different etch phases. Applied Surface 
Science, 154-155, 40-46. 

ATTRILL, D., DAVIES, R., KING, T., DICKINSON, M. & BLINKHORN, A. 2004. Thermal 
effects of the Er: YAG laser on a simulated dental pulp: a quantitative evaluation of the 
effects of a water spray. Journal of dentistry, 32, 35-40. 

BACHMANN, L., ROSA, K., DA ANA, P., ZEZELL, D., CRAIEVICH, A. & KELLERMANN, 
G. 2008. Crystalline structure of human enamel irradiated with Er, Cr: YSGG laser. Laser 
Physics Letters, 6, 159. 

BAGI, C. M., BERRYMAN, E. & MOALLI, M. R. 2011. Comparative Bone Anatomy of 
Commonly Used Laboratory Animals: Implications for Drug Discovery. Comparative 
Medicine, 61, 76-85. 

BALLING, P. & SCHOU, J. 2013. Femtosecond-laser ablation dynamics of dielectrics: basics 
and applications for thin films. Reports on Progress in Physics, 76. 

BARTLE, R. G. & SHERBERT, D. R. 2000. Introduction to Real Analysis. 3rd Edition ed.: John 
Wiley & Sons Inc. 

BAUDACH, S., BONSE, J. & KRAUTEK, W. 1999. Ablation experiments on polyimide with 
femtosecond laser pulses. Applied Physics a-Materials Science & Processing, 69, S395-
S398. 

BÄUERLE, D. 2013. Laser processing and chemistry, Springer Science & Business Media. 
BEIJERSBERGEN, M. W., COERWINKEL, R. P. C., KRISTENSEN, M. & WOERDMAN, J. 

P. 1994. Helical-wavefront laser beams produced with a spiral phaseplate. Optics 
Communications, 112, 321-327. 

BELLO-SILVA, M. S., WEHNER, M., DE PAULA EDUARDO, C., LAMPERT, F., 
POPRAWE, R., HERMANS, M. & ESTEVES-OLIVEIRA, M. J. L. I. M. S. 2013. Precise 
ablation of dental hard tissues with ultra-short pulsed lasers. Preliminary exploratory 
investigation on adequate laser parameters. 28, 171-184. 

BHUYAN, M. K., COURVOISIER, F., LACOURT, P. A., JACQUOT, M., FURFARO, L., 
WITHFORD, M. J. & DUDLEY, J. M. 2010a. High aspect ratio taper-free microchannel 
fabrication using femtosecond Bessel beams. Optics Express, 18, 566-574. 

BHUYAN, M. K., COURVOISIER, F., LACOURT, P. A., JACQUOT, M., SALUT, R., 
FURFARO, L. & DUDLEY, J. M. 2010b. High aspect ratio nanochannel machining using 
single shot femtosecond Bessel beams. Applied Physics Letters, 97, 081102. 

BHUYAN, M. K., VELPULA, P. K., COLOMBIER, J. P., OLIVIER, T., FAURE, N. & STOIAN, 
R. 2014. Single-shot high aspect ratio bulk nanostructuring of fused silica using chirp-
controlled ultrafast laser Bessel beams. Applied Physics Letters, 104, 021107. 



References 

207 

BONSE, J., BAUDACH, S., KRÜGER, J., KAUTEK, W. & LENZNER, M. 2002. Femtosecond 
laser ablation of silicon–modification thresholds and morphology. Applied Physics A, 74, 
19-25. 

BONSE, J., WROBEL, J. M., KRUGER, J. & KAUTEK, W. 2001. Ultrashort-pulse laser ablation 
of indium phosphide in air. Applied Physics a-Materials Science & Processing, 72, 89-94. 

BOUCHAL, Z., WAGNER, J. & CHLUP, M. 1998. Self-reconstruction of a distorted 
nondiffracting beam. Optics Communications, 151, 207-211. 

BOYNE, P. J. 1966. Histologic response of bone to sectioning by high-speed rotary instruments. 
J Dent Res, 45, 270-6. 

BRAUN, A., KORN, G., LIU, X., DU, D., SQUIER, J. & MOUROU, G. 1995. Self-channeling 
of high-peak-power femtosecond laser pulses in air. Optics Letters, 20, 73-75. 

BREITLING, D., RUF, A. & DAUSINGER, F. Fundamental aspects in machining of metals with 
short and ultrashort laser pulses.  Lasers and Applications in Science and Engineering, 
2004. SPIE, 15. 

BULGAKOVA, N. M., STOIAN, R., ROSENFELD, A., HERTEL, I., MARINE, W. & 
CAMPBELL, E. 2005. A general continuum approach to describe fast electronic transport 
in pulsed laser irradiated materials: The problem of Coulomb explosion. Applied physics 
A, 81, 345-356. 

BULGAKOVA, N. M., STOIAN, R., ROSENFELD, A., HERTEL, I. V. & CAMPBELL, E. E. 
B. 2004. Electronic transport and consequences for material removal in ultrafast pulsed 
laser ablation of materials. Physical Review B, 69, 054102. 

BYSKOV-NIELSEN, J., SAVOLAINEN, J.-M., CHRISTENSEN, M. S. & BALLING, P. 2011. 
Ultra-short pulse laser ablation of copper, silver and tungsten: experimental data and two-
temperature model simulations. Applied Physics A, 103, 447-453. 

BYSKOV-NIELSEN, J., SAVOLAINEN, J. M., CHRISTENSEN, M. S. & BALLING, P. 2010. 
Ultra-short pulse laser ablation of metals: threshold fluence, incubation coefficient and 
ablation rates. Applied Physics a-Materials Science & Processing, 101, 97-101. 

CAMERLINGO, C., LEPORE, M., GAETA, G. M., RICCIO, R., RICCIO, C., DE ROSA, A. & 
DE ROSA, M. 2004. Er: YAG laser treatments on dentine surface: micro-Raman 
spectroscopy and SEM analysis. Journal of dentistry, 32, 399-405. 

CAMPBELL, C. J., NOYORI, K. S., RITTLER, M. C. & KOESTER, C. J. 1963. Intraocular 
temperature changes produced by laser coagulation. Acta Ophthalmologica, 41, 22-31. 

CANGUEIRO, L. T. 2017. Ultrafast laser tissue cutting and removal for applications in 
orthopaedic surgery. PhD Degree in Materials Engineering, Universidade de Lisboa 
Instituto Superior Tecnico. 

CANGUEIRO, L. T., VILAR, R., BOTELHO DO REGO, A. M. & MURALHA, V. S. F. 2012. 
Femtosecond laser ablation of bovine cortical bone. Journal of Biomedical Optics, 17, 
125005-125005. 

CHEN, J. & BERAUN, J. 2001. Numerical study of ultrashort laser pulse interactions with metal 
films. Numerical Heat Transfer: Part A: Applications, 40, 1-20. 

CHENG, J., LIU, C.-S., SHANG, S., LIU, D., PERRIE, W., DEARDEN, G. & WATKINS, K. 
2013. A review of ultrafast laser materials micromachining. Optics & Laser Technology, 
46, 88-102. 



References 

208 

CHENG, J., PERRIE, W., SHARP, M., EDWARDSON, S. P., SEMALTIANOS, N. G., 
DEARDEN, G. & WATKINS, K. G. 2009. Single-pulse drilling study on Au, Al and Ti 
alloy by using a picosecond laser. Applied Physics a-Materials Science & Processing, 95, 
739-746. 

CHICHKOV, B. N., MOMMA, C., NOLTE, S., VON ALVENSLEBEN, F. & TÜNNERMANN, 
A. 1996. Femtosecond, picosecond and nanosecond laser ablation of solids. Applied 
Physics A, 63, 109-115. 

CLOUTIER, M., GIRARD, B., PEEL, S. A. F., WILSON, D., SÁNDOR, G. K. B., CLOKIE, C. 
M. L. & MILLER, D. 2010. Calvarial bone wound healing: a comparison between carbide 
and diamond drills, Er:YAG and Femtosecond lasers with or without BMP-7. Oral 
Surgery, Oral Medicine, Oral Pathology, Oral Radiology, and Endodontology, 110, 720-
728. 

COLLINS, A., ROSTOHAR, D., PRIETO, C., CHAN, Y. K. & O'CONNOR, G. M. 2014. Laser 
scribing of thin dielectrics with polarised ultrashort pulses. Optics and Lasers in 
Engineering, 60, 18-24. 

COLOMBIER, J. P., COMBIS, P., BONNEAU, F., LE HARZIC, R. & AUDOUARD, E. 2005. 
Hydrodynamic simulations of metal ablation by femtosecond laser irradiation. Physical 
Review B, 71, 165406. 

CORLESS, R. M., GONNET, G. H., HARE, D. E. G., JEFFREY, D. J. & KNUTH, D. E. J. A. I. 
C. M. 1996. On the LambertW function. 5, 329-359. 

COURVOISIER, F., LACOURT, P. A., JACQUOT, M., BHUYAN, M. K., FURFARO, L. & 
DUDLEY, J. M. 2009. Surface nanoprocessing with nondiffracting femtosecond Bessel 
beams. Optics Letters, 34, 3163-3165. 

DAENGNGAM, C., KANDAS, I., ASHRY, I., WANG, A. B., HEFLIN, J. R. & XU, Y. 2015. 
Fabrication and characterization of periodically patterned silica fiber structures for 
enhanced second-order nonlinearity. Optics Express, 23, 8113-8127. 

DAMINELLI, G., KRUGER, J. & KAUTEK, W. 2004. Femtosecond laser interaction with 
silicon under water confinement. Thin Solid Films, 467, 334-341. 

DAUSINGER, F. Femtosecond technology for precision manufacturing: fundamental and 
technical aspects.  LAMP 2002: International Congress on Laser Advanced Materials 
Processing, 2003. SPIE, 8. 

DAVIDSON, S. R. & JAMES, D. F. 2000. Measurement of thermal conductivity of bovine 
cortical bone. Medical engineering & physics, 22, 741-747. 

DE ROSSI, W., MACHADO, L. M., VIEIRA, N. D., JR. & SAMAD, R. E. 2012. D-Scan 
Measurement of the Ablation Threshold and Incubation Parameter of Optical Materials in 
the Ultrafast Regime. Physics Procedia, 39, 642-649. 

DEBORD, B., ALHARBI, M., VINCETTI, L., HUSAKOU, A., FOURCADE-DUTIN, C., 
HOENNINGER, C., MOTTAY, E., GÉRÔME, F. & BENABID, F. 2014. Multi-meter 
fiber-delivery and pulse self-compression of milli-Joule femtosecond laser and fiber-aided 
laser-micromachining. Optics Express, 22, 10735-10746. 

DEBORD, B., GÉRÔME, F., PAUL, P. M., HUSAKOU, A. & BENABID, F. 2.6 mJ energy and 
81 GW peak power femtosecond laser-pulse delivery and spectral broadening in inhibited 
coupling Kagome fiber.  CLEO: 2015, 2015/05/10 2015 San Jose, California. Optical 
Society of America, STh4L.7. 



References 

209 

DEMARIA, A., STETSER, D. & HEYNAU, H. 1966. Self mode‐locking of lasers with 
saturable absorbers. Applied Physics Letters, 8, 174-176. 

DI NISO, F., GAUDIUSO, C., SIBILLANO, T., MEZZAPESA, F. P., ANCONA, A. & 
LUGARA, P. M. 2014a. Role of heat accumulation on the incubation effect in multi-shot 
laser ablation of stainless steel at high repetition rates. Optics Express, 22, 12200-12210. 

DI NISO, F., GAUDIUSO, C., SIBILLANO, T., MEZZAPESA, F. P., ANCONA, A. & 
LUGARÀ, P. M. 2014b. Role of heat accumulation on the incubation effect in multi-shot 
laser ablation of stainless steel at high repetition rates. Optics Express, 22, 12200-12210. 

DORRONSORO, C., SIEGEL, J., REMON, L. & MARCOS, S. 2008. Suitability of Filofocon A 
and PMMA for experimental models in excimer laser ablation refractive surgery. Optics 
Express, 16, 20955-20967. 

DUOCASTELLA, M. & ARNOLD, C. B. 2012. Bessel and annular beams for materials 
processing. Laser & Photonics Reviews, 6, 607-621. 

DURNIN, J. 1987. Exact-Solutions for Nondiffracting Beams .1. The Scalar Theory. Journal of 
the Optical Society of America a-Optics Image Science and Vision, 4, 651-654. 

DURNIN, J., MICELI, J. J. & EBERLY, J. H. 1987. Diffraction-Free Beams. Physical Review 
Letters, 58, 1499-1501. 

EIDMANN, K., MEYER-TER-VEHN, J., SCHLEGEL, T. & HÜLLER, S. 2000. Hydrodynamic 
simulation of subpicosecond laser interaction with solid-density matter. Physical Review 
E, 62, 1202-1214. 

EINHORN, T. A. 1995. Enhancement of fracture-healing. 77, 940-956. 
EINSTEIN, A. 1916. Strahlungs-emission und-absorption nach der Quantentheorie. Verh. 

Deutsch. Phys. Gesell., 18, 318-323. 
EINSTEIN, A. 1917. Zur quantentheorie der strahlung. Phys. Z., 18, 121-128. 
EMIGH, B., AN, R., HSU, E. M., CRAWFORD, T. H., HAUGEN, H. K., WOHL, G. R., 

HAYWARD, J. E. & FANG, Q. 2012. Porcine cortical bone ablation by ultrashort pulsed 
laser irradiation. J Biomed Opt, 17, 028001. 

EMMELMANN, C. & URBINA, J. P. C. 2011. Analysis of the Influence of Burst-Mode Laser 
Ablation by Modern Quality Tools. Physics Procedia, 12, 172-181. 

ENGLERT, L., RETHFELD, B., HAAG, L., WOLLENHAUPT, M., SARPE-TUDORAN, C. & 
BAUMERT, T. 2007. Control of ionization processes in high band gap materials via 
tailored femtosecond pulses. Optics Express, 15, 17855-17862. 

ERIKSSON 1984. The effect of heat on bone regeneration: an experimental study in the rabbit 
using the bone growth chamber. Journal of Oral and Maxillofacial Surgery, 42, 705-711. 

ERIKSSON, R. A., ALBREKTSSON, T. & MAGNUSSON, B. 1984. Assessment of bone 
viability after heat trauma. A histological, histochemical and vital microscopic study in 
the rabbit. Scand J Plast Reconstr Surg, 18, 261-8. 

EUGÉNIO, S., SIVAKUMAR, M., VILAR, R. & REGO, A. M. 2005. Characterisation of dentin 
surfaces processed with KrF excimer laser radiation. Biomaterials, 26, 6780-6787. 

FAHRBACH, F. O., SIMON, P. & ROHRBACH, A. 2010. Microscopy with self-reconstructing 
beams. Nature Photonics, 4, 780-785. 



References 

210 

FANG, J. & CAO, Q. Throughput enhancement in femtosecond laser ablation of silicon by N-
type doping.  Frontiers in Optics 2014, 2014/10/19 2014 Tucson, Arizona. Optical Society 
of America, FW4A.6. 

FANG, R., VOROBYEV, A. & GUO, C. 2017. Direct visualization of the complete evolution of 
femtosecond laser-induced surface structural dynamics of metals. Light: Science & 
Applications, 6, e16256. 

FANG, R., ZHANG, D., WEI, H., LI, Z., YANG, F. & GAO, Y. 2010. Improved two-temperature 
model and its application in femtosecond laser ablation of metal target. Laser and Particle 
Beams, 28, 157-164. 

FEDOROV, M. V. 2016. L. V. Keldysh’s “Ionization in the Field of a Strong Electromagnetic 
Wave” and modern physics of atomic interaction with a strong laser field. Journal of 
Experimental and Theoretical Physics, 122, 449-455. 

FIROOZBAKHSH, K., MONEIM, M. S., MIKOLA, E. & HALTOM, S. 2003. Heat generation 
during ulnar osteotomy with microsagittal saw blades. Iowa Orthop J, 23, 46-50. 

FREITAS, A. Z., FRESCHI, L. R., SAMAD, R. E., ZEZELL, D. M., GOUW-SOARES, S. C. & 
VIEIRA, N. D., JR. 2010. Determination of ablation threshold for composite resins and 
amalgam irradiated with femtosecond laser pulses. Laser Physics Letters, 7, 236-241. 

FUJITA, M., OHKAWA, H., SOMEKAWA, T., OTSUKA, M., MAEDA, Y., MATSUTANI, T. 
& MIYANAGA, N. 2016. Wavelength and pulsewidth dependences of laser processing 
of CFRP. Physics Procedia, 83, 1031-1036. 

GAMALY, E. G. 2011. The physics of ultra-short laser interaction with solids at non-relativistic 
intensities. Physics Reports-Review Section of Physics Letters, 508, 91-243. 

GAMALY, E. G. & RODE, A. V. 2013. Physics of ultra-short laser interaction with matter: From 
phonon excitation to ultimate transformations. Progress in Quantum Electronics, 37, 215-
323. 

GAMALY, E. G., RODE, A. V., LUTHER-DAVIES, B. & TIKHONCHUK, V. T. 2002. Ablation 
of solids by femtosecond lasers: Ablation mechanism and ablation thresholds for metals 
and dielectrics. Physics of plasmas, 9, 949-957. 

GERALDO-MARTINS, V. R., TANJI, E. Y., WETTER, N. U., NOGUEIRA, R. D. & 
EDUARDO, C. P. 2005. Intrapulpal temperature during preparation with the Er: YAG 
laser: an in vitro study. Photomedicine and Laser Therapy, 23, 182-186. 

GIRARD, B., CLOUTIER, M., WILSON, D. J., CLOKIE, C. M. L., MILLER, R. J. D. & 
WILSON, B. C. 2007a. Microtomographic analysis of healing of femtosecond laser bone 
calvarial wounds compared to mechanical instruments in mice with and without 
application of BMP-7. Lasers in Surgery and Medicine, 39, 458-467. 

GIRARD, B., YU, D., ARMSTRONG, M. R., WILSON, B. C., CLOKIE, C. M. L. & MILLER, 
R. J. D. 2007b. Effects of femtosecond laser irradiation on osseous tissues. Lasers in 
Surgery and Medicine, 39, 273-285. 

GISSIBL, T., THIELE, S., HERKOMMER, A. & GIESSEN, H. 2016. Two-photon direct laser 
writing of ultracompact multi-lens objectives. Nature Photonics, 10, 554. 

GOLDMAN, L., HORNBY, P., MEYER, R. & GOLDMAN, B. 1964. Impact of the laser on 
dental caries. Nature, 203, 417. 



References 

211 

GOMEZ, D. & GOENAGA, I. 2006. On the incubation effect on two thermoplastics when 
irradiated with ultrashort laser pulses: Broadening effects when machining microchannels. 
Applied Surface Science, 253, 2230-2236. 

GRAY, H. 1985. Anatomy of the human body, Philadelphia, Philadelphia : Lea & Febiger 1985. 
GROJO, D., MOUSKEFTARAS, A., DELAPORTE, P. & LEI, S. 2015. Limitations to laser 

machining of silicon using femtosecond micro-Bessel beams in the infrared. Journal of 
Applied Physics, 117, 153105. 

H. W. WEVERS, E. E. A. T. D. V. C. 1987. Orthopaedic saw blades: A case study. Journal of 
Arthroplasty, 43 - 46. 

HICKS, J. M., SINGLA, A., SHEN, F. H. & ARLET, V. 2010. Complications of pedicle screw 
fixation in scoliosis surgery: a systematic review. Spine (Phila Pa 1976), 35, E465-70. 

HIRAYAMA, Y. & OBARA, M. 2005. Heat-affected zone and ablation rate of copper ablated 
with femtosecond laser. Journal of Applied Physics, 97, 064903. 

HNATOVSKY, C., SHVEDOV, V. G., KROLIKOWSKI, W. & RODE, A. V. 2010a. Materials 
processing with a tightly focused femtosecond laser vortex pulse. Optics Letters, 35, 3417-
3419. 

HNATOVSKY, C., SHVEDOV, V. G., KROLIKOWSKI, W. & RODE, A. V. 2010b. Materials 
processing with a tightly focused femtosecond laser vortex pulse. Opt Lett, 35, 3417-9. 

HNATOVSKY, C., SHVEDOV, V. G., SHOSTKA, N., RODE, A. V. & KROLIKOWSKI, W. 
2012. Polarization-dependent ablation of silicon using tightly focused femtosecond laser 
vortex pulses. Optics Letters, 37, 226-228. 

HODGSON, R. S. & WILSON, D. F. 1991. Argon laser stapedotomy. Laryngoscope, 101, 230-
3. 

HOEGEL, F., MUELLER, C. A., PETER, R., PFISTER, U. & SUEDKAMP, N. P. 2004. Bone 
debris: Dead matter or vital osteoblasts. Journal of Trauma-Injury Infection and Critical 
Care, 56, 363-367. 

HUANG, H., CHEN, S., ZOU, H., LI, Q., FU, J., LIN, F. & WU, X. 2014. Fabrication of micro-
axicons using direct-laser writing. Optics Express, 22, 11035-11042. 

IHLEMANN, J., WOLFF, B. & SIMON, P. 1992. Nanosecond and femtosecond excimer laser 
ablation of fused silica. Applied Physics A, 54, 363-368. 

ILKOV, F. A., DECKER, J. E. & CHIN, S. L. 1992. Ionization of atoms in the tunnelling regime 
with experimental evidence using Hg atoms. Journal of Physics B: Atomic, Molecular and 
Optical Physics, 25, 4005. 

IVANENKO, M., WERNER, M., AFILAL, S., KLASING, M. & HERING, P. 2005. Ablation of 
hard bone tissue with pulsed CO 2 lasers. Medical Laser Application, 20, 13-23. 

JARUTIS, V., PAŠKAUSKAS, R. & STABINIS, A. 2000. Focusing of Laguerre–Gaussian 
beams by axicon. Optics Communications, 184, 105-112. 

JEDRKIEWICZ, O., BONANOMI, S., SELVA, M. & TRAPANI, P. 2015. Experimental 
investigation of high aspect ratio tubular microstructuring of glass by means of picosecond 
Bessel vortices. Applied Physics A: Materials Science & Processing, 120, 385-391. 

JEE, Y., BECKER, M. F. & WALSER, R. M. 1988. Laser-Induced Damage on Single-Crystal 
Metal-Surfaces. Journal of the Optical Society of America B-Optical Physics, 5, 648-659. 



References 

212 

JI, L., LI, L., DEVLIN, H., LIU, Z., JIAO, J. & WHITEHEAD, D. 2012. Ti:sapphire femtosecond 
laser ablation of dental enamel, dentine, and cementum. Lasers in Medical Science, 27, 
197-204. 

JIANG, C. Y., LAU, W. S., YUE, T. M. & CHIANG, L. 1993. On the Maximum Depth and 
Profile of Cut in Pulsed Nd: YAG Laser Machining. CIRP Annals - Manufacturing 
Technology, 42, 223-226. 

JOCHUM, R. M. & REICHART, P. A. 2000. Influence of multiple use of Timedur-titanium 
cannon drills: thermal response and scanning electron microscopic findings. Clin Oral 
Implants Res, 11, 139-43. 

JOWETT, N., WOLLMER, W., REIMER, R., ZUSTIN, J., SCHUMACHER, U., WISEMAN, P. 
W., MLYNAREK, A. M., BOTTCHER, A., DALCHOW, C. V., LORINCZ, B. B., 
KNECHT, R. & MILLER, R. J. D. 2014. Bone Ablation without Thermal or Acoustic 
Mechanical Injury via a Novel Picosecond Infrared Laser (PIRL). Otolaryngology-Head 
and Neck Surgery, 150, 385-393. 

JUHASZ, T., LOESEL, F. H., KURTZ, R. M., HORVATH, C., BILLE, J. F. & MOUROU, G. 
1999. Corneal refractive surgery with femtosecond lasers. IEEE Journal of Selected 
Topics in Quantum Electronics, 5, 902-910. 

KANG, H., OH, J. & WELCH, A. 2008. Investigations on laser hard tissue ablation under various 
environments. Physics in medicine and biology, 53, 3381. 

KAUTEK, W. & KRUEGER, J. Femtosecond pulse laser ablation of metallic, semiconducting, 
ceramic, and biological materials.  Laser materials processing: industrial and 
microelectronics applications, 1994. International Society for Optics and Photonics, 600-
612. 

KELLER, O. R., WEBER, F., GRÄTZ, K., BALTENSPERGER, M. & EYRICH, G. 2003. Laser-
induced temperature changes in dentine. Journal of clinical laser medicine & surgery, 21, 
375-381. 

KELSEY III, W. P., BLANKENAU, R. J. & POWELL, G. L. 1991. Application of the argon laser 
to dentistry. Lasers in surgery and medicine, 11, 495-498. 

KIM, B. M., FEIT, M. D., RUBENCHIK, A. M., JOSLIN, E. J., EICHLER, J., STOLLER, P. C. 
& DA SILVA, L. B. 2000. Effects of high repetition rate and beam size on hard tissue 
damage due to subpicosecond laser pulses. Applied Physics Letters, 76, 4001-4003. 

KINNEY, J., HAUPT, D., BALOOCH, M., WHITE, J., BELL, W., MARSHALL, S. & 
MARSHALL JR, G. 1996. The threshold effects of Nd and Ho: YAG laser-induced 
surface modification on demineralization of dentin surfaces. Journal of dental research, 
75, 1388-1395. 

KIRKWOOD, S. E., TSUI, Y. Y., FEDOSEJEVS, R., BRANTOV, A. V. & BYCHENKOV, V. 
Y. 2009. Experimental and theoretical study of absorption of femtosecond laser pulses in 
interaction with solid copper targets. Physical Review B, 79, 144120. 

KOCHEVAR, I. E. 1989. Cytotoxicity and mutagenicity of excimer laser radiation. Lasers in 
surgery and medicine, 9, 440-445. 

KORTE, F., ADAMS, S., EGBERT, A., FALLNICH, C., OSTENDORF, A., NOLTE, S., WILL, 
M., RUSKE, J.-P., CHICHKOV, B. N. & TUENNERMANN, A. 2000. Sub-diffraction 
limited structuring of solid targets with femtosecond laser pulses. Optics Express, 7, 41-
49. 



References 

213 

KRUEGER, J., KAUTEK, W., LENZNER, M., SARTANIA, S., SPIELMANN, C. & KRAUSZ, 
F. Structuring of dielectric and metallic materials with ultrashort laser pulses between 20 
fs and 3 ps.  Proc. SPIE 2991, 1997a. 40-47. 

KRUEGER, J., KAUTEK, W., LENZNER, M., SARTANIA, S., SPIELMANN, C. & KRAUSZ, 
F. Structuring of dielectric and metallic materials with ultrashort laser pulses between 20 
fs and 3 ps.  Photonics West '97, 1997b. SPIE, 8. 

KRÜGER, J. & KAUTEK, W. 2004. Ultrashort Pulse Laser Interaction with Dielectrics and 
Polymers. In: LIPPERT, T. K. (ed.) Polymers and Light. Berlin, Heidelberg: Springer 
Berlin Heidelberg. 

KRÜGER, J., KAUTEK, W. & NEWESELY, H. 1999. Femtosecond-pulse laser ablation of 
dental hydroxyapatite and single-crystalline fluoroapatite. Applied Physics A: Materials 
Science & Processing, 69, S403. 

KRÜGER, J., LENZNER, M., MARTIN, S., LENNER, M., SPIELMANN, C., FIEDLER, A. & 
KAUTEK, W. 2003. Single- and multi-pulse femtosecond laser ablation of optical filter 
materials. Applied Surface Science, 208-209, 233-237. 

KYLEN, P., STJERNVALL, J. E. & ARLINGER, S. 1977. Variables Affecting Drill-Generated 
Noise-Levels in Ear Surgery. Acta Oto-Laryngologica, 84, 252-259. 

L.CHIN, S., BRODEUR, A., PETIT, S., KOSAREVA, O. & KANDIDOV, V. 2012. 
Filamentation and supercontinuum generation during the propagation of powerful 
ultrashort laser pulses in optical media (white light laser). 

LE, Q.-T., BERTRAND, C. & VILAR, R. Femtosecond laser ablation of enamel. 2016. SPIE, 8. 
LEBUGLE, M., SANNER, N., UTÉZA, O. & SENTIS, M. 2014. Guidelines for efficient direct 

ablation of dielectrics with single femtosecond pulses. Applied Physics A, 114, 129-142. 
LEE, C. S., KOUMVAKALIS, N. & BASS, M. 1982. Spot-Size Dependence of Laser-Induced 

Damage to Diamond-Turned Cu Mirrors. Journal of the Optical Society of America, 72, 
1755-1756. 

LENZNER, M. 2015. Incubation - a phenomenon in laser-induced damage of matter [Online]. 
Available: http://www.lenzner.us/incubation/index.html [Accessed 2016]. 

LESINSKI, S. G. & STEIN, J. A. 1989. CO2 laser stapedotomy. Laryngoscope, 99, 20-4. 
LEUCHT, P., LAM, K., KIM, J. J., MACKANOS, M. A., SIMANOVSKII, D. M., LONGAKER, 

M. T., CONTAG, C. H., SCHWETTMAN, H. A. & HELMS, J. A. J. A. O. S. 2007. 
Accelerated bone repair after plasma laser corticotomies. 246 1, 140-50. 

LEWANDROWSKI, K. U., LORENTE, C., SCHOMACKER, K. T., FIOTTE, T. J., WILKES, 
J. W. & DEUTSCH, T. F. 1996. Use of the Er: YAG laser for improved plating in 
maxillofacial surgery: comparison of bone healing in laser and drill osteotomies. Lasers 
in Surgery and Medicine: The Official Journal of the American Society for Laser Medicine 
and Surgery, 19, 40-45. 

LEWIS, L. J. & PEREZ, D. 2009. Laser ablation with short and ultrashort laser pulses: Basic 
mechanisms from molecular-dynamics simulations. Applied Surface Science, 255, 5101-
5106. 

LI, X., CHEN, C., ZHANG, X., ZHAN, Z. & XIE, S. Influence of liquid medium with different 
absorption and its layer thickness on bovine bone tibia ablation induced by CO 2 laser.  

http://www.lenzner.us/incubation/index.html


References 

214 

Optics in Health Care and Biomedical Optics VI, 2014. International Society for Optics 
and Photonics, 92682D. 

LIM, Y. C., ALTMAN, K. J., FARSON, D. F. & FLORES, K. M. 2009. Micropillar fabrication 
on bovine cortical bone by direct-write femtosecond laser ablation. Journal of Biomedical 
Optics, 14, 064021-064021-10. 

LINZ, N., FREIDANK, S., LIANG, X.-X. & VOGEL, A. 2016. Wavelength dependence of 
femtosecond laser-induced breakdown in water and implications for laser surgery. 
Physical Review B, 94, 024113. 

LIU, J. 1982a. Simple technique for measurements of pulsed Gaussian-beam spot sizes. Optics 
letters, 7, 196-198. 

LIU, J. M. 1982b. Simple Technique for Measurements of Pulsed Gaussian-Beam Spot Sizes. 
Optics Letters, 7, 196-198. 

LIU, Y. & NIEMZ, M. 2007. Ablation of femural bone with femtosecond laser pulses—a 
feasibility study. Lasers in Medical Science, 22, 171-174. 

LIU, Y., SUN, S., SINGHA, S., CHO, M. R. & GORDON, R. J. 2005. 3D femtosecond laser 
patterning of collagen for directed cell attachment. Biomaterials, 26, 4597-4605. 

LO, D. D., MACKANOS, M. A., CHUNG, M. T., HYUN, J. S., MONTORO, D. T., GROVA, 
M., LIU, C., WANG, J., PALANKER, D., CONNOLLY, A. J., LONGAKER, M. T., 
CONTAG, C. H. & WAN, D. C. 2012. Femtosecond plasma mediated laser ablation has 
advantages over mechanical osteotomy of cranial bone. Lasers in Surgery and Medicine, 
44, 805-814. 

LOESEL, F. H., FISCHER, J. P., GÖTZ, M. H., HORVATH, C., JUHASZ, T., NOACK, F., 
SUHM, N. & BILLE, J. F. 1998. Non-thermal ablation of neural tissue with femtosecond 
laser pulses. Applied Physics B, 66, 121-128. 

LORAZO, P., LEWIS, L. J. & MEUNIER, M. 2003. Short-pulse laser ablation of solids: from 
phase explosion to fragmentation. Physical review letters, 91, 225502. 

LUNDSKOG, J. 1972. Heat and bone tissue. An experimental investigation of the thermal 
properties of bone and threshold levels for thermal injury. Scand J Plast Reconstr Surg, 9, 
1-80. 

LUSTMANN, J., ULMANSKY, M., FUXBRUNNER, A. & LEWIS, A. 1992. Photoacoustic 
injury and bone healing following 193nm excimer laser ablation. Lasers in Surgery and 
Medicine, 12, 390-396. 

MACHADO, L. M., SAMAD, R. E., DE ROSSI, W. & VIEIRA, N. D., JR. 2012. D-Scan 
measurement of ablation threshold incubation effects for ultrashort laser pulses. Optics 
Express, 20, 4114-4123. 

MAIMAN, T. H. 1960. Stimulated optical radiation in ruby. 
MANGIRDAS, M., ALBERTAS, Ž., VYTAUTAS, P., KASTYTIS, B., ANDREJ, M., DOMAS, 

P., ROALDAS, G., ALGIS, P., HOLGER, G., ARUNĖ, G., IOANNA, S., MARIA, F. & 
SAULIUS, J. 2010. Femtosecond laser polymerization of hybrid/integrated micro-optical 
elements and their characterization. Journal of Optics, 12, 124010. 

MANNION, P., MAGEE, J., COYNE, E. & O'CONNOR, G. M. Ablation thresholds in ultrafast 
laser micromachining of common metals in air.  OPTO Ireland, 2003. SPIE, 9. 



References 

215 

MANNION, P. T., MAGEE, J., COYNE, E., O'CONNOR, G. M. & GLYNN, T. J. 2004a. The 
effect of damage accumulation behaviour on ablation thresholds and damage morphology 
in ultrafast laser micro-machining of common metals in air. Applied Surface Science, 233, 
275-287. 

MANNION, P. T., MAGEE, J., COYNE, E., O’CONNOR, G. M. & GLYNN, T. J. 2004b. The 
effect of damage accumulation behaviour on ablation thresholds and damage morphology 
in ultrafast laser micro-machining of common metals in air. Applied Surface Science, 233, 
275-287. 

MARTIN, S., KRÜGER, J., HERTWIG, A., FIEDLER, A. & KAUTEK, W. 2003. Femtosecond 
laser interaction with protection materials. Applied Surface Science, 208-209, 333-339. 

MATSUOKA, Y., KIZUKA, Y. & INOUE, T. 2006. The characteristics of laser micro drilling 
using a Bessel beam. Applied Physics a-Materials Science & Processing, 84, 423-430. 

MATTHEWS, L. S. & HIRSCH, C. 1972. Temperatures measured in human cortical bone when 
drilling. J Bone Joint Surg Am, 54, 297-308. 

MCGLOIN, D. & DHOLAKIA, K. 2005. Bessel beams: Diffraction in a new light. Contemporary 
Physics, 46, 15-28. 

MCINTOSH, R. L. & ANDERSON, V. 2010. A comprehensive tissue properties database 
provided for the thermal assessment of a human at rest. Biophysical Reviews and Letters, 
5, 129-151. 

MEIJER, J., DU, K., GILLNER, A., HOFFMANN, D., KOVALENKO, V. S., MASUZAWA, T., 
OSTENDORF, A., POPRAWE, R. & SCHULZ, W. 2002. Laser Machining by short and 
ultrashort pulses, state of the art and new opportunities in the age of the photons. CIRP 
Annals, 51, 531-550. 

MERO, M., SABBAH, A. J., ZELLER, J. & RUDOLPH, W. 2005. Femtosecond dynamics of 
dielectric films in the pre-ablation regime. Applied Physics A, 81, 317-324. 

MIOTELLO, A. & KELLY, R. 1999. Laser-induced phase explosion: new physical problems 
when a condensed phase approaches the thermodynamic critical temperature. Applied 
Physics A: Materials Science & Processing, 69, S67. 

MITRA, S., CHANAL, M., CLADY, R., MOUSKEFTARAS, A. & GROJO, D. 2015. Millijoule 
femtosecond micro-Bessel beams for ultra-high aspect ratio machining. Applied Optics, 
54, 7358-7365. 

MOMMA, C., NOLTE, S., N. CHICHKOV, B., V. ALVENSLEBEN, F. & TÜNNERMANN, A. 
1997. Precise laser ablation with ultrashort pulses. Applied Surface Science, 109–110, 15-
19. 

MOSS, R. W. 1964. Histopathologic Reaction of Bone to Surgical Cutting. Oral Surg Oral Med 
Oral Pathol, 17, 405-14. 

MURRAY, A. K. & DICKINSON, M. R. 2004. Tissue ablation-rate measurements with a long-
pulsed, fibre-deliverable 308 nm excimer laser. Lasers in Medical Science, 19, 127-138. 

NATALI, C., INGLE, P. & DOWELL, J. 1996. Orthopaedic bone drills-can they be improved? 
Temperature changes near the drilling face. J Bone Joint Surg Br, 78, 357-62. 

NEEV, J., SILVA, L. B. D., FEIT, M. D., PERRY, M. D., RUBENCHIK, A. M. & STUART, B. 
C. 1996. Ultrashort pulse lasers for hard tissue ablation. IEEE Journal of Selected Topics 
in Quantum Electronics, 2, 790-800. 



References 

216 

NELSON, J. S., ORENSTEIN, A., LIAW, L.-H. L., ZAVAR, R. B., GIANCHANDANI, S. & 
BERNS, M. W. 1989. Ultraviolet 308-nm excimer laser ablation of bone: an acute and 
chronic study. Applied Optics, 28, 2350-2357. 

NICOLODELLI, G., LIZARELLI, R. D. Z. & BAGNATO, V. S. 2012. Influence of effective 
number of pulses on the morphological structure of teeth and bovine femur after 
femtosecond laser ablation (vol 17, 048001, 2012). Journal of Biomedical Optics, 17. 

NIEMZ, M. 1996. Laser Tissue Interactions: Fundamentals and Applications, Heidelberg, Berlin, 
Springer-Verlag Berlin and Heidelberg GmbH & Co. 

NIVAS, J. J., SHUTONG, H., ANOOP, K., RUBANO, A., FITTIPALDI, R., VECCHIONE, A., 
PAPARO, D., MARRUCCI, L., BRUZZESE, R. & AMORUSO, S. 2015. Laser ablation 
of silicon induced by a femtosecond optical vortex beam. Optics letters, 40, 4611-4614. 

NOLTE, S., CHICHKOV, B., WELLING, H., SHANI, Y., LIEBERMAN, K. & TERKEL, H. 
1999. Nanostructuring with spatially localized femtosecond laser pulses. Optics Letters, 
24, 914-916. 

NOLTE, S., KAMLAGE, G., KORTE, F., BAUER, T., WAGNER, T., OSTENDORF, A., 
FALLNICH, C. & WELLING, H. 2000. Microstructuring with femtosecond lasers. 
Advanced Engineering Materials, 2, 23-27. 

NOLTE, S., MOMMA, C., JACOBS, H., TÜNNERMANN, A., CHICHKOV, B. N., 
WELLEGEHAUSEN, B. & WELLING, H. 1997. Ablation of metals by ultrashort laser 
pulses. Journal of the Optical Society of America B, 14, 2716-2722. 

NUSS, R. C., FABIAN, R. L., SARKAR, R. & PULIAFITO, C. A. 1988. Infrared laser bone 
ablation. Lasers Surg Med, 8, 381-91. 

OLIVEIRA, N., ALAEJOS-ALGARRA, F., MAREQUE-BUENO, J., FERRES-PADRO, E. & 
HERNANDEZ-ALFARO, F. 2012. Thermal changes and drill wear in bovine bone during 
implant site preparation. A comparative in vitro study: twisted stainless steel and ceramic 
drills. Clin Oral Implants Res, 23, 963-9. 

OOSTERBEEK, R., ASHFORTH, S., BODLEY, O. & SIMPSON, M. C. Spatial shaping of 
femtosecond laser pulses for improved micromachining efficiency.  Conference on Lasers 
and Electro-Optics, 2016/06/05 2016a San Jose, California. Optical Society of America, 
ATh1K.3. 

OOSTERBEEK, R. N., ASHFORTH, S., BODLEY, O. & SIMPSON, M. C. 2017. Ablation 
threshold dependence on incident wavelength during ultrashort pulsed laser ablation. 
International Journal of Nanotechnology, 14, 313-322. 

OOSTERBEEK, R. N., ASHFORTH, S., BODLEY, O. & SIMPSON, M. C. 2018a. Measuring 
the ablation threshold fluence in femtosecond laser micromachining with vortex and 
Bessel pulses. Optics Express, 26, 34558-34568. 

OOSTERBEEK, R. N., ASHFORTH, S., BODLEY, O. & SIMPSON, M. C. 2018b. Theoretical 
basis of the diagonal scan method for determining the laser ablation threshold for 
femtosecond vortex pulses. arXiv:1802.10332 [physics.optics]. 

OOSTERBEEK, R. N., CORAZZA, C., ASHFORTH, S. & SIMPSON, M. C. 2016b. Effects of 
dopant type and concentration on the femtosecond laser ablation threshold and incubation 
behaviour of silicon. Applied Physics a-Materials Science & Processing, 122. 



References 

217 

OOSTERBEEK, R. N., CORAZZA, C., ASHFORTH, S. & SIMPSON, M. C. 2016c. Effects of 
dopant type and concentration on the femtosecond laser ablation threshold and incubation 
behaviour of silicon. Applied Physics A, 122, 449. 

OOSTERBEEK, R. N., CORAZZA, C., ASHFORTH, S. & SIMPSON, M. C. 2016d. Effects of 
dopant type and concentration on the femtosecond laser ablation threshold and incubation 
behaviour of silicon. Applied Physics A, 122, 1-10. 

OOSTERBEEK, R. N., WARD, T., ASHFORTH, S., BODLEY, O., RODDA, A. E. & 
SIMPSON, M. C. 2016e. Fast femtosecond laser ablation for efficient cutting of sintered 
alumina substrates. Optics and Lasers in Engineering, 84, 105-110. 

ORAEVSKY, A. A., SILVA, L. B. D., RUBENCHIK, A. M., FEIT, M. D., GLINSKY, M. E., 
PERRY, M. D., MAMMINI, B. M., SMALL, W. & STUART, B. C. 1996. Plasma 
mediated ablation of biological tissues with nanosecond-to-femtosecond laser pulses: 
relative role of linear and nonlinear absorption. IEEE Journal of Selected Topics in 
Quantum Electronics, 2, 801-809. 

OSTENDORF, A., KAMLAGE, G., KLUG, U., KORTE, F. & CHICHKOV, B. N. Femtosecond 
versus picosecond laser ablation.  Lasers and Applications in Science and Engineering, 
2005. SPIE, 8. 

PADGETT, M. & BOWMAN, R. 2011. Tweezers with a twist. Nature Photonics, 5, 343-348. 
PANDEY, R. K. & PANDA, S. S. 2013. Drilling of bone: A comprehensive review. J Clin Orthop 

Trauma, 4, 15-30. 
PASCHOTTA, R. 2008. Field guide to laser pulse generation, SPIE press Bellingham. 
PATEL, C. K. N. 1964. Continuous-wave laser action on vibrational-rotational transitions of C O 

2. Physical review, 136, A1187. 
PENG, X., MIELKE, M. & BOOTH, T. 2011. High average power, high energy 1.55 μm ultra-

short pulse laser beam delivery using large mode area hollow core photonic band-gap 
fiber. Optics Express, 19, 923-932. 

PEREZ, D. & LEWIS, L. J. 2002. Ablation of solids under femtosecond laser pulses. Physical 
review letters, 89, 255504. 

PEREZ, D. & LEWIS, L. J. 2003. Molecular-dynamics study of ablation of solids under 
femtosecond laser pulses. Physical Review B, 67, 184102. 

PERRY, M. D., STUART, B. C., BANKS, P. S., FEIT, M. D., YANOVSKY, V. & 
RUBENCHIK, A. M. 1999. Ultrashort-pulse laser machining of dielectric materials. 
Journal of Applied Physics, 85, 6803-6810. 

PIETROY, D., DI MAIO, Y., MOINE, B., BAUBEAU, E. & AUDOUARD, E. 2012. 
Femtosecond laser volume ablation rate and threshold measurements by differential 
weighing. Optics Express, 20, 29900-29908. 

POURZARANDIAN, A., WATANABE, H., AOKI, A., ICHINOSE, S., SASAKI, K. M., 
NITTA, H. & ISHIKAWA, I. 2004. Histological and TEM examination of early stages of 
bone healing after Er: YAG laser irradiation. Photomedicine and Laser Therapy, 22, 342-
350. 

POVARNITSYN, M. E., ITINA, T. E., KHISHCHENKO, K. V. & LEVASHOV, P. R. 2009. 
Suppression of Ablation in Femtosecond Double-Pulse Experiments. Physical Review 
Letters, 103, 195002. 



References 

218 

POVARNITSYN, M. E., ITINA, T. E., SENTIS, M., KHISHCHENKO, K. & LEVASHOV, P. 
2007. Material decomposition mechanisms in femtosecond laser interactions with metals. 
Physical Review B, 75, 235414. 

PROKHOROV, A., KONOV, V., URSU, I. & MIHAILESCU, I. 1990. Laser Heating of Metals 
(Adam Hilger Series on Optics and Optoelectronics)(Bristol: Hilger). 

RAE, S. C. 1994. Spectral blueshifting and spatial defocusing of intense laser pulses in dense 
gases. Optics Communications, 104, 330-335. 

READY, J. 2012. Effects of high-power laser radiation, Elsevier. 
REGELSKIS, K., RACIUKAITIS, G. & GECYS, P. 2007. Ripple formation at laser ablation of 

chromium thin film. Advanced Optical Materials, Technologies, and Devices, 6596. 
RICHARDSON, D. J., NILSSON, J. & CLARKSON, W. A. 2010. High power fiber lasers: 

current status and future perspectives [Invited]. Journal of the Optical Society of America 
B, 27, B63-B92. 

RODE, A. V., GAMALY, E. G., LUTHER-DAVIES, B., TAYLOR, B. T., DAWES, J., CHAN, 
A., LOWE, R. M. & HANNAFORD, P. 2002. Subpicosecond laser ablation of dental 
enamel. Journal of Applied Physics, 92, 2153-2158. 

ROSENFELD, A., LORENZ, M., STOIAN, R. & ASHKENASI, D. 1999. Ultrashort-laser-pulse 
damage threshold of transparent materials and the role of incubation. Applied Physics a-
Materials Science & Processing, 69, S373-S376. 

RULLIÈRE, C. 2005. Femtosecond laser pulses : principles and experiments, New York, 
Springer. 

SAHIN, R., ERSOY, T. & AKTURK, S. 2015. Ablation of metal thin films using femtosecond 
laser Bessel vortex beams. Applied Physics A, 118, 125-129. 

SAMAD, R. E., BALDOCHI, S. L. & VIEIRA, N. D., JR. 2008. Diagonal scan measurement of 
Cr:LiSAF 20 ps ablation threshold. Applied Optics, 47, 920-924. 

SAMAD, R. E. & VIEIRA, N. D., JR. 2006. Geometrical method for determining the surface 
damage threshold for femtosecond laser pulses. Laser Physics, 16, 336-339. 

SANNER, N., UTEZA, O., BUSSIERE, B., COUSTILLIER, G., LERAY, A., ITINA, T. & 
SENTIS, M. 2009a. Measurement of femtosecond laser-induced damage and ablation 
thresholds in dielectrics. Applied Physics a-Materials Science & Processing, 94, 889-897. 

SANNER, N., UTÉZA, O., BUSSIERE, B., COUSTILLIER, G., LERAY, A., ITINA, T. & 
SENTIS, M. 2009b. Measurement of femtosecond laser-induced damage and ablation 
thresholds in dielectrics. Applied Physics A, 94, 889-897. 

SCHAEFFER, R. 2016. Fundamentals of laser micromachining, CRC press. 
SCHIFFRIN, A., PAASCH-COLBERG, T., KARPOWICZ, N., APALKOV, V., GERSTER, D., 

MÜHLBRANDT, S., KORBMAN, M., REICHERT, J., SCHULTZE, M. & HOLZNER, 
S. 2013. Optical-field-induced current in dielectrics. Nature, 493, 70. 

SCHMIDT, V., HUSINSKY, W. & BETZ, G. 2000. Dynamics of laser desorption and ablation 
of metals at the threshold on the femtosecond time scale. Physical review letters, 85, 3516. 

SCHWAB, B., HAGNER, D., BORNEMANN, J. & HEERMANN, R. 2004. The Use of 
Femtosecond Technology in Otosurgery. In: DAUSINGER, F., LUBATSCHOWSKI, H. 



References 

219 

& LICHTNER, F. (eds.) Femtosecond Technology for Technical and Medical 
Applications. Berlin, Heidelberg: Springer Berlin Heidelberg. 

SEMEROK, A. & DUTOUQUET, C. 2004. Ultrashort double pulse laser ablation of metals. Thin 
Solid Films, 453, 501-505. 

SHAHEEN, M. E., GAGNON, J. E. & FRYER, B. J. 2014a. Femtosecond laser ablation behavior 
of gold, crystalline silicon, and fused silica: a comparative study. Laser Physics, 24, 
106102. 

SHAHEEN, M. E., GAGNON, J. E. & FRYER, B. J. 2014b. Femtosecond laser ablation behavior 
of gold, crystalline silicon, and fused silica: a comparative study. Laser Physics, 24. 

SHAHEEN, M. E., GAGNON, J. E. & FRYER, B. J. 2015. Experimental study on 785 nm 
femtosecond laser ablation of sapphire in air. Laser Physics Letters, 12. 

SHAHEEN, M. E., GAGNON, J. E. & FRYER, B. J. 2016. Excimer laser ablation of aluminum: 
influence of spot size on ablation rate. Laser Physics, 26. 

SHANK, C., YEN, R. & HIRLIMANN, C. 1983. Time-resolved reflectivity measurements of 
femtosecond-optical-pulse-induced phase transitions in silicon. Physical Review Letters, 
50, 454. 

SHARMA, I. 2013. Spectral domain doppler optical coherence tomography for vibrometry 
applications. 

SIEGMAN, A. E. 1986. Lasers, Mill Valley, Calif., University Science Books. 
SIVAKUMAR, M., OLIVEIRA, V., VILAR, R. & BOTELHO DO REGO, A. KrF excimer laser 

ablation of human enamel.  Materials Science Forum, 2008. Trans Tech Publ, 42-46. 
SOKOLOWSKI-TINTEN, K., BIALKOWSKI, J., CAVALLERI, A. & VON DER LINDE, D. 

1998. Observation of a transient insulating phase of metals and semiconductors during 
short-pulse laser ablation. Applied Surface Science, 127-129, 755-760. 

SPATZ, S. 1965. Early Reaction in Bone Following the Use of Burs Rotating at Conventional and 
Ultra Speeds; a Comparison Study. Oral Surg Oral Med Oral Pathol, 19, 808-16. 

SPENCER, P., COBB, C. M., MCCOLLUM, M. H. & WIELICZKA, D. M. 1996. The effects of 
CO2 laser and Nd:YAG with and without water/air surface cooling on tooth root structure: 
correlation between FTIR spectroscopy and histology. Journal of Periodontal Research, 
31, 453-462. 

SPRANGLE, P., ESAREY, E. & KRALL, J. 1996. Self-guiding and stability of intense optical 
beams in gases undergoing ionization. Physical Review E, 54, 4211-4232. 

STANISLAWKI, M., MEISTER, J., MITRA, T., IVANENKO, M. M., ZANGER, K. & 
HERING, P. 2001. Hard tissue ablation with a free running Er : YAG and a Q-switched 
CO2 laser: a comparative study. Applied Physics B-Lasers and Optics, 72, 115-120. 

STEEN, W. M., WATKINS, K. G. & MAZUMDER, J. 2010. Laser Material Processing, 
Springer London. 

STEIGER, E., MAURER, N. & GEISEL, G. Frequency-doubled alexandrite laser: an alternative 
dental device.  Lasers in Orthopedic, Dental, and Veterinary Medicine II, 1993. 
International Society for Optics and Photonics, 149-156. 

STERN, R. H. 1964. Laser beam effect on dental hard tissues. J Dent Res, 43, 873. 



References 

220 

STERN, R. H., VAHL, J. & SOGNNAES, R. F. 1972. Lased enamel: ultrastructural observations 
of pulsed carbon dioxide laser effects. Journal of Dental Research, 51, 455-460. 

STOIAN, R., ASHKENASI, D., ROSENFELD, A. & CAMPBELL, E. E. B. 2000. Coulomb 
explosion in ultrashort pulsed laser ablation of 
${\mathrm{Al}}_{2}{\mathrm{O}}_{3}$. Physical Review B, 62, 13167-13173. 

STOIAN, R., COLOMBIER, J. P., MAUCLAIR, C., CHENG, G., BHUYAN, M. K., VELPULA, 
P. K. & SRISUNGSITTHISUNTI, P. 2014. Spatial and temporal laser pulse design for 
material processing on ultrafast scales. Applied Physics A, 114, 119-127. 

STRICKLAND, D. & MOUROU, G. 1985. Compression of amplified chirped optical pulses. 
Optics communications, 55, 447-449. 

STUART, B. C., FEIT, M. D., HERMAN, S., RUBENCHIK, A. M., SHORE, B. W. & PERRY, 
M. D. 1996. Nanosecond-to-femtosecond laser-induced breakdown in dielectrics. 
Physical Review B, 53, 1749-1761. 

SUGIOKA, K. & CHENG, Y. 2014. Ultrafast lasers-reliable tools for advanced materials 
processing. Light-Science & Applications, 3. 

SUN, J. & LONGTIN, J. P. 2004. Effects of a gas medium on ultrafast laser beam delivery and 
materials processing. Journal of the Optical Society of America B, 21, 1081-1088. 

SUN, Z., LENZNER, M. & RUDOLPH, W. 2015a. Generic incubation law for laser damage and 
ablation thresholds. Journal of Applied Physics, 117, 073102. 

SUN, Z. L., LENZNER, M. & RUDOLPH, W. 2015b. Generic incubation law for laser damage 
and ablation thresholds. Journal of Applied Physics, 117. 

SUSLOVA, A., ELSIED, A. & HASSANEIN, A. 2018. Computer simulation and experimental 
benchmarking of ultrashort pulse laser ablation of metallic targets. Laser and Particle 
Beams, 36, 144-153. 

SUSLOVA, A. & HASSANEIN, A. 2017a. Femtosecond laser absorption, heat propagation, and 
damage threshold analysis for Au coating on metallic substrates. Applied Surface Science, 
422, 295-303. 

SUSLOVA, A. & HASSANEIN, A. 2017b. Simulation of femtosecond laser absorption by 
metallic targets and their thermal evolution. Laser and Particle Beams, 35, 415-428. 

SWARTZLANDER, G. A., JR. 2006. Achromatic optical vortex lens. Opt Lett, 31, 2042-4. 
TAKAMORI, K., FURUKAWA, H., MORIKAWA, Y., KATAYAMA, T. & WATANABE, S. 

2003a. Basic study on vibrations during tooth preparations caused by high-speed drilling 
and Er : YAG laser irradiation. Lasers in Surgery and Medicine, 32, 25-31. 

TAKAMORI, K., FURUKAWA, H., MORIKAWA, Y., KATAYAMA, T. & WATANABE, S. 
2003b. Basic study on vibrations during tooth preparations caused by high-speed drilling 
and Er:YAG laser irradiation. Lasers Surg Med, 32, 25-31. 

TSAI, W.-J., GU, C.-J., CHENG, C.-W. & HORNG, J.-B. 2013. Internal modification for cutting 
transparent glass using femtosecond Bessel beams. Optical Engineering, 53, 051503-
051503. 

TURAN, B., HUUSKONEN, A., KÜHN, I., KIRCHARTZ, T. & HAAS, S. 2017. Cost-Effective 
Absorber Patterning of Perovskite Solar Cells by Nanosecond Laser Processing. Solar 
RRL, 1, 1700003. 



References 

221 

UDILJAK, T., CIGLAR, D. & MIHOCI, K. INFLUENCE OF TECHNOLOGICAL 
PARAMETERS ON THE BONE DRILLING TEMPERATURE.  7th International 
Research/Expert Conference''Trends in the Development of Machinery and Associated 
Technology'', 2003. 

UDILJAK, T., CIGLAR, D. & SKORIC, S. 2007. Investigation into bone drilling and thermal 
bone necrosis. Advances in Production Engineering & Management, 2, 103-12. 

UMM I, K., SHAZIA, B., NISAR, A., RAFIQUE, M. S., WOLFGANG, H., CHANDRA, S. R. 
N., SERGEY, V. M. & NARJIS, B. 2016. Effect of fluence and ambient environment on 
the surface and structural modification of femtosecond laser irradiated Ti. Chinese Physics 
B, 25, 018101. 

UTEZA, O., BUSSIÈRE, B., CANOVA, F., CHAMBARET, J. P., DELAPORTE, P., ITINA, T. 
& SENTIS, M. 2007. Laser-induced damage threshold of sapphire in nanosecond, 
picosecond and femtosecond regimes. Applied Surface Science, 254, 799-803. 

VISURI, S. R., WALSH JR, J. T. & WIGDOR, H. A. 1996. Erbium laser ablation of dental hard 
tissue: effect of water cooling. Lasers in Surgery and Medicine: The Official Journal of 
the American Society for Laser Medicine and Surgery, 18, 294-300. 

VOGEL, A. & VENUGOPALAN, V. 2003. Mechanisms of pulsed laser ablation of biological 
tissues. Chemical reviews, 103, 577-644. 

VON DER LINDE, D., SOKOLOWSKI-TINTEN, K. & BIALKOWSKI, J. 1997. Laser–solid 
interaction in the femtosecond time regime. Applied Surface Science, 109, 1-10. 

VOROBYEV, A. Y. & GUO, C. 2011. Reflection of femtosecond laser light in multipulse 
ablation of metals. Journal of Applied Physics, 110, 043102. 

WANG, X., ZHANG, C. & MATSUMOTO, K. 2005. In vivo study of the healing processes that 
occur in the jaws of rabbits following perforation by an Er, Cr: YSGG laser. Lasers in 
medical science, 20, 21-27. 

WANG, X. C., LIM, G. C., ZHENG, H. Y., NG, F. L., LIU, W. & CHUA, S. J. 2004. Femtosecond 
pulse laser ablation of sapphire in ambient air. Applied Surface Science, 228, 221-226. 

WELLERSHOFF, S.-S., HOHLFELD, J., GÜDDE, J. & MATTHIAS, E. 1999. The role of 
electron–phonon coupling in femtosecond laser damage of metals. Applied Physics A, 69, 
S99-S107. 

WIEGER, V., ZOPPEL, S. & WINTNER, E. 2007. Ultrashort pulse laser osteotomy. Laser 
Physics, 17, 438-442. 

WIGGINS, K. L. & MALKIN, S. 1976a. Drilling of bone. J Biomech, 9, 553-9. 
WIGGINS, K. L. & MALKIN, S. 1976b. Drilling of Bone. Journal of Biomechanics, 9, 553-&. 
WU, C. & ZHIGILEI, L. V. 2014. Microscopic mechanisms of laser spallation and ablation of 

metal targets from large-scale molecular dynamics simulations. Applied Physics A, 114, 
11-32. 

WU, P., SUI, C. & HUANG, W. 2014. Theoretical analysis of a quasi-Bessel beam for laser 
ablation. Photonics Research, 2, 82-86. 

ZAMBON, V., MCCARTHY, N. & PICHE, M. 2008. Fabrication of Photonic Devices Directly 
Written in Glass Using Ultrafast Bessel Beams. Photonics North 2008, 7099. 



References 

222 

ZHIGILEI, L. V., KODALI, P. B. & GARRISON, B. J. 1997. Molecular dynamics model for 
laser ablation and desorption of organic solids. The Journal of Physical Chemistry B, 101, 
2028-2037. 

 

 

 

 

 

 

 



6/3/2019 RightsLink Printable License

https://s100.copyright.com/AppDispatchServlet 1/5

ELSEVIER LICENSE
 TERMS AND CONDITIONS

Jun 03, 2019

This Agreement between Mr. Simon Ashforth ("You") and Elsevier ("Elsevier") consists of
your license details and the terms and conditions provided by Elsevier and Copyright
Clearance Center.

License Number 4601160099747

License date Jun 03, 2019

Licensed Content Publisher Elsevier

Licensed Content Publication Physics Procedia

Licensed Content Title Analysis of the Influence of Burst-Mode Laser Ablation by Modern
Quality Tools

Licensed Content Author Claus Emmelmann,Juan Pablo Calderón Urbina

Licensed Content Date Jan 1, 2011

Licensed Content Volume 12

Licensed Content Issue n/a

Licensed Content Pages 10

Start Page 172

End Page 181

Type of Use reuse in a thesis/dissertation

Portion figures/tables/illustrations

Number of
figures/tables/illustrations

1

Format both print and electronic

Are you the author of this
Elsevier article?

No

Will you be translating? No

Original figure numbers Fig 3. Ishikawa diagram for the analysis of the influence of burst-
mode laser ablation

Title of your
thesis/dissertation

Improving Femtosecond Laser Micromachining of Various Industrial
and Biological Materials for Applications in Industry

Publisher of new work The University of Auckland

Expected completion date Jun 2019

Estimated size (number of
pages)

1

Requestor Location Mr. Simon Ashforth
 University of Auckland, Photon Factory

SCS, Lvl5 Reception, Bldg301
23 Symonds St

 Auckland, Auckland 1010
New Zealand

 Attn: Mr. Simon Ashforth

Publisher Tax ID GB 494 6272 12

Total 0.00 USD

Terms and Conditions

INTRODUCTION

Permission for 
Figure 2.4



6/3/2019 RightsLink Printable License

https://s100.copyright.com/AppDispatchServlet 2/5

1. The publisher for this copyrighted material is Elsevier.  By clicking "accept" in connection
with completing this licensing transaction, you agree that the following terms and conditions
apply to this transaction (along with the Billing and Payment terms and conditions
established by Copyright Clearance Center, Inc. ("CCC"), at the time that you opened your
Rightslink account and that are available at any time at http://myaccount.copyright.com).

GENERAL TERMS
2. Elsevier hereby grants you permission to reproduce the aforementioned material subject to
the terms and conditions indicated.
3. Acknowledgement: If any part of the material to be used (for example, figures) has
appeared in our publication with credit or acknowledgement to another source, permission
must also be sought from that source.  If such permission is not obtained then that material
may not be included in your publication/copies. Suitable acknowledgement to the source
must be made, either as a footnote or in a reference list at the end of your publication, as
follows:
"Reprinted from Publication title, Vol /edition number, Author(s), Title of article / title of
chapter, Pages No., Copyright (Year), with permission from Elsevier [OR APPLICABLE
SOCIETY COPYRIGHT OWNER]." Also Lancet special credit - "Reprinted from The
Lancet, Vol. number, Author(s), Title of article, Pages No., Copyright (Year), with
permission from Elsevier."
4. Reproduction of this material is confined to the purpose and/or media for which
permission is hereby given.
5. Altering/Modifying Material: Not Permitted. However figures and illustrations may be
altered/adapted minimally to serve your work. Any other abbreviations, additions, deletions
and/or any other alterations shall be made only with prior written authorization of Elsevier
Ltd. (Please contact Elsevier at permissions@elsevier.com). No modifications can be made
to any Lancet figures/tables and they must be reproduced in full.
6. If the permission fee for the requested use of our material is waived in this instance,
please be advised that your future requests for Elsevier materials may attract a fee.
7. Reservation of Rights: Publisher reserves all rights not specifically granted in the
combination of (i) the license details provided by you and accepted in the course of this
licensing transaction, (ii) these terms and conditions and (iii) CCC's Billing and Payment
terms and conditions.
8. License Contingent Upon Payment: While you may exercise the rights licensed
immediately upon issuance of the license at the end of the licensing process for the
transaction, provided that you have disclosed complete and accurate details of your proposed
use, no license is finally effective unless and until full payment is received from you (either
by publisher or by CCC) as provided in CCC's Billing and Payment terms and conditions.  If
full payment is not received on a timely basis, then any license preliminarily granted shall be
deemed automatically revoked and shall be void as if never granted.  Further, in the event
that you breach any of these terms and conditions or any of CCC's Billing and Payment
terms and conditions, the license is automatically revoked and shall be void as if never
granted.  Use of materials as described in a revoked license, as well as any use of the
materials beyond the scope of an unrevoked license, may constitute copyright infringement
and publisher reserves the right to take any and all action to protect its copyright in the
materials.
9. Warranties: Publisher makes no representations or warranties with respect to the licensed
material.
10. Indemnity: You hereby indemnify and agree to hold harmless publisher and CCC, and
their respective officers, directors, employees and agents, from and against any and all
claims arising out of your use of the licensed material other than as specifically authorized
pursuant to this license.
11. No Transfer of License: This license is personal to you and may not be sublicensed,
assigned, or transferred by you to any other person without publisher's written permission.
12. No Amendment Except in Writing: This license may not be amended except in a writing
signed by both parties (or, in the case of publisher, by CCC on publisher's behalf).
13. Objection to Contrary Terms: Publisher hereby objects to any terms contained in any
purchase order, acknowledgment, check endorsement or other writing prepared by you,
which terms are inconsistent with these terms and conditions or CCC's Billing and Payment

http://myaccount.copyright.com/
mailto:permissions@elsevier.com


6/3/2019 RightsLink Printable License

https://s100.copyright.com/AppDispatchServlet 3/5

terms and conditions.  These terms and conditions, together with CCC's Billing and Payment
terms and conditions (which are incorporated herein), comprise the entire agreement
between you and publisher (and CCC) concerning this licensing transaction.  In the event of
any conflict between your obligations established by these terms and conditions and those
established by CCC's Billing and Payment terms and conditions, these terms and conditions
shall control.
14. Revocation: Elsevier or Copyright Clearance Center may deny the permissions described
in this License at their sole discretion, for any reason or no reason, with a full refund payable
to you.  Notice of such denial will be made using the contact information provided by you.
Failure to receive such notice will not alter or invalidate the denial.  In no event will Elsevier
or Copyright Clearance Center be responsible or liable for any costs, expenses or damage
incurred by you as a result of a denial of your permission request, other than a refund of the
amount(s) paid by you to Elsevier and/or Copyright Clearance Center for denied
permissions.

LIMITED LICENSE
The following terms and conditions apply only to specific license types:
15. Translation: This permission is granted for non-exclusive world English rights only
unless your license was granted for translation rights. If you licensed translation rights you
may only translate this content into the languages you requested. A professional translator
must perform all translations and reproduce the content word for word preserving the
integrity of the article.
16. Posting licensed content on any Website: The following terms and conditions apply as
follows: Licensing material from an Elsevier journal: All content posted to the web site must
maintain the copyright information line on the bottom of each image; A hyper-text must be
included to the Homepage of the journal from which you are licensing at
http://www.sciencedirect.com/science/journal/xxxxx or the Elsevier homepage for books at
http://www.elsevier.com; Central Storage: This license does not include permission for a
scanned version of the material to be stored in a central repository such as that provided by
Heron/XanEdu.
Licensing material from an Elsevier book: A hyper-text link must be included to the Elsevier
homepage at http://www.elsevier.com . All content posted to the web site must maintain the
copyright information line on the bottom of each image.

Posting licensed content on Electronic reserve: In addition to the above the following
clauses are applicable: The web site must be password-protected and made available only to
bona fide students registered on a relevant course. This permission is granted for 1 year only.
You may obtain a new license for future website posting.
17. For journal authors: the following clauses are applicable in addition to the above:
Preprints:
A preprint is an author's own write-up of research results and analysis, it has not been peer-
reviewed, nor has it had any other value added to it by a publisher (such as formatting,
copyright, technical enhancement etc.).
Authors can share their preprints anywhere at any time. Preprints should not be added to or
enhanced in any way in order to appear more like, or to substitute for, the final versions of
articles however authors can update their preprints on arXiv or RePEc with their Accepted
Author Manuscript (see below).
If accepted for publication, we encourage authors to link from the preprint to their formal
publication via its DOI. Millions of researchers have access to the formal publications on
ScienceDirect, and so links will help users to find, access, cite and use the best available
version. Please note that Cell Press, The Lancet and some society-owned have different
preprint policies. Information on these policies is available on the journal homepage.
Accepted Author Manuscripts: An accepted author manuscript is the manuscript of an
article that has been accepted for publication and which typically includes author-
incorporated changes suggested during submission, peer review and editor-author
communications.
Authors can share their accepted author manuscript:

immediately

http://www.sciencedirect.com/science/journal/xxxxx
http://www.elsevier.com/
http://www.elsevier.com/


6/3/2019 RightsLink Printable License

https://s100.copyright.com/AppDispatchServlet 4/5

via their non-commercial person homepage or blog
by updating a preprint in arXiv or RePEc with the accepted manuscript
via their research institute or institutional repository for internal institutional
uses or as part of an invitation-only research collaboration work-group
directly by providing copies to their students or to research collaborators for
their personal use
for private scholarly sharing as part of an invitation-only work group on
commercial sites with which Elsevier has an agreement

After the embargo period
via non-commercial hosting platforms such as their institutional repository
via commercial sites with which Elsevier has an agreement

In all cases accepted manuscripts should:

link to the formal publication via its DOI
bear a CC-BY-NC-ND license - this is easy to do
if aggregated with other manuscripts, for example in a repository or other site, be
shared in alignment with our hosting policy not be added to or enhanced in any way to
appear more like, or to substitute for, the published journal article.

Published journal article (JPA): A published journal article (PJA) is the definitive final
record of published research that appears or will appear in the journal and embodies all
value-adding publishing activities including peer review co-ordination, copy-editing,
formatting, (if relevant) pagination and online enrichment.
Policies for sharing publishing journal articles differ for subscription and gold open access
articles:
Subscription Articles: If you are an author, please share a link to your article rather than the
full-text. Millions of researchers have access to the formal publications on ScienceDirect,
and so links will help your users to find, access, cite, and use the best available version.
Theses and dissertations which contain embedded PJAs as part of the formal submission can
be posted publicly by the awarding institution with DOI links back to the formal
publications on ScienceDirect.
If you are affiliated with a library that subscribes to ScienceDirect you have additional
private sharing rights for others' research accessed under that agreement. This includes use
for classroom teaching and internal training at the institution (including use in course packs
and courseware programs), and inclusion of the article for grant funding purposes.
Gold Open Access Articles: May be shared according to the author-selected end-user
license and should contain a CrossMark logo, the end user license, and a DOI link to the
formal publication on ScienceDirect.
Please refer to Elsevier's posting policy for further information.
18. For book authors the following clauses are applicable in addition to the above:
Authors are permitted to place a brief summary of their work online only. You are not
allowed to download and post the published electronic version of your chapter, nor may you
scan the printed edition to create an electronic version. Posting to a repository: Authors are
permitted to post a summary of their chapter only in their institution's repository.
19. Thesis/Dissertation: If your license is for use in a thesis/dissertation your thesis may be
submitted to your institution in either print or electronic form. Should your thesis be
published commercially, please reapply for permission. These requirements include
permission for the Library and Archives of Canada to supply single copies, on demand, of
the complete thesis and include permission for Proquest/UMI to supply single copies, on
demand, of the complete thesis. Should your thesis be published commercially, please
reapply for permission. Theses and dissertations which contain embedded PJAs as part of
the formal submission can be posted publicly by the awarding institution with DOI links
back to the formal publications on ScienceDirect.

Elsevier Open Access Terms and Conditions
You can publish open access with Elsevier in hundreds of open access journals or in nearly
2000 established subscription journals that support open access publishing. Permitted third

http://www.crossref.org/crossmark/index.html
http://www.elsevier.com/about/open-access/open-access-policies/article-posting-policy


6/3/2019 RightsLink Printable License

https://s100.copyright.com/AppDispatchServlet 5/5

party re-use of these open access articles is defined by the author's choice of Creative
Commons user license. See our open access license policy for more information.
Terms & Conditions applicable to all Open Access articles published with Elsevier:
Any reuse of the article must not represent the author as endorsing the adaptation of the
article nor should the article be modified in such a way as to damage the author's honour or
reputation. If any changes have been made, such changes must be clearly indicated.
The author(s) must be appropriately credited and we ask that you include the end user
license and a DOI link to the formal publication on ScienceDirect.
If any part of the material to be used (for example, figures) has appeared in our publication
with credit or acknowledgement to another source it is the responsibility of the user to
ensure their reuse complies with the terms and conditions determined by the rights holder.
Additional Terms & Conditions applicable to each Creative Commons user license:
CC BY: The CC-BY license allows users to copy, to create extracts, abstracts and new
works from the Article, to alter and revise the Article and to make commercial use of the
Article (including reuse and/or resale of the Article by commercial entities), provided the
user gives appropriate credit (with a link to the formal publication through the relevant
DOI), provides a link to the license, indicates if changes were made and the licensor is not
represented as endorsing the use made of the work. The full details of the license are
available at http://creativecommons.org/licenses/by/4.0.
CC BY NC SA: The CC BY-NC-SA license allows users to copy, to create extracts,
abstracts and new works from the Article, to alter and revise the Article, provided this is not
done for commercial purposes, and that the user gives appropriate credit (with a link to the
formal publication through the relevant DOI), provides a link to the license, indicates if
changes were made and the licensor is not represented as endorsing the use made of the
work. Further, any new works must be made available on the same conditions. The full
details of the license are available at http://creativecommons.org/licenses/by-nc-sa/4.0.
CC BY NC ND: The CC BY-NC-ND license allows users to copy and distribute the Article,
provided this is not done for commercial purposes and further does not permit distribution of
the Article if it is changed or edited in any way, and provided the user gives appropriate
credit (with a link to the formal publication through the relevant DOI), provides a link to the
license, and that the licensor is not represented as endorsing the use made of the work. The
full details of the license are available at http://creativecommons.org/licenses/by-nc-nd/4.0.
Any commercial reuse of Open Access articles published with a CC BY NC SA or CC BY
NC ND license requires permission from Elsevier and will be subject to a fee.
Commercial reuse includes:

Associating advertising with the full text of the Article
Charging fees for document delivery or access
Article aggregation
Systematic distribution via e-mail lists or share buttons

Posting or linking by commercial companies for use by customers of those companies.

20. Other Conditions:

v1.9
Questions? customercare@copyright.com or +1-855-239-3415 (toll free in the US) or
+1-978-646-2777.

http://www.elsevier.com/about/open-access/open-access-policies/oa-license-policy
http://creativecommons.org/licenses/by/4.0
http://creativecommons.org/licenses/by-nc-sa/4.0
http://creativecommons.org/licenses/by-nc-nd/4.0
mailto:customercare@copyright.com


5/29/2019 RightsLink Printable License

https://s100.copyright.com/AppDispatchServlet 1/3

SPRINGER NATURE LICENSE
 TERMS AND CONDITIONS

May 28, 2019

This Agreement between Mr. Simon Ashforth ("You") and Springer Nature ("Springer Nature") consists of
your license details and the terms and conditions provided by Springer Nature and Copyright Clearance
Center.

License Number 4597940891786

License date May 28, 2019

Licensed Content
Publisher

Springer Nature

Licensed Content
Publication

Applied Physics A: Materials Science & Processing

Licensed Content Title Femtosecond, picosecond and nanosecond laser ablation of solids

Licensed Content Author B. N. Chichkov, C. Momma, S. Nolte et al

Licensed Content Date Jan 1, 1996

Licensed Content Volume 63

Licensed Content Issue 2

Type of Use Thesis/Dissertation

Requestor type academic/university or research institute

Format print and electronic

Portion figures/tables/illustrations

Number of
figures/tables/illustrations

1

Will you be translating? no

Circulation/distribution <501

Author of this Springer
Nature content

no

Title Improving Femtosecond Laser Micromachining of Various Industrial and Biological
Materials for Applications in Industry

Institution name The University of Auckland

Expected presentation
date

Jun 2019

Portions Fig. 2b used to demonstrate the melt zone around nanosecond pulse ablation of steel foil.

Requestor Location Mr. Simon Ashforth
 University of Auckland, Photon Factory

SCS, Lvl5 Reception, Bldg301
23 Symonds St

 Auckland, Auckland 1010
New Zealand

 Attn: Mr. Simon Ashforth

Total 0.00 USD

Terms and Conditions

Springer Nature Terms and Conditions for RightsLink Permissions
Springer Nature Customer Service Centre GmbH (the Licensor) hereby grants you a non-exclusive,
world-wide licence to reproduce the material and for the purpose and requirements specified in the attached
copy of your order form, and for no other use, subject to the conditions below:

Permission for 
Figure 2.9



5/29/2019 RightsLink Printable License

https://s100.copyright.com/AppDispatchServlet 2/3

1. The Licensor warrants that it has, to the best of its knowledge, the rights to license reuse of this material.
However, you should ensure that the material you are requesting is original to the Licensor and does not
carry the copyright of another entity (as credited in the published version).

If the credit line on any part of the material you have requested indicates that it was reprinted or adapted
with permission from another source, then you should also seek permission from that source to reuse the
material.

2. Where print only permission has been granted for a fee, separate permission must be obtained for any
additional electronic re-use.

3. Permission granted free of charge for material in print is also usually granted for any electronic version of
that work, provided that the material is incidental to your work as a whole and that the electronic version is
essentially equivalent to, or substitutes for, the print version.

4. A licence for 'post on a website' is valid for 12 months from the licence date. This licence does not cover use
of full text articles on websites.

5. Where 'reuse in a dissertation/thesis' has been selected the following terms apply: Print rights of the
final author's accepted manuscript (for clarity, NOT the published version) for up to 100 copies, electronic
rights for use only on a personal website or institutional repository as defined by the Sherpa guideline
(www.sherpa.ac.uk/romeo/).

6. Permission granted for books and journals is granted for the lifetime of the first edition and does not apply to
second and subsequent editions (except where the first edition permission was granted free of charge or for
signatories to the STM Permissions Guidelines http://www.stm-assoc.org/copyright-legal-
affairs/permissions/permissions-guidelines/), and does not apply for editions in other languages unless
additional translation rights have been granted separately in the licence.

7. Rights for additional components such as custom editions and derivatives require additional permission and
may be subject to an additional fee. Please apply to
Journalpermissions@springernature.com/bookpermissions@springernature.com for these rights.

8. The Licensor's permission must be acknowledged next to the licensed material in print. In electronic form,
this acknowledgement must be visible at the same time as the figures/tables/illustrations or abstract, and
must be hyperlinked to the journal/book's homepage. Our required acknowledgement format is in the
Appendix below.

9. Use of the material for incidental promotional use, minor editing privileges (this does not include cropping,
adapting, omitting material or any other changes that affect the meaning, intention or moral rights of the
author) and copies for the disabled are permitted under this licence.

10. Minor adaptations of single figures (changes of format, colour and style) do not require the Licensor's
approval. However, the adaptation should be credited as shown in Appendix below.

Appendix — Acknowledgements:

For Journal Content:
 Reprinted by permission from [the Licensor]: [Journal Publisher (e.g. Nature/Springer/Palgrave)]

[JOURNAL NAME] [REFERENCE CITATION (Article name, Author(s) Name), [COPYRIGHT]
(year of publication)

For Advance Online Publication papers:
 Reprinted by permission from [the Licensor]: [Journal Publisher (e.g. Nature/Springer/Palgrave)]

[JOURNAL NAME] [REFERENCE CITATION (Article name, Author(s) Name), [COPYRIGHT]
(year of publication), advance online publication, day month year (doi: 10.1038/sj.[JOURNAL
ACRONYM].)

For Adaptations/Translations:
 Adapted/Translated by permission from [the Licensor]: [Journal Publisher (e.g.

Nature/Springer/Palgrave)] [JOURNAL NAME] [REFERENCE CITATION (Article name,
Author(s) Name), [COPYRIGHT] (year of publication)



5/29/2019 RightsLink Printable License

https://s100.copyright.com/AppDispatchServlet 3/3

Note: For any republication from the British Journal of Cancer, the following credit line style
applies:

Reprinted/adapted/translated by permission from [the Licensor]: on behalf of Cancer Research UK: :
[Journal Publisher (e.g. Nature/Springer/Palgrave)] [JOURNAL NAME] [REFERENCE
CITATION (Article name, Author(s) Name), [COPYRIGHT] (year of publication)

For Advance Online Publication papers:
 Reprinted by permission from The [the Licensor]: on behalf of Cancer Research UK: [Journal

Publisher (e.g. Nature/Springer/Palgrave)] [JOURNAL NAME] [REFERENCE CITATION (Article
name, Author(s) Name), [COPYRIGHT] (year of publication), advance online publication, day month
year (doi: 10.1038/sj.[JOURNAL ACRONYM])

For Book content:
 Reprinted/adapted by permission from [the Licensor]: [Book Publisher (e.g. Palgrave Macmillan,

Springer etc) [Book Title] by [Book author(s)] [COPYRIGHT] (year of publication)

Other Conditions:

Version  1.1
Questions? customercare@copyright.com or +1-855-239-3415 (toll free in the US) or +1-978-646-
2777.

mailto:customercare@copyright.com


5/29/2019 Rightslink® by Copyright Clearance Center

https://s100.copyright.com/AppDispatchServlet#formTop 1/1

Title: Mechanisms of Pulsed Laser
Ablation of Biological Tissues

Author: Alfred Vogel, Vasan Venugopalan
Publication: Chemical Reviews
Publisher: American Chemical Society
Date: Feb 1, 2003
Copyright © 2003, American Chemical Society

  Logged in as:
  Simon Ashforth
  Account #:
  3001365402

PERMISSION/LICENSE IS GRANTED FOR YOUR ORDER AT NO CHARGE

This type of permission/license, instead of the standard Terms & Conditions, is sent to you because no
fee is being charged for your order. Please note the following:

Permission is granted for your request in both print and electronic formats, and
translations.
If figures and/or tables were requested, they may be adapted or used in part.
Please print this page for your records and send a copy of it to your publisher/graduate
school.
Appropriate credit for the requested material should be given as follows: "Reprinted
(adapted) with permission from (COMPLETE REFERENCE CITATION). Copyright
(YEAR) American Chemical Society." Insert appropriate information in place of the
capitalized words.
One-time permission is granted only for the use specified in your request. No additional
uses are granted (such as derivative works or other editions). For any other uses, please
submit a new request.

If credit is given to another source for the material you requested, permission must be obtained
from that source.

Copyright © 2019 Copyright Clearance Center, Inc. All Rights Reserved. Privacy statement. Terms and Conditions. 
Comments? We would like to hear from you. E-mail us at customercare@copyright.com 

Permission for Figure 2.10

javascript:goHome()
javascript:viewAccount();
javascript:openHelp();
javascript:doCasLogout();
javascript:history.back();
javascript:closeWindow();
http://www.copyright.com/
http://www.copyright.com/content/cc3/en_US/tools/footer/privacypolicy.html
javascript:paymentTerms();
mailto:customercare@copyright.com


5/31/2019 RightsLink Printable License

https://s100.copyright.com/AppDispatchServlet 1/2

SPRINGER NATURE LICENSE
 TERMS AND CONDITIONS

May 30, 2019

This Agreement between Mr. Simon Ashforth ("You") and Springer Nature ("Springer Nature") consists of your license details and the
terms and conditions provided by Springer Nature and Copyright Clearance Center.

License Number 4599060245123

License date May 30, 2019

Licensed Content
Publisher

Springer Nature

Licensed Content
Publication

Applied Physics A: Materials Science & Processing

Licensed Content Title Microscopic mechanisms of laser spallation and ablation of metal targets from large-scale molecular dynamics
simulations

Licensed Content Author Chengping Wu, Leonid V. Zhigilei

Licensed Content Date Jan 1, 2013

Licensed Content Volume 114

Licensed Content Issue 1

Type of Use Thesis/Dissertation

Requestor type academic/university or research institute

Format print and electronic

Portion figures/tables/illustrations

Number of
figures/tables/illustrations

2

Will you be translating? no

Circulation/distribution <501

Author of this Springer
Nature content

no

Title Improving Femtosecond Laser Micromachining of Various Industrial and Biological Materials for Applications in
Industry

Institution name The University of Auckland

Expected presentation
date

Jun 2019

Portions Figure 2 and Figure 8 hat show snapshots from the molecular dynamics simulation of laser irradiation of aluminium. 

Requestor Location Mr. Simon Ashforth
 University of Auckland, Photon Factory

SCS, Lvl5 Reception, Bldg301
23 Symonds St

 Auckland, Auckland 1010
New Zealand

 Attn: Mr. Simon Ashforth

Total 0.00 USD

Terms and Conditions

Springer Nature Terms and Conditions for RightsLink Permissions
Springer Nature Customer Service Centre GmbH (the Licensor) hereby grants you a non-exclusive, world-wide licence to
reproduce the material and for the purpose and requirements specified in the attached copy of your order form, and for no other use,
subject to the conditions below:

1. The Licensor warrants that it has, to the best of its knowledge, the rights to license reuse of this material. However, you should ensure
that the material you are requesting is original to the Licensor and does not carry the copyright of another entity (as credited in the
published version).

If the credit line on any part of the material you have requested indicates that it was reprinted or adapted with permission from another
source, then you should also seek permission from that source to reuse the material.

2. Where print only permission has been granted for a fee, separate permission must be obtained for any additional electronic re-use.

3. Permission granted free of charge for material in print is also usually granted for any electronic version of that work, provided that the
material is incidental to your work as a whole and that the electronic version is essentially equivalent to, or substitutes for, the print
version.

4. A licence for 'post on a website' is valid for 12 months from the licence date. This licence does not cover use of full text articles on
websites.

Permission for 
Figure 2.11 and 2.12



5/31/2019 RightsLink Printable License

https://s100.copyright.com/AppDispatchServlet 2/2

5. Where 'reuse in a dissertation/thesis' has been selected the following terms apply: Print rights of the final author's accepted
manuscript (for clarity, NOT the published version) for up to 100 copies, electronic rights for use only on a personal website or
institutional repository as defined by the Sherpa guideline (www.sherpa.ac.uk/romeo/).

6. Permission granted for books and journals is granted for the lifetime of the first edition and does not apply to second and subsequent
editions (except where the first edition permission was granted free of charge or for signatories to the STM Permissions Guidelines
http://www.stm-assoc.org/copyright-legal-affairs/permissions/permissions-guidelines/), and does not apply for editions in other
languages unless additional translation rights have been granted separately in the licence.

7. Rights for additional components such as custom editions and derivatives require additional permission and may be subject to an
additional fee. Please apply to Journalpermissions@springernature.com/bookpermissions@springernature.com for these rights.

8. The Licensor's permission must be acknowledged next to the licensed material in print. In electronic form, this acknowledgement must
be visible at the same time as the figures/tables/illustrations or abstract, and must be hyperlinked to the journal/book's homepage. Our
required acknowledgement format is in the Appendix below.

9. Use of the material for incidental promotional use, minor editing privileges (this does not include cropping, adapting, omitting material
or any other changes that affect the meaning, intention or moral rights of the author) and copies for the disabled are permitted under
this licence.

10. Minor adaptations of single figures (changes of format, colour and style) do not require the Licensor's approval. However, the
adaptation should be credited as shown in Appendix below.

Appendix — Acknowledgements:

For Journal Content:
 Reprinted by permission from [the Licensor]: [Journal Publisher (e.g. Nature/Springer/Palgrave)] [JOURNAL NAME]

[REFERENCE CITATION (Article name, Author(s) Name), [COPYRIGHT] (year of publication)

For Advance Online Publication papers:
 Reprinted by permission from [the Licensor]: [Journal Publisher (e.g. Nature/Springer/Palgrave)] [JOURNAL NAME]

[REFERENCE CITATION (Article name, Author(s) Name), [COPYRIGHT] (year of publication), advance online
publication, day month year (doi: 10.1038/sj.[JOURNAL ACRONYM].)

For Adaptations/Translations:
 Adapted/Translated by permission from [the Licensor]: [Journal Publisher (e.g. Nature/Springer/Palgrave)] [JOURNAL

NAME] [REFERENCE CITATION (Article name, Author(s) Name), [COPYRIGHT] (year of publication)

Note: For any republication from the British Journal of Cancer, the following credit line style applies:

Reprinted/adapted/translated by permission from [the Licensor]: on behalf of Cancer Research UK: : [Journal Publisher (e.g.
Nature/Springer/Palgrave)] [JOURNAL NAME] [REFERENCE CITATION (Article name, Author(s) Name),
[COPYRIGHT] (year of publication)

For Advance Online Publication papers:
 Reprinted by permission from The [the Licensor]: on behalf of Cancer Research UK: [Journal Publisher (e.g.

Nature/Springer/Palgrave)] [JOURNAL NAME] [REFERENCE CITATION (Article name, Author(s) Name),
[COPYRIGHT] (year of publication), advance online publication, day month year (doi: 10.1038/sj.[JOURNAL ACRONYM])

For Book content:
 Reprinted/adapted by permission from [the Licensor]: [Book Publisher (e.g. Palgrave Macmillan, Springer etc) [Book Title]

by [Book author(s)] [COPYRIGHT] (year of publication)

Other Conditions:

Version  1.1
Questions? customercare@copyright.com or +1-855-239-3415 (toll free in the US) or +1-978-646-2777.

mailto:customercare@copyright.com


6/4/2019 RE: Request for Permissions for Thesis - Simon Ashforth

https://mail.auckland.ac.nz/owa/#viewmodel=ReadMessageItem&ItemID=AAMkADQyMjdmMDRiLTlkMmEtNGM1Zi1hZmZhLTBlOWVkYTdlZTk4… 1/4

RE: Request for Permissions for Thesis

Dear Simon Ashforth,

Thank you for the addi�onal informa�on.

For the use of figures 2, 3 and 6 from Ju Sun and Jon P. Long�n, "Effects of a gas medium on ultrafast laser beam delivery
and materials processing," J. Opt. Soc. Am. B 21, 1081-1088 (2004):

OSA considers your requested use of its copyrighted material to be Fair Use under United States Copyright Law. 
It is requested that a complete cita�on of the original material be included in any publica�on.

While your publisher should be able to provide addi�onal guidance, OSA prefers the below cita�on formats:

For cita�ons in figure cap�ons:

[Reprinted/Adapted] with permission from ref [x], [Publisher]. (with full cita�on in reference list)

For images without cap�ons:

Journal Vol. #, first page (year published) An example: J. Opt. Soc. Am. B 21, 1081 (2004)

Please let me know if you have any ques�ons. 

Kind Regards,

Rebecca Robinson

Rebecca Robinson
June 3, 2019
Authorized Agent, The Op�cal Society

The Op�cal Society (OSA)
2010 Massachuse�s Ave., NW
Washington, DC 20036 USA
[www.osa.org]www.osa.org

Reflec�ng a Century of Innova�on

From: Simon Ashforth <s.ashforth@auckland.ac.nz> 
Sent: Monday, June 3, 2019 12:14 AM 
To: pubscopyright <copyright@osa.org> 
Subject: Re: Request for Permissions for Thesis

pubscopyright <copyright@osa.org>
Tue 04/06/2019 08:18

To:Simon Ashforth <s.ashforth@auckland.ac.nz>; pubscopyright <copyright@osa.org>;

Permission for Figures 
7.14, 7.15 and 7.16


	Acknowledgements
	Abstract
	Table of Contents
	List of Figures
	List of Tables
	Chapter 1: Introduction
	1.1 Introduction
	1.2 Aims and objectives
	1.3 Organisation of the thesis

	Chapter 2: Background
	2.1 Brief history of the laser and laser machining
	2.2 Laser machining of hard tissue in surgery and medicine – Literature Review
	2.3 Brief review of laser physics
	2.3.1 General operation of a laser
	2.3.1 Generation and amplification of ultrashort laser pulses

	2.4 The process of laser ablation and its mechanisms
	2.5 Theoretical approaches to understand ultrashort pulsed laser ablation mechanisms
	2.5.1 One-dimensional two-temperature model (1D-TTM)
	2.5.2 Two-dimensional two-temperature model (2D-TTM)
	2.5.3 Molecular dynamics and hydrodynamic simulations

	2.6 Standard metrics of ultrashort pulsed laser micromachining
	2.6.1 Ablation threshold fluence
	2.6.2 Incubation
	2.6.3 Ablation rates
	2.6.4 Material characterization

	2.7 Bone structure and composition

	Chapter 3: Experimental Methods
	3.1 Sample Preparation
	3.1.1 Bone Tissue
	3.1.2 Silicon (Undoped), Stainless Steel and Sapphire

	3.2 Femtosecond laser machining with Gaussian beams
	3.2.1 Laser machining system
	3.2.2 Determining the ablation threshold with a Gaussian beam
	3.2.2.1 Diameter Regression Technique
	3.2.2.2 Investigation of incubation effects
	3.2.2.3 Diagonal-scan method


	3.3 Femtosecond laser machining with spatially shaped beams
	3.3.1 Phase mask design
	3.3.1.1 Bessel beams – an introduction
	3.3.1.1.1 Methods of generating Bessel beams
	3.3.1.1.1.1 Annulus and Lens
	3.3.1.1.1.2 Axicon
	3.3.1.1.1.3 Liquid Crystal on Silicon Spatial Light Modulator


	3.3.1.2 Vortex beams – an introduction
	3.3.1.2.1 Methods of generating vortex beams
	3.3.1.2.1.1 Spiral phase plate
	3.3.1.2.1.2 Liquid Crystal on Silicon Spatial Light Modulator



	3.3.2 Diagonal-scan method for determining the ablation threshold with Bessel and vortex beams
	3.3.2.1 D-Scan Calculation for Vortex Beams
	3.3.2.2 D-Scan Calculation for Bessel Beams

	3.3.3 Depth regression method for determining the ablation threshold with Bessel beams in bone tissue

	3.4 Material characterization techniques
	3.4.1 Scanning electron microscopy
	3.4.2 Optical Coherence Tomography (OCT)
	3.4.3 Overhead illuminated microscopy


	Chapter 4: Ultrashort pulsed laser ablation of bone tissue with Gaussian beams
	4.1 Introduction
	4.2 Results
	4.2.1 Determining the ablation threshold and incubation factor
	4.2.2 Removal rates
	4.2.3 Effect of focal position on ablation depth
	4.2.4 Feature Assessment

	4.3 Discussion
	4.3.1 Ablation Threshold
	4.3.2 Incubation
	4.3.3 Removal Rates
	4.3.4 Effect of focal position on ablation depth
	4.3.5 Feature assessment

	4.4 Conclusion

	Chapter 5: Ultrashort pulsed laser ablation of bone tissue with Bessel beams
	5.1 Introduction
	5.2 Results
	5.2.1 Determining the ablation threshold and incubation factor
	5.2.2 Removal rates
	5.2.3 Feature Assessment

	5.3 Discussion
	5.3.1 Ablation Threshold
	5.3.2 Incubation
	5.3.3 Removal Rate
	5.3.4 Feature Assessment

	5.4 Conclusion

	Chapter 6: Ablation threshold fluence of Silicon and Quartz with femtosecond Bessel and Vortex beams
	6.1 Introduction
	6.2 Results
	Determining the ablation threshold and incubation factor

	6.3 Discussion
	6.4 Conclusions

	Chapter 7: Ablation threshold fluence of Silicon, Stainless Steel and Sapphire with femtosecond Gaussian beams in vacuum conditions
	7.1 Introduction
	7.2 Results
	7.2.1 Determining the ablation threshold
	7.2.1.1 Undoped Silicon
	7.2.1.2 Stainless Steel
	7.2.1.3 Sapphire

	7.2.2 Feature assessment
	7.2.2.1 Undoped Silicon
	7.2.2.2 Stainless Steel

	7.2.3 Drilling of undoped silicon in vacuum versus ambient conditions

	7.3 Discussion
	7.3.1 Ablation threshold and beam waist
	7.3.1 Drilling of undoped silicon in vacuum versus ambient conditions
	7.3.2 Ablation mechanism

	7.4 Conclusions

	Chapter 8: Conclusions
	Appendix A: Theoretical basis of the diagonal scan method for determining the laser ablation threshold for femtosecond vortex pulses
	A.1  Abstract
	A.2 Introduction
	A.3 Damage Radius
	A.4 Finding the maxima
	A.5 Isolating the damage threshold
	A.6 Limitations of the Lambert Omega function
	A.7 Pulse superposition
	A.8 Conclusions
	A.9 Acknowledgements

	References



