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ABSTRACT

Set in the wide and continuously growing field of glass processing with ultra short laser pulses, this
work deals with the cutting and edge shaping of glass sheets. Laser beams with elongated focal
geometries have previously been used to perforate even thick glass sheets with single laser shots and
thus enabled fast and clean cutting processes. These line foci so far have been limited to straight
geometries resulting in sharp edges, which for many applications require an extra processing step
to obtain a c-cut edge. The c-shaped Airy beam on the other hand has been employed in ablative
processes to create curved edges and trenches in thin sheets of silicon and diamond. This work
describes the application of the Airy beam to the micro perforation cutting process in glass.

For this, the linear propagation of the Airy beam focus is reviewed with respect to the achiev-
able length, curvature and focal contrast that depend on the focusing conditions. With an effective
numerical aperture of 0.13 volume modifications of up to more than 2 mm length are demonstrated
in borosilicate glass, that follow very well the expected parabolic trajectory of the Airy beam with a
bending radius of 12 mm. Applying the Airy modifications for micro perforation for the first time,
glass sheets with rounded edges have been achieved after etching with a bending radius down to
727 µm in a 600 µm thick sheet.

The most crucial limitation of the Airy beam with respect to the micro perforation process is the
relatively low focal contrast that leads to absorption and material damage in the side lobes of the
beam. This can be observed experimentally as an effective tilt of the Airy beam due to the pref-
erential absorption in the upper part of the glass modification and is corroborated by non linear
simulation results. Adjustments of the optical setup allow the compensation of this tilt and lead to
the production of a symmetric edge.

The influence of the damage in the side lobes proves particularly problematic for separation by
mechanical cleaving. Further adjustments of the Airy beam can be used to align the cracks that are
caused by the laser perforation process along the intended cutting direction, i.e. orthogonal to the
plane of maximum curvature. Going further, the Airy beam is a promising candidate for light sheet
cutting, which will enable even faster micro perforation cutting processes by replacing the focal line
with a focal surface. In this work, the first sheet like in-volume modification induced by a single laser
shot is demonstrated.
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Chapter 1

Introduction

In the past two decades ultra short pulsed lasers have become reliable, increasingly cheap and widely
used tools in industry. The applications are manifold and reach from surface functionalization and
permanent marking [Ala+19; LAS22] and micro machining of complex 3D structures [Got13; 3D ] to
writing of internal structures in dielectrics. Examples for internal structuring include wave guides or
photonic structures for integrated optical circuits and data storage [Miu+98; Gle+96; Mic22] and mi-
cro welding of these brittle, transparent materials [RNT12; SCH22g]. One field that has also profited
particularly from the availability of ultra short pulsed lasers is the laser cutting of glass sheets [NLS13;
Dud+20].

Glass sheets are present in a broad range of products, for example as simple decor glass in
home appliances, as cover glasses in smartphones or as interposers in integrated electronic de-
vices [Kur+16]. Other rising fields that rely on the transparent and inert character of glass and that
use glass sheets are biomedical, micro fluidic and sensor applications. Common to nearly all of these
applications is the requirement of robust edges, as these are particularly exposed parts of the sheet
and a small crack once formed at the edge may quickly lead to catastrophic failure of the whole
product due to the brittle behaviour of glass.

a) b)

FIGURE 1.1: Two examples of improved handling of glass sheets with rounded edges:
In comparison to straight edges these may lead to more accurate positioning at mechan-
ical stops and avoiding of chipping due to debris (a) and a more tolerant, self adjusting

flush positioning of parts (b).

Many glass products therefore are prepared with a chamfered or rounded edge, also referred to
as pencil or c-cut [Swi17]. This increases the stability of the glass sheet, ensures a more accurate
positioning at mechanical stops and can lead to a more robust flush joining of mechanical parts, see
Fig. 1.1. This aspect is particularly important in the context of automation and high throughput anal-
ysis, for example in biomedical applications, which usually deal with sheet thicknesses reaching from
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100 µm (microscopy cover glass) to 1 mm (microscope slide) [SCH22e]. C-cut edges also reduce cut-
ting hazards and improve the aesthetic appearance, mostly relevant the decorative applications that
use glass sheets which reach several millimetres in thickness [SCH22a]. The production of ultra thin
glass sheets down to 30 µm or less on the other hand is motivated by the current trend towards fold-
able displays [SCH22h; Nip22]. Cover glasses provide protection for the display and the premium
touch that is sought by consumers. The small bending radii that the glass sheet needs to support over
years of use, poses particularly high requirements on the edge strength of those ultra thin sheets.

At the same time most products require flexible contour geometries, for example including cut
outs for speakers and buttons in smartphones, smooth integration of displays and mechanical ele-
ments in automotive cockpit surfaces or application specific geometries in micro fluidics. The pro-
duction of round contours, especially if high precision and small radii are required, is challenging if
not impossible with mechanical cutting processes such as scribe and break techniques and usually
requires additional mechanical grinding, which is a time consuming process associated with debris
produced by abrasion of both glass and tools.

Many processes which required mechanical abrasion of the work piece are now performed by
the interaction of photons with the material. A particular feature of the laser foci that replace the
mechanical tools is that they can modify directly the interior of transparent workpieces. While ul-
tra short laser pulses can also be used for abrasive glass cutting processes that employ ablation, a
much cleaner and often faster process is provided by micro perforation of the work piece. For this,
elongated line foci are used to weaken the work piece throughout its entire thickness and the glass
is subsequently separated along the weakened surface, usually by direct mechanical cleaving or by
etching. This way free form cuts can be performed along nearly arbitrary contours [SCH22f].

The non linear absorption that is responsible for the deposition of energy, which causes the ma-
terial modification, is only achieved at very high intensities beyond ca. 10 TW/cm2. The intensity
distribution of the laser beam thus crucially determines the spatial distribution of the material modi-
fication. A large amount of research has therefore been dedicated by several companies and research
groups in the past decade to the development of novel beam shaping concepts, that yield specific
laser focus geometries to improve existing processes [HH12; Dud+19; Mey+17a; Jen+20; Bel+21;
UL21; Fla+22].

The available pulse energy provided by industrial laser sources is continuously rising and thus
enables fast processing of increasingly thick glass sheets by increasing the length of laser line fo-
cus [Sar+19]. On the other hand, a high lateral localization is required to avoid unwanted damage
of the work piece and to achieve precise machining results. Quasi non-diffracting beams like the
Bessel-Gauss beam exhibit a lateral intensity profile that remains unchanged over propagation dis-
tances that are far greater than the extent of their main lobe [Mar+01], meaning that they can easily
be scaled up to provide a highly confined material modification with a length that is principally only
limited by the size of the optics and the laser pulse energy.

The edges resulting from micro perforation cutting have a surface appearance that corresponds
to fine sanding, with a surface roughness of ca. 1 µm, which in principle saves the extra grinding step
that follows conventional cutting.

At the start of this project, however, micro perforation beam shapes were limited to straight ge-
ometries and the production of a rounded edge therefore required an additional grinding process.
Going beyond the conventional mechanical grinding, rounded edges produced by an ablative laser
process had previously been demonstrated in thin sheets of diamond and silicon employing the
curved line focus of the 2D Airy-Gauss beam [Mat+12]. In this project, the 2D Airy-Gauss beam is
combined with the focusing conditions of the micro perforation process to obtain a rounded edge as
a direct result of the laser process.

The 2D Airy-Gauss beam can be produced as the Fourier transform of a Gaussian beam with
a cubic phase along two orthogonal directions respectively [Siv+07]. The main lobe of the focused
beam follows a parabolic trajectory in the mirror plane of the cubic phases and the resulting line
focus has a length and curvature that are determined by the focusing conditions. For glass cutting
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applications, a large length, high curvature and a high confinement would be favourable. However,
they cannot all be maximized at the same time. In this work, the trade-offs between those parameters
and their limitations are addressed, see chapter 3.

Also using the Airy beam, glass modifications have previously been demonstrated that follow
the expected curvature for length in the range of few tens of µm [Fro+11]. Going to higher energies
and longer focal lengths, volume modifications in borosilicate are demonstrated here that match the
expected Airy profile with lengths of up to more than 2 mm and a bending radius of 12 mm, see
chapter 4.

As a crucial deviation from the linear propagation profile, there is a preferential absorption in the
upper part of the glass sheet and the modification in the lower part is suppressed. Also, a strong
dependence of the modification morphology on the pulse duration is observed. Numerical simula-
tions with an unidirectional pulse propagation model, that has previously successfully been applied
to the non linear propagation of Bessel beams in similar focusing conditions [Mis+17], indicate that
the ignition of plasma in the side lobes of the beam is responsible for both the observed asymmetry
and the pulse duration dependence of modification morphology.

For a modification that penetrates the full thickness of a glass sheet also the interaction of the
glass surface and the laser pulse needs to be taken into account. Various combinations of pulse
energy, pulse duration, number of pulses in a burst and focus position within the glass were tested
and the surface and volume modifications inspected by optical microscopy. The laser parameters
and focusing conditions had to be finely tuned to achieve a continuous modification and at the same
time avoid excessive damage in the side lobes of the beam to produce a well defined, rounded edge
in a 525 µm thick glass sheet could be produced by etching, as first demonstration of single pass
cutting with the Airy beam. For this result, the linear focus had to be placed beneath the centre of the
glass sheet to achieve a sufficiently evenly distributed material damage throughout the sheet. The
resulting edge is asymmetric - effectively tilted with respect to the glass sheet.

A particular feature of the Airy beam, which in previous work has been called ”ballistic con-
trol” [Hu+12], can be used to compensate the observed tilt, which is discussed in chapter 5. For this,
the Gaussian input beam is moved laterally with respect to phase mask and microscope objective.
At the focus, the intensity distribution is effectively shifted along the Airy parabola as a result of the
Gaussian offset. Here, an intuitive description of the tilt is derived in terms of the low order aberra-
tion that are induced by this offset. The expected shift is confirmed in volume modifications. This
effect is used to position volume modifications symmetrically in a in a 920 µm thick glass sheet and
thus a well defined, symmetric edge can be obtained after etching.

Mechanical cleaving along a curved surface turns out to be challenging. Here, the partial results
that could be achieved with the 2D Airy Gauss beam are presented. Cracks along the side lobes
of the Airy focal line are identified as main problem for mechanical cleaving. In terms of beam
shaping there are two solutions to improve the process: If the focal contrast is increased, the energy
deposition in the side lobes can be reduced. Alternatively, it would be favourable to align the cracks
along the intended cutting direction. Several such concepts have previously been proposed for the
Bessel beam.

The ”oblong” Airy proposed by Ungaro and Liu [UL21] briefly after the publication of the first
Airy cutting result achieved in this project combines both solutions and they demonstrate a mechani-
cally cleaved edge after micro perforation with an Airy beam. For this they use the standard 2D Airy
phase mask in combination with an input beam that is elongated along the mirror plane of the Airy
beam. The propagation properties of this beam shape, in particular the contrast along the propaga-
tion, are examined here by means of numerical simulation and experimental imaging of the linear
propagation in air. The oblong Airy beam is identified as the transition between the 2D Airy Gauss
beam and an 1D Airy light sheet in chapter 6.

As a potential game changer in high throughput laser cutting of transparent materials, the con-
cept of light sheet cutting [Ort+22b] is introduced here and in volume surfaces, i.e. 2D areas within
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the volume of the glass sheet, are demonstrated that have been modified by a single laser shot re-
spectively.

During this project two peer reviewed articles have been published [STS21c; STS22a] and patent
applications in seven patent families have been submitted. In addition to the creation of curved edges
by cutting with an Airy beam as discussed in this work [OST20] these deal with improvements of the
laser process in combination with etching [Ort+20; Ort+22a], the production of wave guides [Kog+20]
and improved cutting processes, that make use of the asymmetric lateral intensity distribution of the
Airy beam [SWO20; SKN20].

This thesis sets out with a description of the micro perforation process in chapter 2, along with
a review of the most important beam shapes, in particular the Bessel beam and its variations. The
mechanisms that govern the energy deposition during the process and the resulting modification
types and their scaling are presented as well in this chapter. Chapter 3 deals with the linear prop-
agation of light as basis for beam shaping concepts and introduces the optical Airy beam in detail,
showing how it is generated and how the focusing parameters can be used to scale the resulting line
focus. The measurements of the linear propagation in air are also shown here. Chapter 4 deals with
the micro machining with the standard 2D Airy-Gauss beam and the non linear simulations that are
used to resolve the non linear propagation effects of the Airy beam and and to understand better
the observed morphology of glass modifications. In chapter 5 the geometrical model for the shifted
Airy is presented as well as the micro machining methods and results that lead to the production of
a symmetric edge. Chapter 6 provides an outlook, reviewing the properties of the oblong Airy beam
and presenting the first application of a light sheet for micro perforation cutting.
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Chapter 2

Micro perforation process and its physical
background

2.1 Glass cutting by micro perforation

There is a broad range of ways in which lasers are used to cut sheets of brittle dielectrics such as
glass [NLS13; Kum+14; Lop+t ; Dud+20]. In this work I use a cutting process that in previous work
has been termed laser volume scribing [Dud+20] or sometimes filamentation [Coh18; AH17; HH12],
although usually a linearly elongated laser focal line is used rather than an actual non linear filament,
see Sec. 2.4.4. For this process, discrete laser shots are used to weaken the material along the intended
cutting surface throughout the sheet, see Fig. 2.1. For suitable focusing conditions and a resulting
line focus with sufficient length, the material volume that is weakened by a single laser shot may
extend through the entire depth of the work piece. This enables single pass cutting, where any lateral
position along the intended cutting surface only needs to be irradiated once. The process time then
depends only on the velocity with which the contour can be written. In principle this velocity v is
limited by the distance between neighbouring modifications, the pitch p, and the pulse repetition rate
of the laser source frep to a maximum value vmax = p × frep. In many cases, however, the velocity
is limited by the ability of the mechanical setup to position the sample with the required spatial
accuracy 1. If multiple passes at different depths within the work piece are required to achieve a
modification of the desired length, the processing time increases accordingly.

After laser processing the work piece can be separated accurately along the weakened surface
either by mechanical breaking (cleaving) or etching. A related process is stealth dicing [Kum+07],
where the work piece is usually not modified throughout its entire thickness, but sometimes this
term is also used for the process that here is referred to as micro perforation [Mey+19].

The laser perforation itself is a kerf-less cutting process and hardly produces any debris, in con-
trast to, for example, cutting by rear side ablation [Dud+20]. This is despite the fact that in typical
cutting regimes the modification also includes the formation of a void, see Fig. 2.2. Mass measure-
ments of highly perforated sheets indicate that the mass loss during the laser perforation is negligi-
ble and the material is moved from the void into a surrounding densified zone [Sch17; Ber+18a], see
Sec. 2.3.1 for more details.

For industrial applications it is favourable if the sample can be separated by cleaving, in partic-
ular, if this can be done in an automated fashion, e.g. by thermal crack propagation with a CO2
laser [Lop+t ; HH12]. In some cases even a direct self-separation after the USP laser process has been
recorded in chemically strengthened glass [Mis+16].

However, separation by etching can also be done on industrial scale and leads to particularly
strong edges, as micro cracks that in many cases are introduced by the laser process and that lead to
weakening of the edge are removed during etching. The edge strength2, given in terms of a bending

1For typical values, e.g. p = 10 µm and frep = 100 kHz this yields vmax = 1 m/s, which is only reached after 10 cm with

a constant acceleration of 5 m/s2.
2Typically the edge is the weakest part of a glass sample due to the accumulated defects, which act as seeds for cracks.

Removing those initial defects leads to a higher edge strength and a narrower distribution of failure stresses [DJ20].
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v
p

frep

b)
b1)

b2)

a)

FIGURE 2.1: Schematic representation of the cutting process, starting with the laser
structuring (a) for which a focal line of a pulse laser with repetition rate frep is moved
horizontally relative to the sample along the intended cutting contour with speed v, re-
sulting in a weakened surface throughout the material that is defined by distinct mod-
ifications separated by a pitch p. In a second step (b) the sample is separated either by

mechanical cleaving (b1) or etching (b2).

100 µm

a) b)

FIGURE 2.2: Scanning electron micrscope (SEM) images of a glass edge produced by
laser perforation and mechanical cleaving (a) [Sch17] and a partially etched perforation
line (b) [Ort+18b] produced with a straight line focus. In (a) the equally spaced, elon-
gated voids produced by the laser process can be seen, as well as the irregular cracks
that connect them. (b) shows the typical bubble like cup structure within the etched

channels.
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stress, is typically determined by bending trials, e.g. in a four point bending setup [Dud+20].
The edges after mechanical cleaving have a surface roughness of about 1 µm or less, in particular

when the cracks that are created by the laser shots respectively can be aligned along the intended
cutting direction [Mis+17], also see Sec. 2.3.1.

An elongated focal line is needed to enable the fast single pass glass cutting mentioned above.
On the other hand, a confined mechanical damage is necessary to avoid weakening or even breaking
the final workpiece. Industrial laser sources usually provide a beam with a Gaussian profile. For a
Gaussian beam of a given wavelength however, the depth of focus and the transveral beam waist,
i.e. length and width of the focal volume, are directly coupled and an increase in length would
simultaneously lower the confinement. Other beam geometries on the other hand can be obtained by
using bulk optics, such as for example a conical lens, a so called axicon, but also other phase changing
elements can be used for this purpose, such as spatial light modulators or diffractive optical elements,
see Sec. 3.6.

Several aspects relevant for glass cutting can be considered when designing these beam geome-
tries. In particular, depending on the beam shape length and width of the focal volume can be ad-
justed independently, effects like the distributed plasma shielding can be reduced by going from a
mostly on-axis energy flow to a increased lateral energy flow and even curved line geometries can be
achieved. These adaptations of the beam shape provide the central tool for more robust and versatile
laser cutting process. Here we will consider a selection of beam shapes that previously have been
used for this cutting process, before reviewing the fundamentals of beam shaping together with the
Airy beam in chapter 3.

2.2 Beam shapes used for micro perforation

The necessary tool for the cutting process as described in Sec. 2.1 is an extended laser focus geometry,
a focal line, that enables fast processing of large depth ranges with a single laser shot. The design
of such focal lines is a fundamentally different task to optical imaging, which is concerned with an
accurate representation of an image in the transversal focal plane. Laser beam shaping for glass cut-
ting on the other hand requires control over an extended volume, especially in the case of accelerated
beams, see chapter 3 and appendix D. A high lateral localization of the main lobe of the intensity
distribution and a broad, preferably constant intensity of the main lobe along the beam propagation
direction are favourable for these applications.

Quasi non-diffracting beams are particularly interesting with respect to these demands, as they ex-
hibit a constant lateral intensity profile over propagation distances that are far greater than the extent
of their main lobe. For simplicity these beams are often referred to as non-diffracting beams, which
are their theoretical base models, that can carry infinite amount of energy and thus truly remain non-
diffracting over arbitrarily large distance. Physical beams in contrast will always be apodized and
the beam will only exhibit non-diffracting features over a limited propagation distance.

2.2.1 Bessel beam

The Bessel beam and also its apodized variation, the Bessel-Gauss beam are among the first non-
diffracting beams that were already theoretically described and experimentally demonstrated in
1987 [DME87]. The name of the beam relates to the focal electric field profile, that is described by
the zero order Bessel function of the first kind J0(x). Corresponding to the Fourier transform of a
ring, this focal profile can be created by imaging a ring aperture with an ideal lens, also see Sec. 3.2,
but this would mean wasting large portions of the laser power3 and in practice it is nearly always

3In particular when one tries to approach the ideal Bessel beam, which corresponds to an infinitely thin ring.
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produced in direct space, by adding a conical phase to the input beam. This conical phase can be
produced by an axicon, a conical lens, see Fig. 2.3.

The resulting lateral intensity profile of the ideal Bessel beam

I(ρ) = |A0|2 J0
2(kTρ) (2.1)

has a pronounced central peak, which exceeds the first ring by a factor of 6.2, thus yielding a good
focal contrast4. The radius of the central lobe

wB =
2.40

kT
=

1.2λ

π sin(θB)
(2.2)

depends on the laser wavelength and the Bessel cone angle θB. Short wavelengths and high Bessel
cone angles thus lead to a high confinement of the laser pulse energy, which is favourable for material
processing, for example see [Mey+19].

The Bessel beam is called non-diffracting, because its transversal intensity profile does not change
during propagation. The propagation invariance of the ideal Bessel beam can be understood in terms
of its plane wave components, also see Sec. 3.2. These all have the same longitudinal wave number
and thus there is no relative phase shift. The transform function of propagation Eq. 3.27 then reduces
to a phase term, that changes linearly with z but is constant in the transversal plane and can thus be
neglected, also see [Goo17].

L2L1

θB

PM

a)

b)

θpm

2wi
2wB2wpm

f1 f1 f2 f2

lB

I

r

FIGURE 2.3: Optical setup for producing a Bessel Gauss beam (a) and schematic lateral
cross sections of the intensity distribution (b) at the positions marked by the dotted lines
respectively. The Bessel distribution right behind the phase mask PM is demagnified by
a factor M = f2/ f1 for material processing by a telescope setup with two lenses L1

and L2. The Bessel cone angle θB = θPM/M increases compared to the angle behind the
phase mask θPM while the length lB and the width wB decrease for f2 < f1.

In practice, the beam has a finite extent which is determined by the width of the input beam
wi. For typical beam diameters this does not significantly affect the centre of the lateral intensity
profile, i.e. the focal contrast or the main lobe diameter. The longitudinal intensity profile of the main
lobe, however, strongly depends on the width and shape of the input beam [GGP87]. Apart from
diffraction effects at the apex, that lead to a finite slope in the on-axis intensity right behind the axicon,
it can be understood as the projection of the radial input beam profile onto the propagation axis, also
see Sec. 2.2.2, so that the length can be estimated as lB = wi/ cos(θB). As the cone angle should be
maximized for a narrow central peak, a large beam width is needed for producing long focal lines
for material processing. Therefore one crucial limit for material processing is the size of the optics.

4Even higher focal contrasts have been reported for modified versions of the Bessel beam [Fla+19].
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With current optics aspect ratios lB/wB exceeding 10,000 are readily reached [Mey+19]. The other
important limitation of cutting applications is the pulse energy, as a sufficiently large intensity needs
to be reached to produce the mechanical damage needed for separation. The length of modifications
produced by a Bessel beam can be very well modeled by applying a constant threshold intensity to
the linear propagation profile [Ber+18b; Feu+19].

Glass cutting of sheets with a thickness of up to 12 mm has been demonstrated with Bessel Gauss
beams [Mey+19; Feu+19; Jen+20].

Another aspect that makes the Bessel beam particularly interesting for glass cutting is that its
transversal intensity profile reconstructs behind obstacles in the beam path [MD05]. This property
is due to the lateral energy flow towards the focal region and is often referred to as ”self-healing”, a
feature shared with other non-diffracting beams, such as the Airy beam.

2.2.2 Modified Bessel beam for improved glass cutting

Several modifications of the Bessel beam and Bessel based beam shaping concepts have been pro-
posed for improving its performance in glass cutting or adapting it to custom needs [Fla+19]. Two
aspects that can be generalized to other beam shapes will be presented for the Bessel beam, which
has been most extensively studied.

Intensity flattening The variation of the main lobe intensity along the propagation, i.e. the longi-
tudinal contrast, can require a high pulse energy to ensure that the intensity exceeds the threshold
for material damage at all depths within the sample. Despite the relatively large focal contrast of
the Bessel beam, this can lead to unwanted effects such as distributed shielding, see [Mis+17] and
Sec. 2.4.4, or excessive damage at the position of peak intensity. Lowering the longitudinal contrast
along the focal line, i.e. flattening or homogenizing the longitudinal intensity profile, means that
the peak intensity can be lowered while the lowest intensity in the specified region still exceeds the
threshold for material modification. For example, for an ideal top hat distribution, the length of the
modification will not any longer depend on the pulse energy, but the length of the top hat will be
limited by the available pulse energy. This concept has been included in industrial glass processing
optics [Fla+19].

This industrial realization is based on concepts for constructing arbitrary on-axis intensity dis-
tributions by combining ideal or apodized Bessel beams [ZR04; Dar+06]. First analytically derived
expressions for phase delay required for constant on axis description by a direct energy mapping
from an annulus in the input plane to an on-axis segment and their experimentally realisations by
binary DOEs have been published 30 years ago [Soc+92].
More recently, iterative methods have been proposed and realized experimentally for an on-axis
intensity shaping both with static, diffractive optical elements [Osi+10] and active spatial light mod-
ulator, which can even correct for non-uniform input beams [OI+16].

Preferential crack orientation Mechanical separation after laser modification with a line focus re-
lies on the weakening of the material along the intended cleaving surface. For beams with rotational
symmetry as the Bessel beam, however, the cracks that are created in the material for high pulse
energies are oriented in various random directions [Dud+18]. This can lead to crack propagation to
either side of the intended surface during separation, so that a small separation of the modifications,
i.e. a small pitch, is required for a clean cut.

Defining a preferential direction by breaking the rotational symmetry of the beam can both lower
the force required for separation, i.e. improve separability [Jen+20; Mey+17a], and also increase the
strength of the resulting edge [Mey+17a]. The pitch, and thus also the processing speed5, can be
increased and for mm thick sheets of Borofloatr 33 the separation force was even decreased when

5If the laser is used at its maximum repetition rate, which is rarely the case.
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FIGURE 2.4: Separability of glass sheets of three different thicknesses for three Bessel
based beam profiles and varying modification distance (pitch) [Jen+20]. One can see
that with the elliptical profile the force needed for separation (”separability”) is lower
for all three samples at a given pitch and that cleaving with larger pitches is possible
compared to the symmetrical profile. In the microscope images one sees extended areas
of smooth fracture between of the laser induced channels for larger pitch (iii and iv).
A three spot profile aligned along the cutting direction does not lead to a lower sep-
arability but also enables separation with a larger pitch compared to the symmetrical

profile.
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going changing the pitch from 5 µm to 30 µm, see Fig. 2.4. Although large portions of the cleaving sur-
face are smooth for a large pitch, the mean surface roughness Sa is not significantly reduced [Jen+20].
Interestingly, the separability is not reduced for thin glass (550 µm).

Most commonly the preferential direction is defined by using a Bessel beam with an elliptical pro-
file in lateral cross section. This can be obtained by using an axicon with an elliptical tip or tilting an
axicon, both of which induce astigmatic aberrations in the beam profile [Dud+18; Dud+19]. Alterna-
tively the ellipticity can be induced by blocking a rectangular region in the Fourier plane [Mey+17b],
also see Sec. 3.2.2, by adding a constant phase to half of the Fourier plane6 or by specific phase mask
design, which in fact enables a broad range of beam shapes [Jen+20].

The main mechanism for facilitation of glass cutting is the preferential crack orientation [DGR16;
Jen+20], but also an enhanced stress localization at elliptical voids [Mey+17b] has been predicted by
simulations 7 and resulted in an improved separability [Mey+17a; Jen+20]. Interestingly the samples
also cleave along the intended surface even when three voids are created that are aligned orthogo-
nally to the cutting surface, compare [Mey+17b; Mey+17a], so that the ellipticity of the central void
determines the cleavage plane. When the intensity is more evenly distributed across three focal
lines [Jen+20], the set of voids is aligned with the cutting direction for the enhanced glass cutting,
also see Fig. 2.4.

2.2.3 Spherically aberrated Gaussian beam

Similarly to the Bessel beam, spherical aberration can lead to an elongated focal line by constructive
interference of light cones, see Fig. 2.5 a). In contrast to the Bessel beam those cones all have different
cone angles. A beam with significant elongation of the on-axis intensity as shown in Fig. 2.5 b) and
c) can be produced by focusing a Gaussian beam with a single spherical lens.

The on axis intensity shows the elongated focal distribution towards the lens and exhibits mod-
ulations, which are typically observed for spherical aberration. Another characteristic feature is the
presence of a prominent Gaussian like peak at one end of the extended focal region. The transversal
intensity profile in the tail on the other hand reminds of the Bessel beam, with pronounced concen-
tric rings surrounding an narrow main lobe. Similarly to the Bessel beam [Ber+18b], the length of
the modification increases with pulse energy8 and it can also be well described in terms of a constant
intensity threshold, see Fig. 2.6.

6Amplitude glass module
7For simulations of von Mises stress at circular and elliptical modifications [Jen+20] assume a homogeneous decrease

of Young’s modulus (or void) shaped like the beam profile. For the prediction of the Young’s modulus they refer to [AB15],
which in turn validate the semi-empirical formula Eporous = E0(1− p/pc) f [f depends on pore geometry] for porous, brittle
material from [PN87], and combine this with observations of porous structures in silica waveguides written with fs lasers
[Can+11]).

8These complementary results I have produced using the same industrial laser machine as for the main experiments in
this study, see Sec. 4.1.
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FIGURE 2.5: Ray trace representation (a), longitudinal cross section of the focal inten-
sity distribution (b) and intensity profile on the optical axis (c) of a spherically aberrated
beam produced by focusing a Gaussian beam with a biconvex lens. Note that the outer
rays are focused closer to the lens and thus lead to an elongated focal intensity distribu-

tion.
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FIGURE 2.6: Microscopic cross section of glass modifications produced with a spheri-
cally aberrated lens (a) and comparison of measured modification lengths with length
calculated from the linear intensity distribution for a constant damage threshold inten-

sity Ith = 4 TW/cm2(b).
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2.3 Laser induced modifications for separation by cleaving and etching

The interaction of ultra short laser pulses with dielectrics can generate a wide range of modification
types in dielectrics [Ito+06], ranging from local lattice defects [Mau+16; Vel+16] which can lead to
colour changes [Lon+03] or a soft refractive index change at low pulse energies, to nano gratings
within the material [Sud+99; Shi+03; Kaz+07] at intermediate energies and to significant mechanical
disruption of the lattice, such as material removal (ablation) at the surface [Stu+96] or void and
crack formation within the volume [Juo+06; Hen+16]. Here, we will review the modifications with
respect to their use in the glass cutting process. Mechanical separation in the context of the micro
perforation process generally relies on the presence of voids, cracks and stress fields as precursors
for the intended catastrophic crack growth [Ber+18b; DGR16; Jen+20]. For etching, generally an
enhanced local etching rate leads to the material removal that is needed for separation, but different
types of modifications can lead to this increase, see Sec. 2.3.2.

2.3.1 Void and crack formation

Void formation as a result of a confined micro explosion induced by ultra short laser pulses has first
been reported for 100 fs pulses in various dielectrics [GM98]. The void opening can be understood
in terms of the rarefaction zone that follows a shock wave that radiates outward from the high en-
ergy laser interaction zone [Juo+06]. Driving pressures of up to several TPa have been reported in
some cases [Gam+07]. However, it is questionable if for a system which is far from thermodynamic
equilibrium, as is the interaction volume after irradiation with an ultrashort laser pulse [Ret+17], a
macroscopic parameter such as pressure can be reliably applied by simply interpreting the energy
density as pressure.
A frequently cited estimate of the size of shock affected region equates the absorbed energy with
the elastic work done against the surrounding material for spherical geometries [Juo+06; HJM07].
For this they use the Young’s modulus Y directly as a measure of the internal pressure of the mate-
rial, against which the work is done. Following the same idea, but using instead the bulk modulus
B = Y/(3(1− 2σ)) [HJM07], which takes into account the lateral strain in terms of the Poisson’s ratio
σ and going to cylindrical coordinates for extended modifications produced by line focus geometries,
an upper bound

rmax,tr =

√

Eabs

πB
(2.3)

can be estimated for the radius of the transient void that is opened within the rarefaction zone behind
the shock wave by equating the line density of absorbed energy Eabs and the elastic work that is
needed to open a cylindrical void within a material with a Young’s modulus Y. For the maximum
line energy density obtained in our simulations, 110 µJ/mm, this yields rmax,tr ≈ 990 nm. While the

FIGURE 2.7: Electron microscope top view (a) and optical microscopy longitudinal cross
sections (b,c) of void in fused silica after laser processing with Bessel beam. The contin-

uos character is shown by filling with water (c) [Bhu+14]
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FIGURE 2.8: Top view (left) and cross section (right) of volume modification in soda
lime glass produced by bursts of Gaussian pulses with NA 0.5, focal length 8 mm with
τp = 350 fs, λ = 1040 nm, Ep = 13 µJ and a pulse period within the burst of 13 ns. Image
width on the left is ca. 200 µm, note that the cross section is shown at a larger scale. The
black line indicates the orientation and position of the cross section [Hen+16]. Note that
the crack length increases in distinct steps, the timing of which corresponds well with

the intra burst period.

shock wave itself is not observed experimentally, the sound wave that it relaxes to as it propagates
outwards is a well reported observation in pump probe experiments [Hen+16; Ber+18a; AER18], also
see Fig. 2.8. However, while experiments in fused silica demonstrate a linear scaling between rmax,tr

and the final void radius, the void radius in glasses does not generally follow this scaling [HJM07].
This observation has been attributed to the mechanical relaxation of the glass. In particular they
found a decrease of the threshold for void formation as the amount of a glass former (Si, Ge, P and
B) in the glass composition increases.
Typical void diameters observed in dielectrics for processing with a line focus are in the range of
300 nm to 400 nm, see for example Fig. 2.7. While the formation of cracks during the laser process is
notoriously difficult to simulate, hydrodynamic simulations have successfully predicted the opening
and expansion of a void [Gam+07; Gam11; Bul+15; Beu+17; Beu19]. Depending on the model, the
creation of an additional phase such as a gas phase in the void can not be described, but generally
these simulations successfully predict a low density region with extents similar to the experimentally
observed voids.

Even for continuous voids with a connection to the surface mass loss is minimal [Sch17]. Due to
mass conservation the void therefore has to be surrounded by a densified region. This is predicted by
the hydrodynamic simulations and has also been observed experimentally, for example by Brillouin-
Scattering [Sch17]. Similar to the strengthening of glass, one might expect that this densification
leads to a zone of compressive stress surrounding the void. If this compressive stress is not released,
it might potentially cause cracks to run outside of the intended cutting line, see Fig. 2.9.

Different measures exists as proxies for the probability of crack formation during the laser process
itself: It is modelled by compressive and shear stress [Beu+17], tensile stresses [Mis+17; Gri21] or
maximum transient tangential strain [Kun18]. Experiments show a linear increase of crack length
with laser pulse energy [DGR16]. Asymmetric intensity distributions of the laser beam or a rapid
succession of closely spaced laser shots [Beu+18; Beu19] can lead to a localization of stress and strain
and thus increase the probability of crack formation and at the same time control the orientation of
the crack, see Sec. 2.2.2.
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FIGURE 2.9: Cleaved glass sample laser processed with symmetric Bessel beam, show-
ing a clear offset between the modifications and the crack [Mey+17a].

Microscope analysis of volume modifications The evaluation of modifications within the volume
of the work piece can be challenging due to the difficult access and the small extent that renders
creation of cross sections a tedious search. Electron microscopy (for example Scanning Electron Mi-
croscopy, SEM) is particularly useful to measure void diameters at the surface and to some extent can
also be used to image cracks. A full tomographic characterization of a line modification can be ob-
tained by stepwise mechanical surface removal [Liu+18], but this is very tedious. Previous work has
shown that while phase contrast microscopy is needed to show soft refractive index changes (type I
modifications) [Bhu+14; MB+08], optical transmission microscopy is suitable to detect stronger mod-
ifications that include mechanical damage [Bhu+14; Hen+16]. Comparison of optical and electron
microscopy have shown for spherical voids, that the smallest optically recognizable voids typically
had diameters of 100–150 nm [HJM07]. These values are in the range of the resolvable length scale
predicted by Abbe’s formula d = λ/(2 NA) for optical light if objectives with high numerical aper-
ture (NA), usually with oil immersion, are used.

2.3.2 Increased etch rate: selectivity

Using the increased etch rate in laser modified zones of glass is an established technique [Got13;
Fla+15; But+21; BKM21] and applied in several industrial processes [Ort+18a; Kog+20; JW17; Lig21;
LPK21]. The two predominantly used etching agents are hydrofluoric acid (HF) and potassium hy-
droxide (KOH) [But+21]. A more detailed discussion of the etching mechanisms and the etch rates
for both agents is given in [Kiy+09]. Kiyama et al. attribute the increased etch rate of laser irradiated
fused silica to the formation of silicon rich clusters, in which the silicon is dissolved by the reaction

Si + 4 OH− → Si(OH)4 + 4 e−

4 e− + 4 H2O → OH− + 2 H2 .
(2.4)

The progress of the etching front, in dimensions length per time, measured along the laser mod-
ifications and normal to the surface for unstructured material is called etch rate. The absolute etch
rate strongly depends on the parameters of the etching process such as concentration of etching agent
and temperature and on the material itself. A more relevant parameter for etching of laser structured
samples however is the selectivity S, that is the ratio between the etch rates of modified rs and pris-
tine material r0 respectively [MJF14]. Studies on SLE usually do not vary the etching conditions, but
focus on the dependence of the selectivity on the parameters of the laser process.

The selectivity is usually given as S = (rs + r0)/r0 [MJF14; BKM21], when the progress of the
etching front can be measured. Alternatively, the selectivity can be determined from the angle at the
corner of the original and the newly created surface along the laser modification which is called taper,
see Fig. 2.10 a). The taper can be used to estimate the selectivity as S ≈ cot θt. This is particularly
useful, when a laser modification in a thin sheet has been opened completely and the longitudinal
etching rate rs can not be determined, see Fig. 2.10 b). This method however is strongly limited by
the angles that can reliably resolved and is insensitive for high selectivities.
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FIGURE 2.10: Schematic cross sections through the opening caused by etching along a
thin laser modification (dashed line) demonstrating a) the relationship between taper θt

and etching depths in unit time d0 in pristine and ds in modified and the laser modified
material respectively. ds ≫ d0, so that the selectivity is given by S = ds/d0 = cot θt. For
an etched modification that completely penetrates a thin sheet (b) the etching depth ds

may not be measurable, but the selectivity S can still be estimated from the taper.

parameter symbol value unit

refractive index at 587.6 nm nd 1.471 −
refractive index at 1030 nm n0 1.4625 −
Abbe number (νd = (nd − 1)/(nF′ − nC′)) νd 67.3 −
Coefficient of Thermal Expansion (C.T.E.) α 3.25 × 10−6 K−1

Thermal conductivity λ 1.2 W/(m·K)
Specific heat capacity cp 0.83 kJ/(kg·K)
Density at 25◦C ρ 2.23 g/cm3

Young’s Modulus Y 64 kN/mm2

Poisson’s Ratio µ 0.2 −

TABLE 2.1: Optical, thermal and mechanical properties of Borofloatr 33 [SCH22c;
SCH22d; SCH22b; Pol22]

The standard selective laser etching process (SLE) in fused silica relies on nano gratings, i.e. mod-
ifications without mechanical damage. In those, regions with reduced oxygen content readily react
with the OH− ions of the KOH solution. This way selectivities of over 1000 can be reached in fused
silica [MJF14]. The preferential etching only of specific sub-µm regions and the dependence on the
laser polarization is very well documented for HF etching of fused silica [Hna+06].
Hnatovsky et al. also report, however, that this process does not work for borosilicate glass: In BK7
they do not observe any nano gratings within their range of focusing conditions, the selectivity is low
and varies strongly across the laser modified zone [Hna+06]. They suggest that thermal effects such
as phase separation and migration of network modifiers prohibit the formation of nano gratings, an
explanation which is reinforced by the modification microstructure that they observe in BK7.
However, preferential etching of laser modified zones in borosilicate glass has been demonstrated
with KOH [Mat+09]. The intensity distribution within the material and the use of a burst mode can
affect the etching behaviour and the resulting taper angle [Ort+22a; Ort+18b].

2.4 Energy deposition and its dependence on pulse duration

Transparency of the workpiece is a necessary condition for the high localization achieved in the laser
process and also for enabling in volume structuring. A high transparency is equivalent to a low linear
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absorption, meaning that at low light intensities no significant amount of energy will be deposited
in the material as light passes through it. Many optical glasses are highly transparent for electro-
magnetic radiation in the visible spectrum and beyond, yielding a broad range of laser wavelengths
that can be used, see Fig. 2.11. This high transparency is caused by the absence of any significant
electromagnetic resonances within the glass lattice in this frequency range and by the tight bonding
of the electrons, which means that at low intensities single photons do not have sufficient energy to
remove electrons from their nuclei.

FIGURE 2.11: Transmittance of Borofloatr 33 [SCH22c].

At very high intensities9 however, the force exerted on the valence electrons within the glass by
the laser electric field is sufficient to remove the electrons from their nuclei and thus create an electron
cloud, a plasma. Within solids this process is described within the framework of band theory as
promoting electrons from the valence band across the band gap to the conduction band. The resulting
free electrons within the plasma act as an absorbing medium and eventually transfer energy from
the laser pulse to the glass lattice. If a sufficient amount of energy is deposited within the material,
permanent modifications of the material are created, as discussed above in Sec. 2.3.

The threshold character of the onset of non linear absorption that has been used for scaling the
modification lengths, see Fig. 2.6, can also be seen in direct absorption measurements, see Fig. 2.12.
The promotion of the electrons from the valence to the conduction band happens by direct photo
ionization and avalanche ionization, i.e. the ionization by collision with free carriers (conduction
band electrons) that have been heated by Inverse Bremsstrahlung, also see Fig. 2.13. The plasma
dynamics, including the relaxation of the excited electrons, that leads to an energy transfer to the
material lattice, are discussed in Sec. 2.4.1. The character and extent of the permanent modifications,
however, does not only depend on the total amount of deposited energy but also the dissipation
mechanisms of the material, the relative timing of the laser matter interaction and these dissipation
mechanisms and the resulting distribution of energy density.

While laser absorption and energy transfer to the lattice happen on characteristic timescales
smaller than few picoseconds, energy transport away from the interaction volume happens on longer
timescales [SM02]. An overview of the most relevant time scales in shown in Fig. 2.14.

9typically in the range of TW/cm2 for optical glasses
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FIGURE 2.12: Transmission measurements for Bessel beams in borosilicate glass for
varying Bessel cone angle at a constant pulse duration τp = 3.7 ps (a) and for varying
pulse duration at a constant cone angle α = 10◦ (b) [Sch21]. Below a critical intensity
threshold Ith the transmission remains just below the value expected for Fresnel reflec-
tion, above Ith the transmission rapidly drops, due to absorption by and defocussing at
a plasma that is ignited by the laser pulse. The dependence of Ith on the pulse duration

relates to the time dependence of the plasma dynamics.
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FIGURE 2.13: Schematic representation of multi photon (a) and avalanche ionization
(b) for a material with band gap ∆. The arrows represent photons that are absorbed

simultaneously (a) or successively (b).

The absorption by excitation of free electrons and the relaxation mechanisms, including the thermal-
ization of the electrons and the energy transfer to the lattice during the relaxation of the plasma are
discussed in more detail in Sec. 2.4.1. Here we will briefly review the thermal and structural events
that are responsible for the dissipation of energy.

Pump and probe measurements of the interaction of Gaussian pulses with glass that resolve sub
ps timescales show that pressure waves leave the interaction volume at a timescale of 500 ps at a
velocity that slightly exceeds the sound velocity vs in glass (5500 m/s) [Ber+18a]. Other means of en-
ergy transport such as the propagation of a melt front also move with a velocity close to vs [Gam+07],
which yields a distance of 3 µm at a timescale of 10 ps.

Another important dissipation mechanism is thermal diffusion. For a thermal conductivity λth, a
density ρ, a specific heat capacity cp and a resulting thermal diffusivity κ, the characteristic thermal
diffusion length scale [BSL60]

lth(t) =
√

2κt where κ =
λth

ρ · cp
(2.5)

during a pulse with a duration of 10 ps is 4 nm in borosilicate glass, see also Tab. 2.1 for the technical
data of Borofloatr 33. This length is negligible compared to the diameter of the laser focal line which
is in the order of magnitude of the laser wavelength. There is therefore no significant heating of
the material that surrounds the interaction volume that is directly affected by the laser pulse on the
timescale of the pulse duration. The presence of an ”athermal” regime at ultrashort laser pulses is
particularly relevant in brittle materials with a non-zero coefficient of thermal expansion, such as
glass, a significant heating of parts of the work piece will induce stress. If the stress distribution is
well controlled, it can be used for cutting, e.g. for laser induced thermal-crack propagation [ZZW14]
or for thermal cleaving of a perforated surface [HH12], but it can also lead to unwanted material
failure.

Because the time scales for absorption and thermalization are much shorter than relevant energy
transport mechanisms, the optical propagation and energy deposition can be decoupled from the
subsequent changes in the material for single laser pulses in the low ps regime. The energy density
distribution after the laser pulse, that can be directly obtained as a result of numerical simulations of
the non linear pulse propagation, can thus be used as a proxy for the material modification that is
produced.

2.4.1 Plasma creation and relaxation

Taking into account the creation of the free electrons by direct photoionization, avalanche ionization
and the recombination of electron-hole pairs, that leads to a relaxation of the plasma, the density of
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FIGURE 2.14: Relevant processes and their timescales for interaction of ultra short laser
pulses and transparent dielectrics [GM08].

FIGURE 2.15: MPI vs. Avalanche proportion of impact ionized electrons for photon
energy h̄ω = 2.48 eV in SiO2 [Ret06]

free electrons in the conduction band Ne(x, y, t, z) can be described as

∂tNe = WPI
Ni − Ne

Ni
+ Ne

σI

Eg
− Ne

τrec
, (2.6)

where ∂t denotes the partial derivative with respect to time. The photo ionization rate WPI used here
is derived from Keldysh [Kel65] and Ni represents the initial density of valence electrons. σ represents
an effective cross section for electron collisions (also see Eq. 2.9), which leads to avalanche ionization,
Eg is the band gap of the material, and τrec is a characteristic time scale for the recombination of of
electron-hole pairs. A spatial broadening of the Ne due to electronic heat diffusion has not been taken
into account here.

The free electron density has been used to define damage thresholds [Stu+96]. This parameter is
particularly suitable as proxy for damage onset and extent, because it directly gives the (minimum)
amount of energy that is available to modify the material ρE,min = NeEg. In many studies, the max-
imum electron density that is reached at some point during the pulse propagation was used. For
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example a value of 1 × 1020 cm-3 for the maximum free electron density has been determined as abla-
tion threshold for fused silica and has also been used for borosilicate glass [Sun+13a]. This choice of
an instantaneous value is particularly suitable for long pulses, when both the energy transfer to the
lattice and the lattice relaxation mechanisms, such as heat diffusion, take place during the duration
of the pulse and a local balance between incoming energy and outgoing can be reached. It can also
reasonably be used for very short pulses, for which there is no significant plasma relaxation during
the pulse duration, so that the maximum energy density reached is a good measure for the total en-
ergy deposited in the material.
In this study we consider the time integrated losses of the laser pulse as proxy of material damage,
i.e. the density of the energy accumulated during the full pulse propagation, because on the time
scales considered here, the plasma relaxation can potentially play a role, but lattice relaxation mech-
anisms are much slower.

In the following we will consider the respective ionization and recombination rates that determine
which terms dominates the plasma dynamics in the model.

Photo ionization: multi photon vs. tunnel ionization In 1965 Keldysh derived theoretically the
ionization probability of atoms and solids when exposed to a strong electromagnetic wave [Kel65],
considering tunnelling and the simultaneous absorption of multiple photons. He introduced the
parameter γ = ω

√

2mrEg/(eψ) with laser frequency ω, reduced electron mass mr (electron-hole),
bandgap Eg and peak electric field amplitude ψ [Kel65]. The equivalent expression in term of the in-
tensity is γ = ω

√

cǫ0n0mEg/I/e) [Sun+13a]. For γ ≪ 1 at high intensities the ponderomotive energy
of electrons oscillating in the electric field is much larger than the band gap and tunnel ionization is
likely. For the parameters in this work however, we only reach intensities of up to 5 TW/cm2 within
the volume, which gives γ = 1.7. This means that multi photon ionization can be considered as the
dominant process and Kennedy’s approximation can be used10 [Sun+13a; Ken95; Ber+08]. The photo
ionization rate is then given by

WPI = σ(K) × IK, (2.7)

with the number of absorbed photons K = 〈Eg/h̄ω0 + 1〉 and the photo ionization cross section

σ(K) =
2ω0

9π

(mrω0

h̄

)
3
2
Φ0

(
√

2

(

K − Eg

h̄ω0

)

)

e2K

(

e2

8mrω0
2Egǫ0cn0

)K

, (2.8)

where mr and e are the reduced mass and charge of an electron respectively, h̄ is the reduced Planck’s
constant, ǫ0 the permittivity of free space, c the speed of light and Φ0 denotes the Dawson integral.
Note that for small K, such as for borosilicate glass, the polarization of the laser beam does not have
a large effect on the ionization rate, but for larger K the choice of polarization can have a significant
influence [LAW11].

Determination of the optical band gap in borosilicate glass The band gap of borosilicate glass has
been determined as 3.9 eV by an absorption spectrum fitting (ASF) method [SS09; Rao+18] in previ-
ous SCHOTT internal measurements [Sei+14]. The ASF method extends the Tauc model [TGV66] to
transmission spectra that are readily available. An indirect allowed transition has been assumed for
the Tauc model.

Avalanche ionization The cross section for electron-electron collisions

10The non linear simulations shown in this work however include the more complete model, which also accounts for the
full photo ionization rate according to Keldysh [Kel65].
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σ =
k0e2τc

n0
2ω0ǫ0me(1 + ω0

2τc
2)

. (2.9)

that is used to calculate the creation of free electrons by avalanche ionization in Eq. 2.6, is derived
based on a Drude model, also see Sec. 2.4.4.

The effective electron collision time τc is a phenomenological parameter, which is rather loosely
constrained, for a more detailed discussion see [Ret+17]. Multiple rate equations that take into ac-
count the different energy levels of electrons in the conduction band have been proposed previously
[Ret04] but in this work we do not differentiate those, assuming a fast thermalization by electron-
electron collisions in line with a two temperature model [Ret+17], and τc has been assumed to be
constant.

The avalanche source term in Eq. 2.6 scales proportionally with the number of free electrons. This
exponential contribution means that avalanche ionization typically comes in in the trailing part of
the laser pulse, once a significant number of free electrons have been seeded by photo ionization, but
also defects in the material can lead to a significant initial number of free electrons, that can act as
seeds. In particular for long pulses avalanche ionization dominates, see also Fig. 2.15, and can lead to
high plasma densities. This is of particular interest in terms of the stability of the laser process: Free
electrons associated with material defects can act as seed electrons for avalanche ionization, leading
to a strong dependence of the free electron density on the presence and density of material defects
for long pulses [Stu+96]. The influence of the different ionization mechanisms can also be seen for
different temporal pulse shapes [Eng+08].

Energy transfer to lattice and recombination The free electrons in the conduction band are in an
exited state. Various mechanisms can lead to relaxation of this high energy state [Mau+16], for ex-
ample the fast self trapping of excitons which is particularly observed in fused silica and happens on
the time scale of 150 fs. The availability of such fast relaxation mechanisms determines, how much
energy is available for slower relaxation mechanisms [Mau+16]. In particular, structural changes,
such as plastic expansion and void creation, which are of paramount interest for material processing,
happen on longer time scales. The transfer of energy from electrons to the lattice is possible as intra
band process described in terms of electron phonon collision [Gam11] or can be modelled as three-
body process, for example Auger recombination [Ret+17], the rates of which scale differently with
Ne.
In practice however, pump-probe experiments that show the temporal evolution of the plasma are
typically used to define a characteristic relaxation time τrec [Mau+16; Qua+06; AER18]. This can be
understood as a term collecting all relaxation mechanisms in a simple exponential behaviour that is
empirically determined. Here, we use the value τrec = 150 fs that was previously used for soda lime
glass [Mis+17], although also longer relaxation times have been reported and used for borosilicate
glass [Mau+16; DC+15]. In pump-probe experiments even values of up to 113 ps have been reported
as relaxation time scale in K9 (borosilicate crown) glass [Qua+06].

2.4.2 Modeling of non linear pulse propagation

If only the plasma generation is considered, as in the section above, it seems that an increase in inten-
sity, for example by lowering the pulse duration and keeping the pulse energy constant, should lead
to an improved energy deposition. In fact however, this can lead to a suppression of material mod-
ifications as shown in Fig. 2.16. These observations can be understood in terms of the propagation
of the laser pulse in the presence of non linear effects in the material. Those include the optical Kerr
effect, which leads to a change of the refractive index and in particular the interaction of the laser
light with the plasma.

The non linear propagation simulations presented in this study use a pre-existing unidirectional
pulse propagation model [Ber+08; DC+15] to calculate the energy density distribution within the
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FIGURE 2.16: Permanent glass modifications in borosilicate glass after produced with
a spherically aberrated lens for varying pulse duration at a constant pulse energy Ep =

200 µm [Sch17].
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glass which is equivalent to the spatially resolved loss of energy of the laser pulse along its propaga-
tion trough the glass. Low back scattering and paraxial focusing conditions are the crucial assump-
tions for reducing the full vectorial description of the electric field according the Maxwell equations
to this model [MJ04; Ber+08]. The change of the slowly varying complex field envelope E(x, y, t, z)
along the propagation direction z

∂zE = i

(

1

2k0

(

∂x
2 + ∂y

2
)

E − k′′

2
∂2

t
E +

2πn2

λ
IE − k0

2n0
2Nc

NeE

)

− EgWPI(Ni − Ne)

2Ni I
E − σ

2
NeE (2.10)

is then, going from left to right on the right hand side, determined by non absorptive terms that
describe

• the diffraction of the light for a laser pulse with a wave number k0 = 2πn0/λ in a medium with
a linear refractive index n0 at the centre optical wavelength of the driving pulse in vacuum λ ,

• the temporal evolution of the laser pulse, where the retarded time t = t − z/vg is defined in a
frame moving with the pulse at a group velocity vg and k′′ represents the second order group
velocity dispersion in the material,

the changes of the refractive index due to

• the Kerr non linearity with a non linear refractive index n2 of the material and a laser intensity
I = |E|2

• and the plasma, where Nc is the critical electron density in the conduction band, see Eq. 2.16
and Sec. 2.4.4 for more details,

as well as absorptive terms that account for the creation of new free electrons and that directly
correspond to the source terms in the evolution of the electron density, see Eq. 2.6, so that overall
energy is conserved and the energy density in the material is given by the spatially resolved energy
loss of the laser pulse.

2.4.3 Self focusing

At high electric field strengths, the electromagnetic wave can change the refractive index of the ma-
terial that it passes trough, which can be understood in terms of third order contributions to the
polarization p that is induced by the electromagnetic wave as the approximation of harmonic charge
potentials in the material no longer holds, see [Boy08] for a detailed derivation. The refractive in-
dex can then be expressed as n = n0 + n2 I, where n0 describes the linear refractive index, n2 the
non linear refractive index. This change in refractive index results in a self-phase modulation of
the laser pulse and is also known as the optical Kerr effect. The value of the non linear refractive
index has previously been derived theoretically as n2 = 3χ(3)/(2n2

0ǫ0c) ≃ O(1.0 × 10−21 m2/W),

using an order-of-magnitude estimate for the third order susceptibility in condensed matter χ(3) ≃
O(χ(1)/E2

at) = 4 × 10−24 m2/V2 where Eat is the atomic field strength [Boy08].
The more material specific, empirically derived expression [BGO78]

n2 =
68(nd − 1)(nd

2 + 2)2

νd

√

1.517 + (nd
2+2)(nd+1)

6nd
νd

× 8.38 × 10−7

nd
(2.11)

provides an estimate of n2 based on the Abbe number11 νd = (nd − 1)/(nF′ − nC′) and the refrac-
tive indices nd, nF′ and nC′ , which are defined at Fraunhofer absorption lines at optical wavelengths

11While the Abbe number is generally defined as a linear approximation of the chromatic dispersion dn/dλ in the optical
spectrum, the wavelengths that are used for its calculation vary slightly in literature, e.g. compare νe in [SCH22c] and νd

in [BGO78], referring to different Fraunhofer absorption lines used as centre wavelength.
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587.6 nm, 480.0 nm and 643.8 nm respectively. The last factor in Eq. 2.11 is added to convert from
esu to SI units. This expression for n2 has also been confirmed experimentally by [ACP87]. For our
borosilicate glass this yields a values of 5 × 10−20 m2/W. While this value is defined in the mid-
optical range, we assume that the dispersion in n2 can be neglected and this value can be used as a
reasonable estimate in the near infrared.

In general, n2 is positive, thus creating a focusing effect for convex beam shapes, similar to a
collecting gradient index (GRIN) lens. This self focusing effect will occur for powers above a critical
value

Pcr =
αλ2

8πn2n0
(2.12)

independent of beam diameter, if the propagation distance is sufficiently long. The constant α
depends on the beam shape. A lower limit for the critical power for any beam shape is given by
α = 3.72, which is calculated for the Townes mode, a radially-symmetric soliton that can lead to
theoretically unlimited self-focusing [CGT64; Sku05; Ber+08]. For tightly focused beams, the non
linear phase contribution may be small compared to the phase curvature caused by the focusing
optics even for pulse powers above Pcr. For a rough quantitative comparison, the Kerr effect can be
expected to be negligible, if the self focusing distance z f for a collimated input beam with Rayleigh
length z0 given by the Marburger formula [Kar+18]

z f =
0.367z0

√

(√

Ppeak/Pcr − 0.852
)2

− 0.0219

(2.13)

is much larger than the focal length of the focusing optics.

2.4.4 Distributed shielding and intensity clamping

The interaction of a free electron cloud with the oscillating electromagnetic field can be described by
a Drude model [Ret+17]. The interaction leads to a modified dielectric function of the material

ǫm = ǫr −
(

ωP

ω0

)2 1

1 + i/(ω0τc)
(2.14)

for a relative dielectric constant ǫr = n0
2 of the pristine, unperturbed material and a plasma fre-

quency [Ret+17]

ωP =
√

Nee2/(meǫ0). (2.15)

At a critical electron density

Nc = ǫ0ǫr
meω0

2

e2
(2.16)

the real part vanishes. The real part of the refractive index nm =
√

ǫm thus also drops to zero, the
plasma behaves like a metal and light can not propagate further into the plasma. The simulated
electron densities in this work remain far below Nc, but even at those plasma densities, the reduction
of the refractive index, which can then be approximated as

∆nm ≈ −Ne

Nc
, (2.17)

leads to defocusing of the laser beam for convex plasma distributions as for example for a Gaussian
beam.
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Generally, absorption and defocusing due to the plasma both decrease the intensity of the laser
beam further along the propagation. This effect is called distributed shielding effect, see [Ber+18a].

For a given material and laser wavelength and pulse duration this results in a maximum intensity
that can not be increased by increasing the laser pulse energy. This effect has first been reported for
collimated fs pulses in gases [Bec+01] and is called intensity clamping. It also has been demonstrated
for fs pulses in solids [Liu+02] and ps pulses in gases [SS+16]. The increase in energy instead leads
to a transverse broadening of the laser irradiated region and thus to a broad plasma that can absorb
large portions of the laser pulse energy without reaching higher energy densities.

For suitable focusing conditions, repeated cycles of self-focusing and plasma defocusing can lead
to an extended region of repeated plasma ignition along the laser propagation [CM07], a process
called (non linear) filamentation.

2.4.5 Damage thresholds at surface and in volume

For a micro perforation process that modifies the work piece in its entire thickness up to the surfaces,
both damage thresholds at surface and volume need to be considered, as plasma ignition at the
surface can impact the propagation of the laser pulse.

Apart from the difference in damage morphologies that arise from the different mechanical con-
finement at the surface and in volume, also a difference in ionization mechanisms and rates has to be
considered. Even with careful handling the surface will naturally accumulate some mechanical dam-
age and absorbing dirt can additionally lower the threshold for surface damage [Stu+96]. Specifically,
they can provide an increased initial free electron density, acting as seeds for avalanche ionization.
Being randomly distributed, both dirt and defects will lead to a less deterministic process as the pulse
duration is increased and their contribution to the ionization rate becomes more important. Indeed
this effect has been found in previous ablation experiments [Stu+96; San+10]. Even in experiments
on ion beam polished samples a surface damage threshold has been determined that is lower than
the volume threshold by a factor of 4-5 [Giu72]. This may be attributed to the breakdown of the band
model, that works in volume and thus a collapse of the band gap which leads to easier ionization.
However, according to Bloembergen [Blo73], this effect is negligible. He states that even for the pol-
ished samples the local field enhancement due to surface defects such as dents and microcracks is
sufficient to explain the observed differences in the respective damage thresholds.

2.4.6 Cumulative effects and burst mode

The distributed shielding caused by the plasma can be reduced if the laser power is distributed
among several pulses. If they are repeated at timescales that are shorter than the characteristic heat
diffusion time, heat accumulates within the processing volume and leads to temperature increases of
up to several thousand Kelvin [Mis+17; Sun+13b].

For the creation of continuous larger features (several µm to tens of µm) such as waveguides [Eat+05;
Eat+08] or micro welds [MCS11] the laser is typically continuously firing at kHz to low MHz repe-
tition rates. For applications such as glass cutting [Mis+17], that rely on the localized mechanical
damage that is created by an explosive material reaction, burst mode operation with several tens of
MHz repetitions rates are used, which are limited by the laser oscillator frequency. A typical pat-
tern for the burst consists of pulses with decreasing energy, due to the depletion of the amplifier,
e.g. [Ber+18b]. Here, we use a burst mode, that evenly distributes the energy between the pulse in
the burst, also see Fig. 2.17.

Simulations for laser welding applications indicate that thermal ionization can play a significant
role by providing seed electrons for avalanche ionization for microprocessing with pulse trains [MCS11;
Sun+13b]. For example at 3600 ◦C, the simulated free electron density due to thermal ionization is
around 5 × 1018 cm-3 [Sun+13b]. This effect is even more pronounced at longer wavelength, when
more photons are required for photo ionization [IKM18].
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FIGURE 2.17: Schmatic representation of the burst mode for decreasing (a) and constant
(b) pulse energy respectively with typical timescales for the intra-burst pulse period and

the pulse duration.

Another pathway for cumulative damage effects, that remains available over time scales much longer
than the thermal diffusion time, could be provided by permanent modifications which lead to an el-
evated energy state of the irradiated area compared to pristine material. The type of modification
depends on the relaxation pathways available in the material, see Sec. 2.4.1. In terms of numerical
modelling the elevated energy state could be represented as reduced band gap or an increased initial
free electron density.

In many simulations however, this seed mechanism is neglected and the more efficient energy
deposition can be solely attributed to the reduction of the distributed plasma shielding when the
energy is split between multiple pulses within a burst [Mis+17]. This reduction of the shielding relies
on the fact that the relaxation time of the plasma is much shorter, than the typical time between
subsequent pulses in the burst (typical value: 20 ns).

Regarding the mechanical damage, the repeated loading by pressure waves of several laser shots
at the same location, e.g. for a laser used in burst configuration, can also cause cracks to grow in
length [Hen+16], see Fig. 2.8. Hendricks et al. explain the crack growth by tensile stresses induced by
the shear wave that radiates outward from the absorption volume, referring to earlier pump and
probe observations in LiF crystals, where the crack tip propagation speed equals secondary (i.e.
shear) wave velocity[Sak+11].

2.5 Summary

The micro perforation process provides a fast, clean and precise method for defining weakened sur-
faces in transparent dielectrics which can be used for glass sheet cutting in combination with a sub-
sequent separation step, either mechanical cleaving or wet etching. In borosilicate glass, both sepa-
ration mechanisms rely on the presence of mechanical damage.

Particularly low laser process times can be achieved when the glass sheet is modified throughout
its full thickness with a single laser shot. In transversal direction, on the other hand, a high confine-
ment is required for precise micro machining results, i.e. modifications are required to have high
aspect ratios. For quasi non diffracting and similar beams the length of the focal intensity distribu-
tion can be scaled independently from the lateral width. The maximum length of glass modifications
that can be reached depends on the available pulse energy and the size of the optics. Beam shapes
used for micro perforation so far have been limited to straight line geometries.

The separation process requires joining of neighbouring modifications. Mechanical cleaving in
particular can be improved by aligning cracks that are produced by the laser process along the in-
tended cutting direction.
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In-volume modifications within transparent materials and a high localization of the modifications
are possible due the ignition of a plasma, which is a process that scales non linearly with the intensity,
leading to a strong increase of absorption above a critical intensity threshold. For pulse durations in
the low ps regime and below, the energy deposition takes place on time scales that are shorter than
the material response. Therefore variations of permanent glass modification with the pulse duration
can be attributed to changes of the energy density that is reached within the material after the laser
pulse. Distributed shielding due to defocusing and absorption by the plasma limits the achievable
energy densities.

Burst mode operation of the laser enhances the energy deposition and increases the length of
cracks.
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Chapter 3

Linear propagation of the Airy Gauss
beam and its experimental realisation

The Airy beam is a non diffracting beam featuring a curved line focus, that is to say its main lobe
appears to be accelerated in the transverse plane during propagation. After the theoretical descrip-
tion of non dispersing Airy wave packets in 1979 [BB79], the optical, finite-energy Airy-Gauss beam
was first described theoretically and demonstrated experimentally in 2007 [SC07; Siv+07]. While
the applications that followed reach from 1D light sheets [Yan+14] to light bullets formed by a ring-
Airy [Pan+13; Zha+18], the most commonly treated case is still the 2D case given by the linear com-
bination of cubic phases along two perpendicular axes in the far field [Mat+12; Fro+11; Pol+09]. As
the first of a whole group of accelerating beams [Efr+19], the 2D Airy beam has been used before
to create long, curved plasma channels (ca. 1 m length) in air [Pol+09]. Two ablation based micro
machining concepts have been demonstrated with the 2D Airy beam: The shaping of existing edges
of thin sheets of silicon and diamond [Mat+12] by laterally moving the beam closer to the edge in an
iterative process and the creation of curved trenches in silicon by repeated vertical illumination onto
a flat surface [Mat+12; Mat+13b].

This chapter deals with the derivation of the linear, paraxial description of the Airy beam, starting
with the 1D case and then moving to the 2D case before discussing the scaling of the crucial prop-
erties of the beam, principally curvature, length and focal contrast of the beam. Different ways to
produce the Airy beam are introduced, along with the physical realisation of the phase mask that
is used to produce the Airy beam. This chapter also provides the theoretical background for fast
numerical tools, that can be used to calculate arbitrary fields. This tool can be checked against the
analytical results and used for those cases in which the propagation is not readily described by ana-
lytical expressions, see for example 3.7.1.

3.1 Paraxial Helmholtz equation

Even if any volume structuring process inherently involves non linear effects it is useful and instruc-
tive to first consider the linear propagation of the Airy beam. Firstly, at the intensities reached in the
experiments in this work, the propagation to the work piece in air is adequately described by free
space propagation. The field at the surface of the glass sheet can thus be directly calculated and be
used as input field for the non linear simulations. Secondly, because of the localization of the non
linear absorption and the self healing properties of the Airy beam [Bro+08] we can expect that the
linear scaling of the beam is a good approximation to the observed modifications. This is indeed
what we observe, see Sec. 4.2.

In this section we will recapitulate the derivation of the paraxial Helmholtz equation [ST01;
Goo17] and point out the assumptions and approximations that it is based upon.

In the absence of free charge, which we can assume for propagation in air and in dielectrics
at sufficiently low intensities, the evolution of electromagnetic fields is described by the Maxwell
equations
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∇× E = −µ0
∂H

∂t

∇× H = ǫ
∂E

∂t
∇ · E = 0

∇ · H = 0 (3.1)

using the conventional vector notation of the electric field E, the magnetic field H and the divergence
∇· and curl ∇×. As we are dealing with non-magnetic materials, we use the permeability of free
space µ0 and the permittivity in the dielectric material ǫ = ǫrǫ0 is given by the relative permittivity
and permittivity of free space.

By applying the vector identity ∇× (∇× A) = ∇2 −∇ · (∇ · A), where ∇2 denotes the Lapla-
cian operator, to the electric field and inserting from Eq. 3.1 we obtain ∇2E = ∇× (−µ0∂H/∂t). For
linear conditions without temporal-spatial coupling and for a constant permittivity this can further
be simplified, by swapping the order of operators and again inserting from Eq. 3.1 to

∇2
E − µ0ǫ

∂2
E

∂t2
= 0. (3.2)

In the micro machining experiments in this work the light is linearly polarized, the angles of
incidence at phase boundaries, e.g. the air-glass interface, are moderate and lateral variations of the
permittivity can be neglected. The wave equation 3.2 can thus further be simplified to obtain the
scalar wave equation

∇2e − n2

c2

∂2e

∂t2
= 0. (3.3)

with the speed of light in vacuum c = 1/
√

µ0ǫ0 and the refractive index n =
√

ǫr of the dielectric
medium, which in dispersive media depends on the frequency ν. As we are for now interested in
the spatial propagation properties, we can drop the the time dependence in the scalar electric field
e(x, y, z, t) = A(x, y, z) exp(−iωt) for a monochromatic wave with angular frequency ω = 2πν and
use the Helmholtz equation

(∇2 + k2)A = 0. (3.4)

in terms of the complex amplitude A(x, y, z) and the wave number k = 2π/λ, which directly relates
to the optical wavelength λ = c/(nν).

If the complex amplitude of a wave travelling in the positive z direction can be adequately de-
scribed in terms of an envelope function E(r) that varies only slowly along the propagation as

A(r) = E(r)eikz (3.5)

and the change of the derivative of E(r)
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so that it can be neglected, one arrives at the paraxial Helmholtz equation

(∇T
2 + i2k

∂

∂z
)E = 0 , (3.7)

which has the same form as the potential free Schroedinger equation.
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3.1.1 Gaussian beam

An important solution of the paraxial Helmholtz equation is the Gaussian beam. Expressed in cylin-
drical coordinates with ρ =

√

x2 + y2, the slowly varying envelope

E(ρ, z) = A0
W0

W(z)
exp

[

− ρ2

W2(z)
+ i

(

k
ρ2

2R(z)
− ζ(z)

)]

(3.8)

of a Gaussian beam with its waist at z = 0 is fully characterized by its amplitude A0 and its Rayleigh
length z0 or alternatively its waist radius W0 =

√
λz0/π [ST01]. The propagation dependence of the

beam radius W(z) = W0

√

1 + (z/z0)2, the wavefront radius R(z) = z
(

1 + (z0/z)2
)

and the Guoy
phase ζ(z) = tan−1(z/z0) can be dropped if the propagation distances are much smaller than z0. For
the input beams that we use in our optical system, this is usually the case. Also, the beams are well
collimated, i.e. we are close to the waist of the beam and the phase is flat, so that the input beam can
be characterized by a simplified version of Eq. 3.8 as

A(ρ) = A0 exp

[

− ρ2

w0
2

]

. (3.9)

The amplitude A0 is determined by the normalization condition that the integral of the intensity
I = |A|2 over the transversal plane equals the laser power

P =
∫ 2π

0

∫ ∞

0
ρIdρdφ = A0

2 π

2
w0

2, (3.10)

so that

A0 =

√

2P

πw0
2

. (3.11)
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FIGURE 3.1: Evolution of the wavefronts of a Gaussian beam with Rayleigh length z0

and wavelength λ = z0 nears its waist.

Focussing by multiple lenses Within the paraxial approximation for which the Gaussian beam
description holds, the effect of a thin lens with focal length f can be described as an extra phase
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φtl =
−kρ2

2 f
(3.12)

which is the quadratic approximation for a spherical wave front. For multiple lenses with focal
lengths f1 and f2 respectively an effective focal length

1

feff
=

1

f1
+

1

f2
(3.13)

can be defined just as in ray optics when the change in wavefront radius R(z), see Fig. 3.1 during the
propagation between them can be neglected. If f1 >> f2, Eq. 3.13 reduces to

feff = f2 −
f2

2

f1
. (3.14)

A more complete description within Gaussian optics for the optical system can be obtained us-
ing a matrix formalism that holds for any paraxial system [ST01]. The complex beam parameter
q = z + iz0 fully defines the propagation behaviour of a Gaussian beam. The real part of the beam
parameter

q2 =
Aq1 + B

Cq1 + D
with

[

A B
C D

]

=

[

1 + d
f1

d
d+ f1+ f

f1 f2
1 + d

f2

]

(3.15)

for a beam at the output plane of an optical system of two lenses as above, separated by a distance
d, directly gives the distance to the beam waist behind the second lens. The beam parameter for the
collimated input beam is given by q1 = iz0 = iπw0

2/λ.
For more general beam shaping, however, we also need to consider the propagation of a beam

with an arbitrary optical field in a paraxial optical system. Fourier optics provide the appropriate
theoretical description for this case.

3.2 Fourier optics - spatial spectrum of the optical field

An arbitrary normalizable complex valued function g(x, y) defined with respect to the spatial coor-
dinates x and y can be equivalently written as G(νx, νy) in terms of its spatial frequencies νx and νy.
They can be converted into each other by the Fourier transform

F (g) =
∫∫ +∞

−∞
g(x, y) exp

[

−i2π(νxx + νyy)
]

dx dy (3.16)

and the inverse Fourier transform

F−1(G) =
∫∫ +∞

−∞
G(νx, νy) exp

[

i2π(νxx + νyy)
]

dνx dνy (3.17)

respectively. If the function g(x, y) is separable in the Cartesian coordinates x and y, i.e. can be written
as product of two functions that only depend on one variable respectively, so that g(x, y) = gx(x)gy(y),
the Fourier transform of g(x, y) is given by the product of two one dimensional Fourier transforms
as

F (g(x, y)) = Fx (gx(x))Fy

(

gy(y)
)

(3.18)

The same holds for the inverse Fourier transform.
Applied to propagating optical fields [Goo17], a pair of spatial frequencies νx and νy in the input

plane can be interpreted as a plane wave E(x, y, z) = A exp
[

i(kxx + kyy + kzz)
]

travelling in the
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direction of its wave vector k = (kx, ky, kz), the lateral components kx = 2πνx and ky = 2πνy of
which directly relate to the spatial frequencies of the field in the input plane and their combined

length in the transversal plane kT =
√

kx
2 + ky

2 is also referred to as the transversal wave number.

The longitudinal wave number

kz =

√

k2 − kT
2 =

√

k2 − kx
2 − ky

2 (3.19)

can be straightforwardly computed due to the condition that the length of the wave vector must
correspond to the wave number k to satisfy the Helmholtz equation, given in Eq. 3.4. Plane wave
components with kT > k will not propagate far behind the input plane but rapidly (on the order of
few wavelengths) decay in amplitude along z. For the beam shaping considered in this work these
evanescent waves can be neglected.

3.2.1 Fourier transform by a single lens

Collecting lenses in paraxial focusing conditions can be used to optically perform the Fourier trans-
form of an input beam. This relationship holds exactly for two conjugated transversal planes which
are on either side of the lens at a distance that equals the focal length f of the lens. As both input
beam and its spectrum are represented in physical space in this case, these planes are called direct
and Fourier plane respectively. Repeated cycling between direct and Fourier space is possible with
multiple lenses. This will be discussed in Sec. 3.2.2 in more detail. Here we will briefly recapitu-
late the derivation of this important property for a single lens, which is considered in more detail
in [Goo17].

The paraxial phase contribution of a thin lens, as given in Eq. 3.12, but this time in Cartesian
coordinates, to an input field just in front of the lens El(x, y) yields a field

El
′(x, y) = El(x, y) exp

[

−i
k

2 f
(x2 + y2)

]

(3.20)

right behind the lens.
Using the Fresnel diffraction formula1 to calculate the field E f (u, v) at the back focal plane of the

lens at z = f for spatial coordinates u and v

E f (u, v) =
exp

[

i k
2 f (u

2 + v2)
]

iλ f

×
∫∫ +∞

−∞
El

′(x, y) exp

[

i
k

2 f
(x2 + y2)

]

exp

[

−i
k

f
(xu + yv)

]

dx dy (3.21)

leads to exact cancellation of the quadratic phase contribution of the lens, so that

E f (u, v) =
exp

[

i k
2 f (u

2 + v2)
]

iλ f

∫∫ +∞

−∞
El(x, y) exp

[

−i
2π

λ f
(xu + yv)

]

dx dy

=
exp

[

i k
2 f (u

2 + v2)
]

iλ f
Sl

(

u

λ f
,

v

λ f

)

, (3.22)

where Sl (u/(λ f ), v/(λ f )) = F (El(x, y)) is the Fourier spectrum of the field in front of the lens. This
field can also be calculated by using the paraxial transfer function from Eq. 3.28 with spatial angular

1This can be found in many textbooks, for example also in [Goo17].
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frequencies kx = uk/ f and ky = vk/ f for the Fourier spectrum S0(kx, ky) of the input field E0(x, y) at
a distance d in front of the lens, see also Fig. 3.2 as

Sl(kx, ky) = S0(kx, ky) exp

[−iλd

2
(kx

2 + ky
2)

]

. (3.23)

L1 ImageInput

d f

FIGURE 3.2: Schematic representation of focusing of plane waves by a single collecting
lens L1. The different spatial frequencies are mapped to different locations in the image

plane. For d = f this corresponds to the often cited 2f setup.

Substituting Eq. 3.23 into Eq. 3.22 then yields

E f (u, v) =
exp

[

i k
2 f

(

1 − d
f

)

(u2 + v2)
]

iλ f
S0

(

kx, ky

)

. (3.24)

For d = f the quadratic phase term cancels and the input and image plane a related by an exact
Fourier integral. The intensity at the image plane

I f (u, v) = |E f |2 =
1

λ2 f 2

∣

∣S0

(

kx, ky

)∣

∣

2
(3.25)

is independent of the distance between input plane and lens, but the additional phase terms for d 6= f
will affect the further propagation of the beam, leading to an effective change in focal length, which
can be relevant when line focus geometries are considered instead of a single image plane.

3.2.2 4f and 6f setup

The focal intensity obtained behind a single lens can in some cases be used directly for material
processing, as for example for the Airy beam, see Sec. 3.4. However, some beam shaping elements, in
particular LCOS-Spatial light modulators (Liquid Crystal on Silicon, see Sec. 3.6.1 for more details),
produce unwanted diffraction orders, that carry significant portions of the beam power. By placing
a diaphragm at the Fourier plane behind a first lens L1 with long focal length f1, the unwanted
diffraction orders can be removed, see Fig. 3.3. This is also referred to as spatial filtering or Fourier
filtering, for example see [Mat+13a].

In many cases, the 0th order, i.e. the unshaped light2, carries the most energy after the 1st diffrac-
tion order with the intended beam shape. In those cases, a sufficient angular separation of the 0th

2Often it is also referred to as undiffracted light, because it forms at the angle of transmission or reflection, independent
of the spatial frequencies in the grating. Because of this independence it does not carry the information of the grating
structure, unlike all other diffraction orders.
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and 1st order need to be ensured, e.g. by adding a blazed grating to the phase mask. Alternatively
an aperture that is adapted more specifically to the beam shape can be used as spatial filter.

A second lens L2, placed at a distance of f2 behind the Fourier plane, converts the beam back to
direct space, i.e. L1 and L2 form a telescope. This combination of collecting lenses is also called 4f
setup. The choice of the focal lengths determines the magnification

M =
f2

f1
. (3.26)

An appropriate demagnification (i.e. f2 < f1) can be particularly useful if a broad beam coming
from a relatively large phase mask that is fully illuminated needs to be fitted into the smaller aperture
of a microscope objective, L3, which in turn forms another telescope with L2. The full resulting 6f
setup, as shown in Fig. 3.3, is used for Fourier space imaging, while the 4f setup, an example of which
is shown in Fig. 2.3, is used for direct space imaging - according to whether the Fourier transform or
a demagnified image of the beam at the input plane is used for material processing.

L2 L3L1 D

f1

L1Input

f1 f2 f3 f3f2

FIGURE 3.3: Schematic representation of a 6f setup, which can be interpreted as the
combination of a 2f setup and a telescope formed by two collecting lenses (L2,L3). If
a diaphragm D is placed at the image plane of L1, unwanted spatial frequencies, e.g.

unwanted diffraction orders, can be removed.

3.2.3 Numerical simulation of linear light propagation

On propagating through free space, the complex angular spectrum S(kx, ky, z = 0) = F (E(x, y, 0))
of a complex input field E(x, y, 0) will remain constant. However, the relative phases of the plane
wave components within the spectrum will change: The extra phase gained by a plane wave with
longitudinal wave number kz will be φ(z) = kzz. Expressing this phase change in terms of our spatial
spectrum yields the so called transfer function of propagation through free space

T(kx, ky) = eikzz = exp



ik0z

√

1 −
(

kT

k0

)2


 , (3.27)

also see [Goo17] for a detailed derivation and discussion. If the transversal wave number is suffi-
ciently small, the paraxial transfer function

T(kx, ky) = exp

[

ik0z

(

1 − kT
2

2k0
2

)]

(3.28)

can be used. The propagated angular spectrum S(kx, ky, z) = T(kx, ky) S(kx, ky, z = 0) can then be
used to calculate the propagated optical field as
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E(x, y, z) = F−1
(

T(kx, ky)F (E(x, y, 0))
)

. (3.29)

As the paraxial transfer function is separable with respect to x and y, the calculation of the parax-
ial propagation for separable fields can be done in 1D for each dimension, also see Eq. 3.18.

Making use of the transfer function for optical propagation in combination with discrete Fourier
transforms (DFT), the spatial evolution of the optical field can be calculated numerically. This prop-
agation yields accurate results for arbitrary fields, when the non-paraxial transfer function, Eq. 3.27
is used. Fast Fourier Transform (FFT) algorithms [Pre+07] enable the calculation of even very large
fields if sufficient memory is available. Here, the Python package ”pyfftw” [Gom22] is used, which
is a wrapper for the widely used FFTW library.

The sampling requirements and the computational complexity of DFTs are discussed in detail
in [Goo17]. In particular, to avoid aliasing, any parts of the numerical box in which the amplitude
of the field is significant, need to be sampled at a spatial frequency fsamp that is higher than twice
the highest frequency fsig in the signal, also see Nyquist–Shannon sampling theorem. Frequencies
higher than flim = 1/λ, however, can be neglected as these correspond to evanescent waves, which
do not propagate further.

The number of pixels nx = 2xlim fsamp = 4xlim fsig is required to resolve frequencies up to fsig

in a box with half width xlim. The box size needs to cover the size of the aperture or the parts of
the beam that carry significant energy. If all propagating spatial frequencies for an optical wave-
length λ = 1030 nm need to be resolved in 2D for a Gaussian beam with half width w0 = 2.65 mm
and xlim = 2w0, more than 400 Megapixels are required. With a typical size of 48 bytes per pixel3,
a single field would require more than 10 GB of memory, exceeding the available memory of the
local computer used in this work. The propagation of such large fields can be calculated by using
multiprocessing routines to distribute the data on many processors in computational clusters (”su-
percomputers”).

Alternatively, the number of pixels can be reduced for example by reducing the beam size, but
care needs to be taken to scale all relevant parameters, so that the effect under consideration can still
be observed, for an example also see Sec. 3.7.1.

3.3 The 1D case: Airy beam and Airy Gauss beam

Based in quantum mechanics, Berry and Balazs [BB79] demonstrated the non dispersive character of
an Airy wave packet. Due to the parallel structure of the potential free Schrödinger equation and the
paraxial Helmholtz equation, see Eq. 3.7, it is clear by direct analogy, that an electric field

E(ξ, 0) = Ai(ξ) , (3.30)

where Ai(ξ) = 1/π
∫ ∞

0 cos(t3/3 + ξt)dt is a solution of the Airy equation f ′′ − x f = 0 [Mil74] and
ξ = x/x0 is a non dimensional length, will not diffract during propagation. Indeed, solving the
normalized, one dimensional Helmholtz equation (also see Eq. 3.7)

(
∂2

∂ξ2
+ i2

∂

∂ζ
)E = 0 , (3.31)

for a dimensionless longitudinal coordinate ζ = 2z/(kx0
2) yields

E(ξ, ζ) = Ai

(

ξ − ζ2

4

)

exp

[

iζ

2
(ξ − ζ2

6
)

]

. (3.32)

The non-diffracting character of the beam is clear, when considering the intensity

3Standard size of complex number in Python.
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I(ξ, ζ) ∝ |E(ξ, ζ)|2 = Ai2

(

ξ − ζ2

4

)

. (3.33)

which does not change shape, but is merely shifted along the trajectory ξ = ζ2/4. The electric field as
given in Eq. 3.30, however, is not square normalizable and carries infinite energy. A physical solution
with finite energy is given when the slowly decaying tail of the Airy function is apodized by an
exponential function [SC07], so that

E(ξ, 0) = Ai(ξ) exp [aξ] (3.34)

for a > 0 and consequently

E(ξ, ζ) = Ai

(

ξ − ζ2

4
+ iaζ

)

exp

[

aξ − aζ2

2
− iζ

2
(ξ + a2 − ζ2

6
)

]

. (3.35)

Due to the finite transversal extent, the beam has to have a finite length and indeed, by considering
the real part in the exponential, that depends on ζ, one finds that the field drops to 1/e of its maxi-
mum value at ζ =

√
2/a. If a is small, the width of the main lobe is further given by the first zero of

the Airy function at ξ = 1.6.
The Fourier spectrum of this normalized field is given by [SC07]

S(κ) = F (E(ξ, ζ = 0)) = exp
[

−aκ2
]

exp

[

i

3
(κ3 − 3a2κ − ia3)

]

, (3.36)

which corresponds to a Gaussian with a cubic phase. Considering the Fourier transform properties
of an ideal lens, the Airy beam can in paraxial conditions be produced by focusing a Gaussian beam
with a cubic phase4. We now can introduce the scaling factor β for the cubic phase, so that κ = βx
and the Gaussian half beam width (at 1/e2 intensity) w0, so that a = 1/(w2

0β2). With an optical
wavelength λ and a focal length f , we obtain the transverse length scale factor x1D

0 = f β/k.
Note that as the field curvature is reduced when a beam propagates from air into glass, for all

calculations of the Airy focus shape in the material, the focal length has to be adjusted as f = f0n
where fa is the focal length in air and n the refractive index of the material.5 The wave number k as
introduced above also depends on n, so that k = kvn for a wave number kv in vacuum.

The propagation features of the 1D Airy Gauss beam can be seen in direct comparison with
the corresponding Gaussian beam for the same focussing conditions but without the cubic phase
in Fig. 3.4. As the cubic scale factor is increased, the peak intensity but also the intensity contrast
along the propagation decreases. One can clearly see the non-diffracting character for β = β0 in
Fig. 3.4, as the intensity profile hardly changes at all. For the intermediate case β = 0.6β0, one can see
that the curvature of the main lobe trajectory is larger than for β = β0, but the length over which the
non-diffracting character and the parabolic main lobe trajectory is exhibited decreases [BS07]. Note
also that the focal contrast between main lobe and first side lobe is reduced for larger values of β.

This 1D Airy can be produced by a phase mask in combination with a cylindrical lens. If a rota-
tionally symmetric microscope objective is used, the intensity will be scaled by the evolution of the
Gaussian in the perpendicular direction and decay with the Rayleigh length.

4Neglecting the linear phase term, which will result in a small lateral offset behind the lens.
5The deviation of the actual focus position in the glass sheet from the focus position in air, on the other hand, depends

on the distance between glass and focusing optics, see Fig. 4.1.
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FIGURE 3.4: Lateral intensity profiles demonstrating the propagation dynamics of the
1D Airy Gauss beam for two cubic scale factors (b, c) and as a result a different con-
finement. The propagation distance z is given in terms of the Rayleigh length z0 of the

corresponding Gaussian beam (a). Parameters are as in Sec. 4.1 with f = 10 mm.

3.4 2D Airy Gauss beam

To obtain an extended focal line, two 1D Airy beam profiles can be combined along orthogonal axes
x′ = (x + y)/

√
2 and y′ = (x − y)/

√
2, so that

E0(x, y) = A0 exp

[

− x2 + y2

w0
2

]

exp[iβ3(x3/3 + xy2)/
√

2]. (3.37)

with the normalized amplitude of the Gaussian beam, as given in Eq. 3.11. The corresponding phase
is shown in Fig. 3.5. The phase profile can be imprinted on a Gaussian input beam by a specifically
designed phase mask, such as a diffractive optical element (DOE, also see Sec. 3.6), a spatial light
modulator (SLM) or cylindrical lenses [Pap+10; RAG18; Yan+14].

Along the axes x′ and y′, i.e. the direction of the cubic phases, the beam laterally extends into
characteristic ”legs”, see Fig. 3.5 b).

The propagation of the complex electric field with respect to the focal plane at ζ = 0 is then given
by

E(x, y, ζ) =
A0

iλ f
Ai

(

x − y

x0
− ζ2

4
+ iaζ

)

Ai

(

x + y

x0
− ζ2

4
+ iaζ

)

× exp

[

a

(

2x

x0
− ζ2

)

− iζ

(

ζ2

6
+ a2 +

x

x0

)]

, (3.38)

using Eq. 3.24 and redefining x0 =
√

(2) f β/k for convenience. The main lobe of the intensity profile
then follows a parabolic trajectory p(z) in the xz-plane with
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FIGURE 3.5: Phase distributions for 1D and 2D Airy beam and the theoretical inten-
sity profiles for an Airy beam with f = 10 mm and β = 31/3 mm−1 . For the phase

distributions the colors represent values from 0 (black) to 2π (white).

p(z) = qz2 and q =
1

k2x3
0

=
k

( f β
√

2)3
, (3.39)

see also Fig. 3.5 b). At the vertex of the parabola this corresponds to an effective radius

r = 1/(2q) = k2x3
0/2 =

√
2( f β)3

k
(3.40)

and the angle α between the optical axis and the line focus varies along z a

α(z) = arctan(2qz) , (3.41)

also see Fig. 3.6. As the beam diffracts in two dimensions, the non dimensional half length reduces
to ζ =

√
1/a and the total length

l ≈ 2w0 f 2β3/k =

√
2w0r

f
=

√
2 NAeff r (3.42)

where the intensity of the main lobe exceeds 1/e2 of its maximum and where the effective numerical
aperture NAeff = w0/ f = afill NA may only be a fraction of the numerical aperture of the focussing
optics, which is given in terms of a fill factor afill. While we are generally aiming for a long and
strongly curved focal line, it is clear from Eq. 3.42, that there is a trade-off between length and cur-
vature, but with a larger NA larger curvatures can be reached for a given length or vice versa. The
angle

α1/e2 = arctan(w0/ f ) = arctan(NAeff) (3.43)

reached at the 1/e2 points, consequently can also be maximized by maximising the used NA. Micro-
scope objectives with an NA up to 0.65 are commercially available for high power applications in the
near infrared, which would correspond to a theoretical maximal bevel angle to 24◦ in glass if afill = 1,
i.e. for a Gaussian beam this means overfilling the optics. For an unclipped Gaussian beam typically
afill ≤ 0.5 is used. For more details on apodized versions of the Airy beam, e.g. the effect of a top hat
instead of a Gaussian input beam, see [RHD13; Cho+13].
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FIGURE 3.6: Schematic representation of the positioning of an Airy beam focus with an
effective radius r in a glass sheet of thickness t for a micro perforation process. For a

symmetric position, the bevel angle of the resulting edge α = arctan
(

kt/( f β
√

2)3
)

,

see Eq. 3.39 and Eq. 3.41.

focal length f [mm] 10 20
NAeff 0.265 0.133

bending radius, r [mm] 1.48 11.9

1/e2 length [mm] 0.556 2.22
1/e2 angle [◦] 100 5.2

bevel angle α(t) [◦]
t = 0.3 mm 5.8 0.73
t = 0.5 mm 9.6 1.2
t = 1 mm 19 2.4
t = 2 mm 34 4.8

TABLE 3.1: Scaling of Airy beam in glass for the two focal lengths used with w0 =
2.65 mm, β0 = 31/3 mm−1 and λ = 1030 nm.

Another aspect to consider is the focal contrast, i.e. the intensity ratio of the main lobe with
respect to the largest lobe. By expressing the cubic phase in terms of the confinement factor a and
inserting this into the expression of the length, we get

l =
2

a3/2 k NAeff
2

, (3.44)

which means that the length for a given NA and wavelength will decrease if the focal contrast is
increased, which means moving away from the ideal Airy beam with confinement factor a = 0.
Fig. 3.7 shows this trade of between length and focal contrast.

For a micro perforation process in which the glass sheet is fully perforated, the top angle α of the
resulting edge does not depend on the length of the Airy beam, but on the thickness t of the sheet and
the curvature of the Airy beam, schematically shown in Fig. 3.6. Theoretical values for the scaling of
the Airy beam in glass are given in table 3.1 for optical configurations that will be used in this study
and for various glass thicknesses.
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FIGURE 3.7: Normalized length ln = l NAeff
2/k as a function of the focal contrast c. The

contrast is directly related to the confinement factor a and exemplary focal 1D intensity
distributions, given by z = 0 in Eq. 3.35, are shown as insets. As the confinement is
lowered going towards the ideal non diffracting Airy beam with infinite length, the

contrast approaches a limit of 1.63.
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3.5 Direct space production of the Airy beam - 4f setup

Alternatively to the Fourier space phase definition, the Airy beam can also be produced by defining
the phase in direct space with an exponent of 3/2 [CDH09; Fro+11]. The beam is then typically
imaged by a 4f setup, similar to the Bessel beam setup presented in Fig. 2.3. As stated by [CDH09],
this scaling of the direct space phase can be understood in terms of the approximate solution of the
Airy function

Ai(x) ≈ x−1/4 exp
[

iCx3/2
]

, (3.45)

where C is a constant and the slowly decaying amplitude term will be replaced by an apodizing
function for physical beams.

zz1

x1

z = 0

x

θ

c(z)

FIGURE 3.8: Geometrical concept for construction of a caustic c(z) by a phase mask
which is placed at z = 0.

The phase for direct space shaping can also be derived by means of a geometrical argument.
Already Berry and Balazs [BB79] pointed out the caustic nature of the Airy beam. This means that
the creation of a high intensity main lobe can be understood in terms of a group of rays that are all
tangent to the caustic envelope c(z), that defines the position of the main lobe, see Fig. 3.8. The slope
tan(θ) of a tangent to c(z) at z1 is given by c′(z1) = dc(z1)/dz as well as by (c(z1)− x1)/z1, so that
for any monotonous function there is unique value of x1 for a given z = z1. Additionally using the
requirement that the local wavefront at the phase mask must be perpendicular to the ray at x1, so
that dφ(x1)/dx = k sin(θ), one obtains [Fro+11]

dφ(x)

dx
=

kc′(z)
√

1 + [c′(z)]2
(3.46)

which corresponds to a Legendre transform. For a parabolic curve c(z) = qz2 this yields
φ(x) = –4/3

√
qkx3/2 [Fro+11], so that by inserting the normalization factors from above, one obtains

φ(x) = –4/3

(

k

f β
√

2
x

)3/2

. (3.47)

This would produce the focused beam as behind the Fourier lens, see Sec. 3.3. The steep phase
gradients that are typically reached for tight focussing with small f are to realize in a phase mask,
also see Sec. 3.6. To reach micro meter resolution, the direct space shaping is therefore combined
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with a demagnifying telescope (e.g. in [Fro+11]), lowering the phase gradients at the phase mask.
The cubic phase scaling factor behind a telescope with magnification M decreases to β/M.

3.6 Tools for wavefront modulation

Beam shaping for material processing applications is usually done with optical elements which alter
the phase. Amplitude masks would reduce the pulse energy, which in many cases is a limiting
factor, for example when maximizing the modification length, also see [Feu+19]. In addition, for
high power applications the cooling of absorptive elements can be challenging and the energy lost at
the amplitude mask makes the process less efficient.

For applications in research and development, electro-optical spatial light modulators (SLMs) are
particularly useful, as they enable fast switching between different phase distributions. The phase
difference can be induced by changes in the spatial length of the light path, for example by translation
of micro mirrors in Digital micro mirror devices (DMDs), which additionally can make use of the
varying deflection by the micro mirrors, or by changes of the refractive index, for example due to
rotation of liquid crystals molecules in LC-SLMs.

A much better spatial resolution, however, is achieved by fixed optical elements, such as a lens,
which induces the phase modulation by variations in surface height. For complex phase masks these
are typically produced by multistep or greyscale lithography. These are often referred to as diffractive
optical elements (DOEs), although the more general term beam shaping element is more appropriate:
For wavefront modulators usually the instantaneous phase is considered. This reduces the optical
path length difference that is required to one wavelength, which reduces the thickness of the optical
element. Nevertheless, for low phase gradients and sufficiently high spatial resolution and a high
number of discrete levels N for quantized phase masks, the optical element locally acts like a refrac-
tive optic. The high contrast required at the discontinuities that are included in the instantaneous
phase poses a challenge in the design of phase masks. Also, at high phase gradients, i.e. strong local
deflection, the interaction of the deflected light with the discontinuities can become significant and
lead to scattering, i.e. loss of useable laser power.

Additionally, for high phase gradients, i.e. high spatial frequencies ν within the phase spectrum,
the quantization of the phase mask becomes an important factor and directly affects the diffraction
efficiency η, which represents the portion of input power that contributes to the desired beam shape
(usually the first diffraction order). The diffraction efficiency [Goo17]

η =

(

N sin
(

π
N

)

π

)2

(3.48)

for a quantized blazed phase grating as shown in Fig. 3.9 rapidly drops when the number of discrete
levels N decreases. The limiting factor can be an inherently low N, as for binary gratings with N = 2
from single step lithography, or a low lateral resolution where effectively N(ν) = ⌊1/(lν)⌋ where l

phase

x

FIGURE 3.9: Sketch of a quantized blazed grating with N = 4. The dashed lines indicate
the continuous, reduced phase that the quantized phase tends to as N increases.
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represents the minimum resolvable lateral length scale of the phase mask. Spatial frequencies greater
than 2/l are not sufficiently sampled and will not contribute significantly to the diffraction pattern.

The total resolution of the phase mask determines the bandwidth of spectrum that can be ade-
quately represented. It thus acts as the available numerical aperture of the phase mask and limits for
example the maximum angles of curved trajectories that can be produced with the optical element.

In this work both a fixed beam shaping element, later simply called DOE, and a LC-SLM are
used as phase masks. In the following we will briefly discuss their working principles and their
limitations.

3.6.1 Liquid crystal spatial light modulators

There are various types of spatial light modulators that make use of the birefringence of liquid crys-
tals (LCs) for modulation of polarization, amplitude or phase, see [Goo17] and sources therein. In
birefringent crystals, the refractive index depends on the orientation of the light polarization with
respect to the crystal lattice. Liquid crystals are composed of birefringent molecules, which can alter
their relative orientations, for example when an electric field is applied.

The most common application of liquid crystals is amplitude modulation in consumer liquid
crystal displays (LCDs). This is typically achieved by combining the change in polarization in twisted
nematic liquid crystals with polarizing filters at input (polariser) and output (analyser) plane, which
can coincide for reflective configurations. Without polarizing filters the same display can be used for
polarization control.

Phase modulation on the other hand is nearly exclusively done with untwisted nematic liquid
crystals. Depending on their orientation with respect to the display they are called parallel aligned
nematic (PAN) or vertically aligned nematic (VAN) [HOL22]. For light which is linearly polarized
along a plane that contains two principal axes of the optical indicatrix, that correspond to different
refractive indices n1 and n2, the optical path length can be changed by rotating the liquid crystal
molecules about the normal of that plane. To ensure an accurate translation of the greyscale phase
mask to the the actual phase retardance, the device needs to be calibrated. The maximum phase shift,
for which an upper limit is given by φmax = k0|n1 − n2|t, also depends on the thickness t of the LC
layer and should be at least 2π for full phase control.

The pixel size of the active matrix that controls the LC rotation is limited in particular by the cross
talk between neighbouring pixels [PEG12], which increases with increasing thickness t. While the
number of phase levels is usually high for LC-SLMs, the typical pixel sizes of several micrometers
pose the crucial limit for diffraction efficiencies at higher spatial frequencies.

It has been pointed out [Fla+19] that the lower angles for digital axicon profiles produced by
SLMs can be increased virtually. For accelerated beams however, a large spatial bandwidth of the
phase mask is important to produce a long focal line with strong curvature, also see Eq. 3.39 and
Eq. 3.42.

Another important limitation of the available pulse energy after a LC-SLM is the fill factor, i.e. the
proportion of the display area in which light is transmitted or reflected respectively. SLMs are built
both in transmissive and reflective configuration but significantly higher fill factors are typically
reached in reflective configuration [HSS05]. This can be understood in terms of the controlling elec-
tronics in the backplane of the SLM: While in transmission any non-transparent material will block
the light, the backplane in an reflective SLM can be dielectrically coated. Reflective SLMs are typi-
cally realized as liquid crystal on silicon (LCOS) chips, which can be directly addressed electronically
by an underlying CMOS chip.

The spatial light modulator used in this work, a Holoeye PLUTO-2 NIR 149, is a LCOS chip with
a dielectric coating for the relevant NIR wavelength range, see Tab. 3.2 for the relevant specifications.
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Phase levels 256 (8 bit)
Active area 15.36 mm×8.64 mm
Resolution 1920 x 1080 pixels
Pixel pitch 8.0 µm
Fill factor 93%
Reflectivity at λ = 1030 nm 93%

TABLE 3.2: Spatial light modulator (Holoeye PLUTO-2 NIR 149) specifications

Laser source

IPG YPG-C

DOEND
MO MO

D TL
CMOS

Imaging setupXYZ stage

FIGURE 3.10: Optical setup for imaging the Airy Profile in air. The Airy beam focus is
produced by adjusting the pulse energy with neutral density filters (ND) adding a cubic
phase with a diffractive optical element (DOE) and focusing the beam by a microscope
objective (MO). The imaging setup used to record the resulting focus is comprised of a

microscope objective (MO), a diaphragm (D), a tube lens (TL) and a camera (CMOS).

3.6.2 Diffractive optical elements and fixed phase masks

While fixed phase masks, such as diffractive optical elements (DOEs), are less flexible than spatial
light modulators, they have several advantages that make them favourable tools for beam shaping:
There is no steering electronics that blocks light, i.e. they have a fill factor of 100%. Typically made
from fused silica, DOEs generally have very high damage thresholds. A lateral resolution much
smaller than the NIR wavelength can readily be achieved by lithographic methods nowadays, so
that theoretically any propagating parts of the spatial spectrum (i.e. non-evanescent waves) can be
realized with significant diffraction efficiencies, if scattering effects at the discontinuities can be ne-
glected. In practice, at a laser wavelength λ = 1 µm high diffraction efficiencies can be reached up
to beam deflections of 10◦, which corresponds to a grating period p = 1/ν = 10 µm [Fla+19], with
DOEs produced by laser grayscale lithography. The quasi continuos phase variation of greyscale
lithography leads to very high diffraction efficiencies (> 99%) [Fla+19]. The diffractive optical ele-
ment used in this study for the generation of the Airy beam (Airy Beam Generator, Holo/Or) has 16
levels, which corresponds to a theoretical diffraction efficiency of 98.7%, see Eq. 3.48.

3.7 Measurements of Airy profiles in air

As a first characterization of the experimentally produced Airy beams, I measured the linear prop-
agation in air using an optical setup with the diffractive optical element (DOE) with a fixed cubic
phase β0 = 31/3 mm−1. The laser used for these first experiments was an IPG YPC-C, see Tab. 3.3.

I took care to always use a microscope objective with higher NA compared to the focusing optics,
unless otherwise stated the objective was a Nikon N40X-PF. This objective has a plan fluorite design
and is corrected also for the near infrared (NIR)6. The tube lens always was a Thorlabs TTL200-S8
with a focal length of 200 mm. The complementary metal oxide semiconductor (CMOS) camera used

6The correction is done for microscopy applications including a cover glass of 0.17 mm thickness. The spherical aberra-
tion that is induced by the lack of a cover glass in my setup can be neglected because the focussing optics had a sufficiently
low numerical aperture.
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Amphos 200 XHE Amplitude Tangor 50 IPG YPG-C

Wavelength λ [nm] 1030 1030 1064
Beam radius w0 [mm] 2.65 3.3 3 to 4.5
Beam quality M2 1.1 1.09 1.5
Polarization linear linear random

Pulse duration tp [ps] 1 to 10 0.41 to 3.7 105

Pulses in burst nburst 1 to 4 1 to 246 n/a
Intra burst period [ns] 25 24.4 n/a

Max. pulse energy Eburst [µJ] > 1700 300 n/a

TABLE 3.3: Specifications of lasers used in this study

in the imaging setup was a Daheng Imaging MER-530-20GM-P NIR, with an improved performance
in the near infrared.

Focusing with spherical lenses (Thorlabs AL1210, AL1225, AL2018) in the first trial lead to signif-
icant distortions of the beam compared to the theoretical profile, see Fig. 3.11 b), which also affected
the resulting glass modifications, see appendix A for more details. Similar features could be seen in
linear simulations of beam propagation for a spherically aberrated lens, see also Sec. 3.7.1.

To avoid these distortions in further experiments I used a microscope objective (MO, Trumpf
TopCleave, two different models with focal lengths 10 mm and 20 mm respectively) as focusing optics
as shown in Fig. 3.10. The beam width and thus the effective NA was limited by the clear aperture of
the DOE (9 mm clear aperture diameter).

To minimize the effect of an extra spherical contribution, which may affect the effective NA, the
phase mask has to be placed at the front focal plane of the focussing optics, see Eq. 3.24. I estimated
the position of the front focal plane by illuminating the rear side of the MO with a collimated beam
and measuring the beam diameter behind the MO. I found that the front focal plane of the MO lies
within the housing of the MO, so the DOE could not be placed exactly at this plane. Rather the DOE
has been placed as close to the MO as the mechanical parts allowed (effective distance 4 mm).

This way, clean intensity profiles were achieved, see Fig. 3.11 and Fig. 3.12. For example, the bend-
ing radius r = (5.90 ± 0.07)mm for f = 20 mm is very close to the theoretical value of 5.75 mm, see
Eq. 3.40. Also, deviations to higher radii can be expected, if the cross section for analysis is not exactly
placed on the mirror plane of the Airy beam. The corresponding observed length l = (1.57 ± 0.04)mm
is in the middle of the range, that is expected theoretically (1.2 to 1.8 mm, see Eq. 3.40).

For a direct comparison with the micro machining experiments, as shown in Fig. 4.2, the intensity
profile was again recorded in air using the Amplitude laser which has the same wavelength as the
Amphos laser that is used for micro machining.

3.7.1 Effect of spherical aberration

Qualitative comparisons of the intensity profiles measured in air with simulations of an ideal lens
with added fourth order spherical aberration indicate that the fragmented character observed for the
asphere as shown in Fig. 3.11 b) can be explained by spherical aberration.

For the simulation a fourth order term was added to the phase of the ideal thin lens so that the
total phase of the lens

φtl = k0

(

1

2 f
r2 + c4 (12.5/ f 3) r4

)

. (3.49)
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FIGURE 3.11: Intensity profiles measured in air for a microscope objective with
f = 20 mm (a) and an asphere with f = 25 mm (b). The longitudinal profiles on the left
are drawn to same scale and transversal sections at the indicated positions are shown on
the right for experiment and theory. Here, the Trumpf TopCleave f = 10 mm objective

is used for imaging.
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FIGURE 3.12: Intensity (top) and lateral position (bottom) of the Airy main lobe for
f = 20 mm as shown in Fig. 3.11 a). The fits yields a length l = (1.57 ± 0.04)mm and a

bending radius r = (5.90 ± 0.07)mm.

where the constant factor 12.5/ f 3 is chosen for a convenient scaling of the spherical aberration. With
spherical aberration no separation of variables is possible, therefore the 2D FFT propagator had to
be used. In order to enable simulation on a local machine and to save computation time (also see
Sec. 3.2.3), the simulations were performed for a smaller beam than the experimental system, but
the cubic scale factor β has been adjusted accordingly to obtain the same confinement factor a. The
simulation parameters are listed in Tab. 3.4.

Two characteristic transversal cross sections along the propagation for experiment and simulation
respectively are shown in Fig. 3.13 for demonstration. This is plausible as the aspheres are usually
corrected for spherical aberration to create a single spot from a collimated beam, but not for imaging
the broader range of spatial frequencies which is necessary for creating the Airy beam.

In the case of the focusing with aspheres, spherical aberration is detrimental to the industrial
process because of the high intensity in the side lobes.

parameter value unit

physical parameters

optical wavelength λ 1030 nm
gaussian beam width w 500 µm

cubic scale factor β (2.65/0.5) 31/3 mm−1

focal length f 10 mm
spherical aberration c4 0 ... 0.3 -

numerical parameters

nx 4096 -
xlim 2 mm

TABLE 3.4: Parameters for linear simulations of Airy beam with spherical aberration.
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FIGURE 3.13: Experimental intensity profiles measured in air and simulated intensity
profiles with fourth order spherical aberration showing characteristic profiles of an
spherically aberrated Airy beam. Note that while the focussing conditions are differ-
ent for experiment (AL1225, f=25 mm) and simulation (f=10 mm) characteristic features
are shared in the evolution of the intensity profile, in particular the continuous side
lobes (a) and the bend side lobes (b). The parameters used for the linear simulations are

given in Tab. 3.4. Experimental profiles from same recording as Fig. 3.11.
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FIGURE 3.14: Effect of spherical aberration in simulated longitudinal intensity profiles
showing the intensity of the main lobe. By increasing the characteristic modulations of

spherical aberration can be seen.

Linear simulations with moderate spherical aberration however, indicate that this can lead to an
extended region with an approximately uniform intensity of the main lobe, see Fig. 3.14. Increas-
ingly large spherical aberration leads to increased oscillations and asymmetry about the linear focus,
similarly to the features of the spherically aberrated Gaussian beam, see Sec. 2.2.3.
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confinement factor a 1/(w2
0β2)

transverse length scale factor x0

√
2 f β/k

longitudinal length scale factor ζ/z 2/(kx0)2

bending radius of focal line r k2x3
0/2 =

√
2( f β)3/k

full 1/e2 length of focal line l 2w0 f 2β3/k =
√

2 NAeff r
1/e2 angle α1/e2 arctan(NAeff)

TABLE 3.5: Scaling factors and relations for the Airy beam, for details see Sec. 3.4.

3.8 Summary

The optical Airy beam is a one dimensional non-diffracting, caustic beam with a main lobe that
follows a parabolic trajectory during propagation. The propagation of the complex field envelope can
be calculated analytically as a solution of the paraxial Helmholtz equation. A physical, finite-energy
solution is given by the Airy Gauss beam that can be created by focusing a beam with Gaussian
amplitude and cubic phase, but also a direct space shaping is possible with an exponential 3/2 scaling
of the phase.

A 2D version of the Airy beam with a curved focal line is given by the orthogonal interference of
two 1D Airy profiles. The scaling relations of the 2D Airy Gauss beam are summarized in Tab. 3.5.
The focal contrast, i.e. the ratio between the main lobe and the first side lobe, reduces with the
confinement factor and asymptotically approaches a value of 1.63 for the ideal Airy beam.

Diffractive optical elements with high diffraction efficiency up to large spatial frequencies and
a high damage threshold are useful for material processing applications. LCOS spatial light modu-
lators are more limited in spectral bandwidth that can be imaged with high efficiency, but they are
well suited for testing new beam shapes due to their changeable phase. Airy beam profiles produced
with the two focusing microscope objectives used in this study show the expected behaviour in linear
propagation. Low spherical aberration can homogenize the longitudinal intensity profile on one side
of the linear focus, but strong spherical aberration may be responsible for detrimental distortions of
the focal line.
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Chapter 4

2D Airy Gauss modifications and their
application to glass cutting

The 2D Airy-Gauss beam is a good starting point and an interesting benchmark when exploring
beam shapes for creating curved edges by a USP laser process. Its Gaussian apodization that is
typically given as output from industrial lasers and the existence of an analytical expression for its
linear propagation respectively mean that it can be produced with a small experimental setup and
the numerical load for simulations is strongly reduced. In this section methods and results based
on this well established beam shape are presented and discussed. Despite the important limitations
of its applicability for glass cutting, the results achieved with the 2D Airy-Gauss beam provides a
fundamental understanding for more adapted beam shapes that will be presented in the following
section and in Chapter 6.

4.1 Laser processing and beam imaging methods

The micro machining was performed at an integrated industrial laser machine with an Amphos 200
XHE as laser source, see Tab. 3.3. As described in Sec. 3.4, the Airy-Gauss beam can be readily
produced as the focal image of a beam with a cubic phase, see Fig. 4.1 a). For all micro machining
experiments at this machine I used the HoloOr Airy Beam Generator as phase mask, also see Sec. 3.7.
Sheets of borosilicate glass (SCHOTT Borofloat R© 33) of thicknesses between 0.3 mm and 6.5 mm were
placed horizontally on a motorized XY stage with the laser beam coming from the top, parallel to the
Z axis along which a motorized linear stage is used to move the focusing optics.
The Airy beam profile was characterized by inspecting the ablation pattern at the glass surface for
various distances between focusing optics and glass sheet. The focus position was then defined
as the half-way position within the depth range in which an ablation pattern is observed. For a
symmetric longitudinal intensity distribution, which is expected for the Airy beam, this corresponds
to the position, for which the maximum intensity lies at the surface of the glass sheet, see Fig. 4.1 b).
The focus position was thus determined to an accuracy of 50 µm.
As the orientation of the DOE could only roughly be adjusted by the lens tube system, the ablation
pattern was also used to determine the orientation of the Airy profile. The XY movement was then
adjusted to ensure that the cutting lines are perpendicular to the acceleration direction of the beam,
which lies in the mirror plane of the beam, thus maximising the curvature of the cross section profile.
The focus of the Airy beam was subsequently placed within the glass volume by decreasing the
distance between the focusing optics and the glass sheet by a defined distance ∆z, see Fig. 4.1 a). The
glass was then moved horizontally with respect to the laser beam while picking single laser pulses,
resulting in discrete modifications, separated along the lateral translation direction by a constant
distance, a so-called pitch, of 10, 25 or 50 µm respectively.
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FIGURE 4.1: Experimental 2f-setup (a) used for creating an Airy-Gauss beam at the in-
dustrial laser machine. Throughout the thesis, the focus position is given as the shift ∆z
of the glass surface with respect to the focus position in air (dotted line). The reference

position is defined with respect to the glass surface (b).

4.2 Airy volume modifications

In order to first examine the pure volume modification, I placed the focus deeply within a 6.5 mm
thick glass sheet (∆z = 2 mm) thus avoiding plasma ignition at the surface. I inspected the longitudi-
nal profile of the volume modifications by cutting the glass perpendicularly to the above mentioned
lateral translation direction, polishing it and looking along this translation direction using reflected
light microscopy (Keyence VHX 6000). For these profile measurements I took special care to avoid
double shots, implementing a pulse on demand operation, and only single pulses were used.

I found that the volume modifications follow the expected curvature for a wide range of experi-
mental parameters, see Fig. 4.2. With increasing pulse energy the trajectory remains unchanged while
the length and lateral extent of the modifications increase, for f = 20 mm reaching lengths of up to
more than 2 mm and a maximum angle amax = 5◦, also see Fig. 4.3. For 1 ps pulses the modifications
remain broad and indistinct. More confined and stronger modifications are observed for longer pulse
durations. The experimental profiles show a shift of the maximum intensity or damage respectively
with respect to the vertex of the ideal trajectory, which can be attributed to a slight misalignment of
the Gaussian input beam. This effect was made use of in further experiments and will be discussed
in detail in Sec. 5. In particular, however, I observe an increasingly asymmetric damage distribution
along the parabola with increasing pulse energy, with the most extensive damage shifted towards
the laser source and a long tail away from it.

For a more quantitative analysis of the length, curvature and asymmetry of the modifications,
the end points of the modifications and the position with the damage largest extent were recorded
five times in total by three different persons. The average curvature of the fits to the longest 6 lines
is r = (11.6 ± 1.8)mm1, which is in very good agreement with the theoretical value rth = 11.9 mm.
Going towards a more reproducible analysis, a specifically developed line detection algorithm, see
Fig. 4.4, was tested in comparison with the manual data. The results of the algorithm depend on
the parameters used for image processing, for details see appendix B. Reliable detection for all but
the two smallest manually detected modifications could be achieved, also see the breakdown of the
measured length for low energies in Fig. 4.5. The resulting radius r = (10.4 ± 0.4)mm is significantly
lower than the theoretical value, which can be explained by the influence of the side lobes: An ab-
sorption in the side lobes would lead to a preferential broadening away from the main lobe, thus
increasing the curvature.

1If all discernible modifications are included, which partially suffer from rough estimates, the result is r = (10 ± 6)mm.
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FIGURE 4.2: Light microscopy cross sections of permanent in-volume modifications for
f = 20 mm in glass (c) follow the parabolic trajectory that is theoretically expected (a)
from Eq. 3.38 and has been measured in air (b). This profile is also shown by the dashed
white lines on the microscope images for comparison. The z scale of the profiles in air
in (b) is stretched by the refractive index of borosilicate glass (n = 1.46) to mimic prop-
agation in glass. Numerical simulation results corresponding to the lowest and highest
pulse energy are shown in Fig. 4.13 for both pulse durations respectively. Note the
increase in length with pulse energy, the much more confined and pronounced mod-
ification for longer pulse durations and the preferential energy deposition before the
focus. The interruptions in (b) are attributed to the recording process rather than the

propagation itself.

a) b)

1 mm

FIGURE 4.3: Manual measurements (a) of the Airy modifications with f = 20 mm,
tp = 10 ps and decreasing pulse energy from the left starting at 380 µJ and decreasing
in steps of 38 µJ. The fits yield r = (11.6 ± 1.8)mm and lengths that are used for the
estimation of the threshold intensity in Fig. 4.5 and the determination of the effective

electron collision time, see appendix C.
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FIGURE 4.4: Example of automated image analysis for characterization of the volume
modifications. Note that also interrupted modifications can be detected. Also see ap-

pendix B.

Modelling the increase of the modification length in terms of a constant threshold intensity Ith

applied to the linear propagation, yields Ith = (8 ± 3)× 1013 W/cm2 for f = 20 mm, see Fig. 4.5.
The uncertainty is given as the half width at twice the minimum value of the root mean squared
deviation between simulated and measured length. The same approach applied to the modifications
written with f = 10 mm gives Ith = (4.6 ± 1.2)× 1013 W/cm2, see Fig. 4.6. The fitted bending ra-
dius r = (1.5 ± 0.4)mm for f = 10 mm is in excellent agreement with the theoretically expected
value, see Tab. 3.1. For the image analysis at tight focusing conditions, the modifications written with
short pulses (tp = 1 ps) were used, as they provided the clearest profiles. Extensive damage was ob-
served for the longer pulse duration with lateral diameters of 20 µm and significant birefringence, see
Fig. 4.7. An influence of the pitch on the extent of damage can also be seen in this image, indicating
overlapping interaction zones for neighbouring modifications.
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FIGURE 4.5: Length scaling of the Airy Beam for f = 20 mm (a), and root mean squared
deviation (RMSD) from fitting a constant intensity threshold of the linear propagation to
the automated data (b). The minimum RMSD is reached at Ith = (8 ± 3)× 1013 W/cm2.

Ith = (7.0 ± 1.8)× 1013 W/cm2, if the manual data is fitted.
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FIGURE 4.6: Length scaling of the Airy Beam for f = 10 mm, analogous to Fig. 4.5,
yielding Ith = (4.6 ± 1.2)× 1013 W/cm2
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FIGURE 4.7: Microscope cross section of volume modifications for f = 10 mm, two
values of the pulse duration and pith p respectively and varying pulse energy, as in

Fig. 4.3, from the left starting at 380 µJ and decreasing in steps of 38 µJ.
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4.3 Cracks, surface effects and etching behaviour

In the previous section only bulk modifications were considered and surface modifications were
avoided by placing the focus deep within the sample. For micro perforation, however, also the sur-
face damage needs to be taken into account as well as the formation of cracks.

To study the relationship between surface and volume modifications for the Airy beam in more
detail, I chose a focus position closer to the surface of the sample (∆z = 200 µm) and observed the
resulting modifications with both reflected and transmitted light microscopy (Zeiss Axio Imager).

The formation of cracks is best observed in transversal section and for isolated modifications.
Fig. 4.8 shows that at a low pulse energy the modifications are elongated in the direction perpendic-
ular to the mirror plane of the Airy beam, i.e. in the intended cutting direction. Towards the ends
of the volume modification this lateral elongation decreases. Larger cracks form for a burst mode
with the same peak intensity and even tend to bend away from the Airy side lobes. As the energy is
increased, on the other hand, the modifications extend along direction of the side lobes up to several
tens of µm, see Fig. 4.9.

The relative scaling of surface and volume damage is shown in Fig. 4.9 for various pulse con-
figurations with varying peak intensity and constant fluence. There is no visible volume damage
for the shortest pulse duration, associated with the highest intensity. Confined damage can be seen
for single longer pulses, but the volume immediately beneath the surface tends to be much weaker
compared to the damage at the surface and in volume. The burst mode with 2 pulses and tp = 5 ps,
as shown before in Fig. 4.8 leads to a strong mechanical damage within the volume, even close to the
surface. Modifications written with 4 pulse bursts are associated with larger cracks in poorly defined
directions.

Using light microscopy to identify the onset of surface ablation in the main lobe and largest three
side lobes of the Airy beam for different pulse energies and focus positions, I determined the surface
damage threshold intensity for Borofloat R© 33 as (1.07 ± 0.12)TW/cm2 for tp = 10 ps for single laser
pulses.

Going towards separation tests, I examined top and bottom surface modifications for various
combinations of pulse duration, burst mode, pulse energy, focus position, pitch and glass sheet thick-
ness. In a first step the modifications at top and bottom were inspected right after the laser process.
In a further step, the glass sheets were etched with potassium hydroxide for a short time, equivalent
to 10 µm removal at each side of the pristine sheet (”etch radius”). The etching step helps to show
weak modifications that would not be visible with the light microscope, see Fig. 4.10. In the ideal
case, surface modifications would be identical in extent and lateral position, indicating a setting with
both good penetration and a symmetric position within the glass sheet. For symmetric beam posi-
tioning, however, the bottom modification was suppressed if at all visible for single pulses. For laser
bursts, the bottom modification was stronger, compare S1 and S2 in Fig. 4.10.

As one can also see in Fig. 4.10, the overlap of neighbouring modifications experiences a larger
etching rate than the main lobe modification for single long pulses. Burst mode operation, here
shown with four pulses in a burst (S2), leads to more localized, enhanced etching.
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FIGURE 4.8: Light microscopy top view of volume modifications for f = 10 mm.
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FIGURE 4.9: Light microscopy top views of permanent modifications (a) at the surface
and (b) at a depth of 60 µm within the volume of the glass with focal length f = 10 mm,
burst energy Eburst = 204 µJ and focus position ∆z = 200 µm for varying pulse duration
tp and burst configuration. Both reflected (a) and transmitted (b) light microscopy were
used for optimal contrast, still the blurred imaged of the surface modification can be

seen in (b).
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Top

Bottom

S1 S2

229 µJ, 10 ps, 1 burst, Δz = 0,30 mm 274 µJ, 5 ps, 4 burst, Δz = 0,35 mm

100 µm

FIGURE 4.10: Surface modifications at top and bottom of a 1 mm thick sheet of borosil-
icate glass for two sets of processing parameters as given in the columns respectively
with f = 20 mm. The corresponding intensity profile is shown for comparison. Note
the preferred etching of the overlapping zones of side lobes for S1 and the stronger
modification at the bottom surface for S2. An effect of etching could also be seen at the

centre of the sheet for S2, but not for S1.

4.4 Separation results

For the separation experiments I used glass of 525 µm thickness, allowing perforation with f = 10 mm.
The glass pieces were subsequently separated, if possible, either by mechanical breaking (cleaving)
or etching with potassium hydroxide. The resulting profile was recorded using confocal light mi-
croscopy in addition to the cross section analysis. Although it was possible to cleave the glass along
a line perforated with the Airy beam, the new surface, as shown in Fig. 4.11, follows only partially
the perforations created by the laser process: Often the crack ”cuts short” and runs trough the con-
vex side, building up as concoidally fractured bits within the concave side of the intended cut. The
process then rather resembles laser scribing [NLS13] rather than proper full volume cutting.

In contrast, Fig. 4.12 shows the fully expressed convex side obtained after separation by etching
after laser processing with an Airy beam with f = 10 mm, using a burst of two pulses with each a
width of tp = 5 ps and an energy of Eburst = 228 µJ, perforating with a pitch of 10 µm. The convex
profile follows a parabola with an effective bending radius reff = (774 ± 2)µm2, which is smaller
than the radius of the Airy main lobe trajectory (r = 1.5 mm). This stronger curvature and the large
top angle amax = 18◦ can be understood as an extra taper angle resulting from the etching process
adding to the curved Airy profile. Due to the preferential absorption in the upper part of the glass
sheet, see Sec. 4.2 and also Sec. 4.5, I had to choose a focus position below the centre of the glass sheet
(∆z ≈ 220 µm) in order to be able to perforate the glass sheet completely. The side view in Fig. 4.12 c)
corroborates a more extensive damage in the upper part of the glass sheet and a weaker damage in
the lower part, as the edge surface below the focus shows a coarser structure. This coarser structure
can be explained by a more localized etching process due to less extensive (and more variable) laser
damage.

The opposite side of the cut (not shown here) does not exhibit the expected concave profile. In-
stead, more material is removed on the upper side of the glass sheet, thus resulting in a nearly planar,
inclined edge. This finding can be understood in terms of an increased removal rate during etching

2The error is given in terms of the error of the quadratic fit. The real error will be higher due to the error in error in the
confocal profile measurement.
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FIGURE 4.11: Side view onto concave side of a glass sheet cleaved mechanically after
laser perforation with Eburst = 428 µJ from the top as shown on the left. Note that
while the laser modifications penetrate the whole thickness of the sheet, large parts are
fractured concoidally, leaving glass superimposed on the surface of modifications (a).
This means that neither the concave nor the convex side of the cut have a well defined
profile. A zone towards the surface shows hardly any laser modification (b). This is
interpreted as the shadow of the plasma ignited at the surface during the laser process.
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FIGURE 4.12: Result of cutting a 525 µm thick glass sheet by perforation with an Airy
beam and subsequent etching (50 µm etch radius). A cross section view (a) parallel to
the line of laser modifications shows the curved profile of the cut. The average height
profile (b) measured by confocal light microscopy (solid blue) and its parabolic fit (dot-
ted black) exhibit a considerably stronger curvature than the Airy profile (dashed red),
which can be attributed to the etching process. The side view onto the convex side (c)
shows a coarser structure at the bottom, probably due to less extensive damage leading

to more localized etching.
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in the glass volume modified by interactions with the Airy side lobes in addition to the previously
mentioned taper angle.

4.5 Energy deposition during non linear Airy propagation

Simulation of the energy deposition by using an unidirectional pulse propagation model account-
ing for all relevant non linear propagation effects, in particular the laser-generated conduction elec-
trons [Ber+08; DC+15], also see Sec. 2.4.2, help to understand the observed material damage [STS21c].

Considering the result of the numerical simulations, that are shown in Fig. 4.13, we first note that
while the total energy deposition is larger for short pulses with tp = 1 ps respectively, the energy
density is much higher for the longer pulses with tp = 10 ps for all pulse energies considered. This
is also in agreement with previous observations obtained by pump-probe experiments [Mau+16]
with Gaussian focusing. For the short pulses the laser affected zone is much broader. This can
be attributed to an effect termed intensity clamping [Liu+02; SS+16], also see Sec. 2.4.4. The result
is a high overall absorption, see Fig. 4.14, but a lower energy confinement. This corroborates the
experimental observation of more confined and stronger modifications for the 10 ps-pulses in Fig. 4.2
c).

Also the preferential energy deposition in front of the focus observed in the experiments is well
captured by the simulations, and can be explained by non linear absorption due to plasma generation
in the side lobes of the Airy beam, which is clearly visible for the high energy cases for both pulse
durations shown in Fig. 4.13.

Another non linear effect that could potentially cause a shift towards the laser source is the optical
Kerr effect, also see Sec. 2.4.3. The peak intensities of the pulse configurations shown in Fig. 4.2
range from 3 Pcr (using Eq. 2.12 and α = 3.79) to 177 Pcr, so that self focussing could generally
be expected to be relevant. We performed simulations without the term for self focusing for the
four cases shown in Fig. 4.2 d) to test the influence of the Kerr effect on the propagation and the
resulting energy density distribution. A direct comparison as shown in Fig. 4.15 indicates that the
Kerr effect causes only a slightly increased energy deposition and confinement for the long pulse
duration, but the effect is small compared to the non linear propagation effects that arise from the
plasma dynamics. This is plausible, because the hard focusing conditions lead to phase curvatures
that are large compared those caused by the changes in the refractive index, even for optical powers
larger than Pcr. The asymmetry and shift towards the laser source in the distribution of deposited
energy along the propagation are practically exclusively caused by plasma effects.

Overall, the observations of the volume modifications and the non linear simulations indicates
that longer pulses are favourable for cutting applications. As the pulse duration in simulations is
increased beyond the range used in experiments, the maximum energy density even continues to
increase in an increasingly confined volume, see Fig. 4.16. This indicates that for pure volume modi-
fications longer pulse durations could be favourable. However, an important limitation of the numer-
ical model is that the diffusion of the free electrons is not taken into account. Especially considering
that the gradients in electron density increase significantly and the line energy, i.e. the total amount
of deposited energy, decreases, plasma diffusion will limit the maximum energy densities that can
actually be reached.

Another way to enhance the laser energy deposition in the bulk is to use the laser in burst mode
operation [Mis+17], which we considered for the separation experiments, see Sec. 4.3 and Sec. 4.4.
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FIGURE 4.13: Transversal sections of the volume density of deposited energy ρV for
pulsed Airy beams with the same pulse configurations as in Fig. 4.14. The sections at
the linear focus position z = 0 correspond to those shown in Fig. 4.2. Courtesy of Stefan

Skupin.
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FIGURE 4.16: Simulated line and volume energy densities for longer pulse durations
for Ep = 352 J. The 10 ps case is also shown in Fig. 4.15 (with Kerr), but drawn with

different scaling.

4.6 Discussion

The observation of a higher modelled linear intensity threshold for the larger focal length as shown
in Fig. 4.5 in comparison to Fig. 4.6 can be explained in terms of distributed plasma shielding: In
tighter focussing conditions, the plasma only effectively defocuses the beam when higher electron
densities are reached, which in turn can cause an earlier onset of visible material damage. This is in
line with the previous observation of the collapsing modification of the spherical lens, as shown in
Fig. 2.16, where the upper part of the modification is formed from higher angle cones, and also for
simulations and cutting experiments with Bessel beams with various cone angles [Mis+17].

While the Bessel beam in that study has a focal contrast of about 5 the 2D Airy used here has
a focal contrast of about 2. In previous Airy beam micro machining studies this was not an issue,
because the side lobes were propagating in air [Mat+12] or lead to an opening of a wider trench
[Mat+13a]. When focusing within the glass volume, however, this low focal contrast strongly limits
the useable length of the Airy beam and renders the balance between surface and volume damage an
important factor. The surface damage threshold of (1.07 ± 0.12)TW/cm2 for tp = 10 ps obtained here
is similar to previous values for borosilicate glass [Nie+15] and significantly lower than the smallest
modelled intensity threshold in volume ((4.6 ± 1.2)× 1013 W/cm2).

The pulse durations in this work lie in the intermediate range where the scaling of the surface
damage threshold changes from a more intensity dominated regime for short pulse durations to a
more fluence dominated regime for long pulse durations [Stu+96]. It may well be that a different
scaling with intensity or fluence between surface and volume damage is the main reason for the ob-
served optimum at intermediate pulse durations and burst.
In particular, avalanche ionization is dominant compared to photo ionization for longer pulses, which
leads to a process that is less deterministic and more dependent on material defects. Although pre-
vious studies, that report on this transition have looked at much shorter pulse durations [San+10],
the difference due to the higher initial free electron density at the surface and at defects will lead to a
different scaling behaviour between surface and bulk.
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The increased etching rate observed in overlapping region of the side lobes as shown in Fig. 4.10 can
also be explained in terms of enhanced avalanche ionization at defects for long pulses.

Microscope inspection indicates that also large numbers of pulses in the burst are not favourable
for the process, due to excessive crack formation in the side lobes of the beam. While the dependence
of avalanche ionization on pre-existing defects puts a limit on the pulse duration, the same physical
process seems to be responsible for an optimum at intermediate pulse numbers. Again, the low focal
contrast exacerbates this effect, as volumes that should not be damaged are exposed to relatively
high intensities. In the case of separation by mechanical cleaving this can deviate the crack away
from the intended cutting line, during etching this can mean that the curvature of the resulting edge
is reduced.

4.7 Summary

Volume modifications written with the Airy beam in borosilicate glass follow the theoretically ex-
pected curvature up to lengths of more than 2 mm. A range of observations can be attributed to the
plasma ignition in the side lobes:

• The asymmetry of the modifications increases with increasing pulse energy, tilting the modifi-
cation by increasing the upper and suppressing the lower part.

• A more confined damage and higher energy density is observed for longer pulses, the strong
absorption for short pulses at 1 ps is broadly distributed and and does not lead to visible me-
chanical damage.

• The modeled linear damage intensity threshold is higher for the longer focal length
((8 ± 3)× 1013 W/cm2 vs. (4.6 ± 1.2)× 1013 W/cm2 for the short focal length).

• The volume damage just beneath the surface is suppressed and a shadow zone is observed
beneath the surface in mechanically cleaved samples.

The focal contrast is therefore a crucial limiting factor for the application of the Airy beam in glass
cutting.

Longer pulses lead to a more confined volume damage, but tend to increase the shadowing effect
of the surface. The energy deposition can be enhanced and the amount of volume damage increased
by the use of a burst mode at constant intensity and fluence. A balance for sufficient, but not excessive
damage has been found at a pulse duration of 5 ps in a 2 pulse burst.

An edge with a parabolic trajectory with an effective bending radius reff = 774 µm has been
produced in a 525 µm thick glass sheet by the use of Airy beam micro perforation in combination
with etching. To achieve a sufficient damage throughout the sheet the focus had to be placed beneath
the centre of the glass sheet, thus resulting in an asymmetric, effectively tilted edge.
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Chapter 5

Improved glass cutting with a shifted Airy
beam

Standard Airy beam

Tilted Airy beam

FIGURE 5.1: Schematic representation of processing idea for creating symmetric edge
by compensating preferential energy deposition by using a tilted Airy beam.

The preferential energy deposition of the Airy (see Sec. 4.2) that leads to an asymmetric expression
of the edge can be compensated by adding a relative tilt between the Airy beam and the work piece,
for example by tilting the Airy beam, as shown in Fig. 5.1. This tilt could potentially be achieved by
tilting the optical setup or the work piece itself. The Airy beam, however, offers a convenient method
for adding the required tilt on the focal line by what has previously been called ”ballistic control”
[Hu+12]. Hu et al. consider as two degrees of freedom for this control the transversal translation of
the Gaussian input beam and the phase mask. The offset of the Gaussian beam input beam shifts the
focal intensity distribution along the parabolic trajectory of the Airy beam, see [Hu+12] and Fig. 5.2.
Aiming to quantify the amount of tilt that we can expect and to understand the key parameters for
this tilt, the effect of an offset on the 2f setup is examined in the next section before moving on to the
application of the shifted beam in micro machining.
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FIGURE 5.2: Simulated main lobe trajectory for different offset of the Gaussian input
beam from the optical axis for a lens with f = 10 mm. Note that the the parabolic tra-
jectory is limited due to the diffraction of the beam and that the Gaussian beam fur-
ther away from the focal plane propagates along a linear trajectory, also see Fig. 3.4 b).
Numerical simulations were performed in 1D with a FFT propagator as introduced in

Sec. 3.2.3.

5.1 Paraxial analyis of offset

Moving a finite beam on an optical element is equivalent to changing to a shifted coordinate system
with respect to the optical phase that is imprinted on the beam by the optical element. Let us consider
the aberrations that arise in this new coordinate system for a 2D cubic phase mask.

Expanding the 2D cubic phase

φ(x, y) =
β3

√
2

(

x3

3
+ xy2

)

with r2 = x2 + y2 (5.1)

for a shifted coordinate system x = x′ + xoff, i.e. an offset along its symmetry plane, yields

φ(x′ + xoff, y) = φ(x′, y) + x′
β3xoff

2

√
2

+ r2 xoffβ√
2

(5.2)

where phase contributions that are constant over the (x′, y) plane have been dropped. The linear
phase term induces a tilt of

θ = β3xoff
2/(

√
2k) (5.3)

behind the phase mask. This is negligible compared to the tilt θtl = xoff/ f that arises from the same
offset on an ideal thin parabolic lens with focal length f when
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FIGURE 5.3: Schematical optical setup with ray trace that represents the center of mass
(CoM) of the Airy beam. The enlarged focus region A shows schematically the position-
ing of Airy focal line that is defined by the main lobe of the focal intensity distribution
and which is shifted along the propagation by the extra quadratic term induced by the

offset on the cubic phase mask.
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xoff ≪
√

2k/( f β3) , (5.4)

i.e. for xoff ≪ 28 cm with λ = 1030 nm, f = 10 mm and β = 31/3mm−1, which is always fulfilled for
the optical setups used here.

The r2 term in Eq. 5.2 leads to defocussing by the phase mask with an effective focal length

f1 = k/(xoffβ
3
√

2) . (5.5)

Simple geometrical combination of the focal powers of phase mask and microscope objective, as
introduced in Eq. 3.14, yields a new focal length

f ′ =

(

1

f
+

xoffβ
3
√

2

k

)−1

≈ f

(

1 +
f xoffβ

3
√

2

k

)

(5.6)

which gives a focal shift

∆ f = f ′ − f ≈ f 2xoffβ
3
√

2

k
. (5.7)

I checked the validity of the geometrical combination of the two focussing optical elements with the
formalism of Gaussian optics, see Eq. 3.15, and found that for the parameters in this work (d = f ,
w0 = 2.65 mm) the results of geometrical and Gaussian optics agree very well and the defocus is
indeed adequately described by Eq. 5.7. The slope of the original Airy parabola p(z) as given in
Eq. 3.39 at z = ∆ f is

dp

dz
|z=∆ f = 2q∆ f =

xoff

f
, (5.8)

which indicates, that the new parabola within the paraxial conditions remains parallel to the original
trajectory.

Importantly, for the offset along the 2D Airy symmetry plane there is no astigmatic focus term,
meaning that as long as the focal length of the phase mask is weak compared to the microscope
objective there is no significant change in the transverse scale x0 of the focal intensity distribution.
The intensity distribution will merely be translated and tilted and keep a constant morphology. An
offset along the normal of the symmetry plane on the other hand leads to an astigmatic defocus,
which results in different focal planes along the 1D Airy profiles, thus giving a 1D Airy focus that
transforms to another, orthogonally oriented 1D Airy focus along the propagation, also see [Hu+12].
This is particularly relevant when the beam diameter is reduced in that dimension and generally
should be avoided as it produces cracks that are at an angle to the intended cutting direction, see
Sec. 6.1.

5.2 Micromachining methods and results

5.2.1 Optical setup and volume modifications

By tilting one mirror far in front of the setup used in the previous chapter, as shown in Fig. 5.4, a
shifted version of the parabolic Airy focal line can be produced due to both tilt and defocus that
result from the lateral offset on the optical elements.
The ablation patterns at the surface were used to determine the new focus position and to check the
alignment of the offset direction with the phase mask, see Fig. 5.5. Also for the shifted Airy cases
the ablation pattern with the largest extent generally occurs in the middle of the z-range in which
modifications are visible, i.e. there is no significant distortion.
Fig. 5.6 shows the volume modifications for various values of xoff. Piezo electric adjusters were used
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FIGURE 5.4: Optical setup from Fig. 4.1 with an additional degree of freedom to create
a shifted Airy-Gauss beam. A small tilt early in the optical path (d ≈ 3 m) effectively
introduces a lateral offset xoff of the Gaussian input beam with respect to the diffractive
optical element (DOE) and microscope objective (MO). Note that the offset beam is still

centred on the mirror plane of the cubic phase mask.
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FIGURE 5.5: Surface modifications for three z-Scans with different values of xoff. The
focus position ∆z is changed in steps of 10 µm from left to right respectively, so that the
intensity distribution of the Airy beam is sampled at different propagation distances,
also see Fig. 4.1. The dashed lines show the same parabolic trajectory as guidance. A
slight astigmatism can be seen for the shifted cases, as one Airy ”leg” is longer at the far

end of the propagation respectively.

for the active mirror, which resulted in low repeatability and a poorly defined initial state (Fig. 5.6
a), but additional recording of the beam position with an inline beam camera enabled an position
accuracy ca. ±10% for all further data.
The defocus and tilt can clearly be seen and agree very well with the theoretically expected values, see
Tab. 5.1. The length of the modifications remains nearly constant, as would be expected. However,
we observe more evenly distributed damage for large xoff. This change in morphology can not be
explained in terms of tilt and defocus, but can be reasonably be explained by spherical aberration,
see Sec. 3.7.1 for more details.

5.2.2 Mechanical cleaving on a stepped roll

Using the tilt as additional degree of freedom, the modifications in glass sheets could be adjusted, so
that at the same time the full thickness of the sheet was modified and the vertex of the modification
was positioned at the centre of the glass sheet. For 300 µm thick sheets of BF33, mechanical separation
could be achieved with a 2 pulse burst, a pulse duration τp = 5 ps, a focal length f = 10 mm, a pitch
p = 15 µm, a focus position ∆z = 100 µm, and a burst energy Eburst = 120 µJ. As before, however,
the resulting edge did not show the expected curvature and a significant part of the edge fractured
concoidally.
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FIGURE 5.6: Longitudinal cross section of volume modifications for varying offset xoff of
the Gaussian input beam on the cubic phase mask. The dashed yellow lines connect the
measured endpoints of each modifications. Note that the value for xoff in a) is a rough
estimate due to a poorly defined initial state. A 4 pulse burst is chosen (in contrast to
the 2 pulse burst used for the separation experiments) to increase the visibility of the

volume modifications in the light microscopy image.

Defocus [µm] Angle [◦]

Theoretical 72 2.8
Measured 71 2.5

TABLE 5.1: Relative defocus and angles of shifted Airy volume modifications shown in
Fig. 5.6. The measurements are made using modifications b) and c) due to uncertainty
in the xoff value for modification a). Relative error of theoretical values ±10% due to the

limited accuracy of adjusting xoff.
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FIGURE 5.7: Weibull plot of cleaving trials on a stepped roll. The triangles mark the
samples that broke along the Airy perforation line with upper side (red) or the lower
side (yellow) in extension. All other samples did not fracture along the perforation line,

although the crack may initiate at the end of the line, as shown in the insert.

To achieve more reproducible conditions for the mechanical cleaving process and potentially a
better cleaving result, I also tested the separability of the perforation line on a stepped roll [JSR18].
This consists of a series of cylinders with varying diameter. Starting at the largest diameters and
going to smaller diameters, the structured sample is placed on each cylinder and bent until it is in
full contact with the cylinder surface. This way a well defined bending stress can be induced in the
work piece, if the influence of other forces can be neglected. In the trials specific care was taken to
reduce frictional forces by placing the sample beneath a strip of paper, which was used to bend the
sample. Half of the samples were flipped upside down after the laser process, to test extension of
both top and bottom surface.

The large majority of samples did not fracture along the intended cutting line, but in many cases a
V-shaped fracture pattern was observed, see Fig. 5.7. The tip of the V often coincided with the perfo-
ration line. The few samples that were separated along the perforation line do not show a significant
deviation from the total data set, which can be well fitted with a two parameter Weibull distribu-
tion [Dud+20], yielding a scale parameter T = (112 ± 5)MPa and a shape parameter b = 5.8 ± 0.9
respectively. Even where the separation contour follows the perforation line, the fracture in many
places deviated in depth from the intended cutting surface, see Fig. 5.8. Even for samples for which
the periodic laser modifications were seen throughout nearly the entire thickness of the sheet, the
profile measured with confocal microscopy did not show an overall curvature.

5.2.3 Adapted processing strategy for etching

To increase the uniformity of the intensity distribution along the propagation I used an additional x2
beam expander to fully illuminate the DOE (9 mm clear aperture diameter) with a 10 mm diameter
Gaussian input beam. The burst energy is increased to 300 µJ compared to the previous successful
separation experiments with the standard 2D Airy-Gauss beam in Sec. 4.4 to achieve sufficiently
strong modifications while the other laser parameters remain the same. For this set of parameters I
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FIGURE 5.8: Top and bottom view (a) of either side of a sample that has cleaved along
the perforation line on the stepped roll at a bending stress of 78 MPa with the top side
in extension. At the top surface of S2 the overlapping Airy side lobes can be seen and
at the bottom surface of S1 there is an offset between the perforation line and the actual
cleavage. The concoidal fracture seen in the corresponding cross section (b) therefore
runs into the concave side. For a sample with the bottom in extension, cleaved at 86 MPa
laser modifications are seen over a broader depth range (c), but the measured height
profile (d, solid blue line) does not follow the expected theoretical profile (red dashed

line).

find that a lateral offset xoff of 770 µm compensates the asymmetric energy deposition. Such an offset
corresponds to a tilt of the Airy beam by 3◦ in glass.

in volume laser processing
etching

removing cover separating

FIGURE 5.9: Schematic representation of processing method to avoid detrimental sur-
face effects.

I place the resulting modifications, that have a length of ca. 800 µm, at the centre of a sheet of
borosilicate glass that is 920 µm thick. This way I avoid complications due to the lower damage
threshold at the surface, see also Fig. 5.9. Additionally, I choose a pitch that is sufficiently large to
avoid overlap between neighbouring modifications, see Fig. 5.10.

In a subsequent etching step, uniform removal of the unmodified covers at both surfaces occurs
before the increased etching rate of the laser modified glass leads to a separation when the etching
radius exceeds the modification pitch at each depth within the sample.

5.2.4 Result after etching

Fig. 5.11 shows the symmetric edge that is produced with this revised processing strategy and the
shifted focal line. The vertex of the curved height profile is positioned at the centre of the glass sheet
within the accuracy of the linearly determined focus position (±50 µm). The large pitch and etching
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FIGURE 5.10: Lateral cross sections of the permanent modifications as used for glass
cutting at three different depths within the glass. Positions of the cross sections within

the glass are indicated on the left.

radius leads to pronounced height modulations with an amplitude of up to 10 µm in horizontal cross
section, which can be seen as periodic pattern in side view, see Fig. 5.11 c). The resulting edge has
an effective bending radius reff = (727 ± 5)µm1, close to the previous value (774 µm) in Sec. 4.4 and
again smaller than the theoretical Airy radius (r = 1.5 mm).
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FIGURE 5.11: Convex edge (a) resulting from the etching of in volume modifica-
tions with an Airy beam using a 10 mm diameter Gaussian input beam offset by
xoff = 770 µm, f = 10mm, 2 pulse burst, 300 µJ burst energy, 5 ps pulse duration. The
average height profile (b, solid blue) measured by confocal light microscopy in side
view of the convex edge (c) shows a stronger curvature than the theoretical Airy profile

(dashed red) due to etching, similar to previous results, see Fig. 4.12.

1As in Sec. 4.4, the actual error will be larger due to the error in the confocal measurement.
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5.3 Discussion

The slight homogenization of the shifted modifications as shown in Fig. 5.6 in combination with
the linear simulations as shown in Fig. 3.14 indicate that a moderate spherical aberration may be
favourable for a cutting process. Indeed, combining spherical aberration and coma to produce a
curved focal line has previously been suggested for glass cutting applications [AH17; AH18]. The
cubic phase, that is used to produce the Airy beam, in fact is simply a strong coma, so that the sug-
gested beam corresponds to a spherically aberrated Airy beam. Our preliminary experimental results
using aspheres, however, show that significant side maxima will be produced for stronger aberrated
beams. In particular these are aligned in the mirror plane of the Airy beam and thus hinder the
separation along the intended cutting line. There is thus a trade-off between the desirable decrease
of longitudinal contrast and the undesirable increase of detrimental side lobes, when spherical aber-
ration is added to the Airy beam. A more straightforward way of homogenizing the longitudinal
intensity profile is given by using a flat top beam.

Another concept for avoiding plasma shielding and improving the energy deposition can be
based on the continuous shift of the Airy focal line along a parabola, that remains fixed, as shown in
Sec. 5.1: A single, continuous long modification could be constructed from several laser shots with
varying offset of the Gaussian input pulse, starting at the lower part of the work piece. This could be
done by fast scanning, or, going further even within a single laser pulse by introducing a strong pulse
front tilt. A reduced lateral growth of the plasma and improved focal contrast could then potentially
lead to a reduced shielding: At any given lateral plane above a given point at the focal line, the pulse
will move from the broad, low intensity areas, that feed lower parts of the focal line, to the higher
intensity region close to the main lobe at the given point. Due to the short longitudinal extent, the
focal contrast can be high, also see Fig. 3.7. The experiments and simulations that will be required to
show if this technique can actually lead to significant improvements goes beyond the scope of this
work.

The mechanical cleaving tests on the stepped roll demonstrate that the mechanical damage along
the intended curved surface is insufficient to replace other critical damage mechanisms, in particular
the damage caused by the side lobes. The orientation at angles to the cutting line can cause the lateral
deviation from the perforation line as seen in Fig. 5.7. Straight crack geometries originating from the
region of extension can qualitatively explain the different distributions of concoidal fracture that are
observed for the stepped roll trials and the manual cleaving, see Fig. 5.12.

The bending strength of the cleaved samples of 112 MPa lies close to the edge strength previously
determined for edges produced by micro perforation with a Bessel beam (127 MPa [Dud+20]), but
much higher than the separation stress required for a micro perforated line itself (< 30 MPa [Wer+20]).

a) b) c)

FIGURE 5.12: Schematic cross sction showing how straight crack orientations (dashed
lines) can be used to explain the distribution of concoidal fracture for top (a) and bot-
tom (b) extension in the bending trials on the stepped roll, see Fig. 5.8 and for manual

cleaving (c), see Fig. 4.11. The lateral scale is strongly exaggerated.
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As the samples have been cut to size with a laser perforation process, this means that the Airy perfo-
ration line was not significantly weaker than an existing laser perforated edge.

The similar bending radius of the edge obtained after etching for a pure in volume modification
indicates, that the extra taper angle, that has been attributed to the etching process, does not depend
on surface effects, but the extent of volume damage.

5.4 Summary

The Airy focal intensity distribution can be shifted along its parabolic trajectory by lateral translation
of the Gaussian input beam, resulting in a tilt

θtl ≈ x0/ f (5.9)

and a defocus

∆ f ≈ f 2xoffβ
3
√

2

k
. (5.10)

This effect has been confirmed in surface and volume modifications. Additionally, a homoge-
nization of the damage distribution has been observed in volume modifications, which may be due
to spherical aberration.

Separation tests on a stepped roll indicate, that the Airy perforation line is not weaker than the
edge produced by a micro perforation process.

The symmetric positioning of a curved volume modification that can be achieved with a shifted
Airy beam in a thick glass sheet can be used to produce a symmetric edge after etching.
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Chapter 6

Perspectives in glass cutting

In addition to the standard 2D Airy-Gauss beam there is a whole bouquet of beam shaping concepts,
that can be potentially used for laser cutting along curved trajectories. The trend towards more
versatile beam shaping and custom line focus geometries has been subject of reviews already some
years ago [CSC16; Efr+19], but it is only recently that glass cutting along curved trajectories has been
demonstrated [STS21c; UL21; Fla+22], also see appendix D. Among those, the Airy beam, though
limited by its low focal contrast, advantageously features a continuous focal line in contrast to the
multi spot approach1 [Fla+22] and reaches higher curvatures compared to an accelerated Bessel beam
in the same focusing conditions [UL21], see Fig. 6.1.

Various beam shaping concepts have been proposed for modified Airy beams to improve specific
aspects of the propagation behaviour. For example attenuation compensating Airy beams have been
suggested [MKM14], but these are not useful for cutting glass because they have a lower focal con-
trast, which is particularly important for the non linear confinement, also see Sec. 2.4.1.
Attenuation and blocking of parts of the beam profile can lead to an increased contrast near the linear
focus [CF10], however the contrast further along the propagation is decreased and the useable length
of the Airy beam shrinks significantly.

A particularly useful Airy based beam shape has been put forward and applied for glass cutting
by Ungaro and Liu [UL21]. With the ”oblong” Airy beam they demonstrate a mechanically cleaved
edge with a well defined parabolic height profile, see Fig. 6.1. Similarly to the Bessel beam concepts
with a unique direction this beam enhances the preferential crack orientation along the intended
cutting line, that is observed only at low energies for the standard 2D Airy Gauss beam, see Fig. 4.8.

The concept of a laterally elongated focus can be extended to a focal light sheet instead of a focal
line. Considering the continuing increase of available pulse energies, increasingly large segments of
a cutting contour can be perforated with a single shot, if appropriate beam shapes are available.

This chapter deals with the transition of a 2D Airy Gauss line focus to a 1D Airy light sheet.
In the second part of this chapter the creation of in volume sheet modifications by single shots is
demonstrated with a Bessel based beam shaping concept.

6.1 Oblong Airy

The oblong Airy beam is achieved, when the input beam is changed to an elliptical Gaussian beam [UL21]
with an amplitude

E(x, y) = A0 exp

[

− x2

wx
2
− y2

wy
2

]

. (6.1)

where the longer beam axis is along the symmetry plane of the Airy beam, i.e. wy < wx for the
cubic phase as given in Eq. 3.37. Similarly to the Bessel beam concepts with a unique direction this

1The elongation of the single Gaussian spots in the multi spot approach will locally lead to a preferential crack direction
into the convex edge, thus impeding mechanical cleaving and weakening the edge. Separation has thus far been achieved
by etching.
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leads to a preferential crack orientation along the intended cutting line, which can be attributed to
the deformed main lobe, but also due to the connected side lobes, which run increasingly parallel to
the cutting direction with increasing ellipticity. Ungaro and Liu find that an ellipticity of wx/wy = 3
is sufficient for the preferential crack orientation. Additionally this adaptation increases the focal
contrast from 1.6 to 3.6.

A flatter intensity distribution along the propagation compared to the elliptical Gaussian can
be obtained when the elliptical Gaussian input beam is replaced with a rectangular input beam.
With these modifications the laser processed surface could be separated by mechanical cleaving and
significantly higher curvatures could be reached compared to a an accelerated Bessel beam with
similar focussing conditions, see Fig. 6.1.

FIGURE 6.1: Side views of edges obtained by mechanical cleaving after laser processing
with (oblong) Airy beam (a) and curved Bessel beam (CBB, b) respectively along with

the measured height profiles (c) [UL21].

The oblong Airy seems to be a very promising candidate for glass cutting: On the one hand it im-
proves the focal contrast that was a crucial limiting factor for the 2D Airy-Gauss beam. On the other
hand, both the shape of the main lobe and the orientation of the side lobes are conveniently aligned
along the intended cutting direction. I tested this beam shape in our industrial laser processing setup
and found that while I could principally reproduce the preferential crack orientation, the beam turns
out to be very alignment sensitive. Therefore I used an additional laboratory setup to examine the
linear propagation of the focused beam in air and use the same configuration for glass modification.
These experimental methods and results will be presented in the next section. Here, I examine in
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more detail how the choice of the beam diameters of the elliptical Airy beam affects the beam profile
during linear propagation.

6.1.1 Experimental methods and results

fMOd fc1
fc2

fine tuning

mirror DOE MO glass

xy-stage/rot

y

z

FIGURE 6.2: Optical setup used at industrial laser machine for creating

Industrial laser machine In a first attempt to use the oblong Airy for glass cutting we inserted a 3:1
cylindrical telescope, composed of a cylindrical plano-convex (Thorlabs LJ1558RM-B) and a cylindri-
cal plano-concave (Thorlabs LK1743RM-B) lens with focal lengths 300 mm and 100 mm respectively,
in the industrial laser machine that was used for previous cutting experiments, see Sec. 4.1. This way
the radius of the input beam was reduced in one dimension and the radius in the other dimension
was not intentionally changed, see also Fig. 6.2. However, on characterizing the beam of the Am-
phos laser using a Beamage-4M-FOCUS camera before the new set of experiments I found that it
had increased in size and adapted a slightly triangular shape. I chose the orientation of the cylindri-
cal telescope such that the resulting elliptical beam was as symmetric as possible and the resulting
beam had beam radii were wx = 1.28 mm and wy = 3.43 mm. I then adjusted the orientation and
positioning of the DOE by inspecting the beam profile without MO at single plane more than 1 m
distance behind the DOE, sufficiently far to get a far field image of the Airy pattern, which is oth-
erwise observed in the focal plane. Imaging of the focused beam was not possible in the industrial
laser machine setup.

When considering the ablation pattern on glass, however, I found that with this adjustment the
focussed beam had an astigmatic character, i.e. each of the legs was dominating on either side of the
most extensive ablation pattern, which will further be referred to as focus position. Using the piezo
controlled mirror as in Sec. 5.2.1, but moving principally perpendicularly to the mirror plane of the
cubic phase mask, I found a setting for which the ablation patterns are symmetric on either side of
the focus, but this at the same time resulted in an asymmetric distribution near the focus, see Fig. 6.3
a). At lower pulse energies and below to the focus this produces cracks in the intended direction,
but at higher pulse energies and above the focus in all cases cracks were observed that run at least
partially along the direction of one of the legs, see Fig. 6.3 b) and c).

Laboratory setup and results Fig. 6.4 shows the optical setup that is used to create the oblong Airy
beam. The laser used here is the same as used for the imaging experiments mentioned in Sec. 4.1, an
Amplitude Tangor 50, see Tab. 3.3 for the corresponding parameters. The cylinder telescope demag-
nifies the beam in one direction, as for the setup in the industrial laser machine. The linear intensity
propagation was recorded for various combinations of the ellipticity p (i.e. the cylindrical demag-
nification) and the beam expansion. The Trumpf TopCleave objective with f = 20 mm was used as
focusing optics and the Nikon N40X-PF objective for the imaging microscope.
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40 µm

a) b) c)

FIGURE 6.3: Surface (a) and volume modifications (b,c) produced by the an oblong
Airy beam with f = 10 mm, with a 2 pulse burst, tp = 5 ps and Eburst = 98 µJ (b) and
Eburst = 195 µJ (a,c) respectively. The orientation of the Airy beam is the same for all

images.

As one can see in Fig. 6.5, the morphology of the beam focus changes with the scaling of the
input beam, while the ellipticity remains fixed. One can see the astigmatic character2 of the ellipti-
cal beam in particular for the smaller input beam width, as the main and side lobes are broadened
perpendicularly to the mirror plane in focus and evolve to a distribution that is elongated in perpen-
dicular direction during propagation. The longitudinal contrast of the Airy beam increases as the
beam diameter is reduced, as is expected for the Airy Gauss beam.

6.1.2 Linear simulation results

Numerical simulations of the focal contrast, that is given as the intensity of the largest side lobe
relative to the main lobe intensity as before changes with the smaller beam radius wy, are shown
in Fig. 6.6. The contrast reaches an optimum value at an intermediate value of wy and approaches
a contrast that corresponds to the value expected for an 1D Airy Gauss beam with a cubic scaling
factor β that is reduced by a factor of

√
2 compared to the original beam as wy is further reduced.

Note that the value of the smaller beam radius wy at which the optimal contrast is reached does not
change significantly with the extent of the long axis wx.

6.1.3 Discussion

The crack length in the preferred orientation, that could be produced with the oblong Airy beam as
seen in Fig. 6.3 is significantly larger than for the standard 2D Airy Gauss beam, before cracks start
to form in different directions, also see Fig. 4.8. This finding is in line with an improved behaviour
during glass cutting found in previous studies [UL21; Mis+16].

The value of the focal contrast for large ellipticities, i.e. when the Gaussian beam is reduced to
the mirror plane of the 2D Airy beam, can be understood in terms of the phase of the 2D Airy-Gauss
beam, as given in Eq. 3.37, on this plane

φ(x, y = 0) =
(βx)3

3
√

2
. (6.2)

This corresponds to the 1D Airy phase with a reduced scaling factor. The broadening in the perpen-
dicular direction can be understood in terms of Gaussian optics: The narrower input beam leads to
a wider beam waist behind a lens. The occurrence of the optimum contrast at an intermediate value
of wy can be understood in terms of the evolution of the side lobes: Starting at the standard 2D Airy
Gauss beam with wx = wy, the side lobes broaden and loose intensity more rapidly than the main

2This astigmatism does not break the mirror plane symmetry of the Airy beam in contrast to astigmatism due to an
offset with respect to the mirror plane, as for example seen in Fig. 5.5.
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FIGURE 6.4: Optical setup for imaging the oblong Airy in air using a diffractive optical
element (DOE) as phase mask. A λ/2 plate (LHP) is used in combination with a polar-
izing beam splitter (BS) to reduce the pulse energy of the laser pulses in the main optical
path. The deflected light is sent unto a powermeter (PM) to monitor the laser power.
A cylindrical telescope setup (CyBE) and an integrated beam expander (BE) are used to
create an elliptical Gaussian beam with varying ellipticity and size. Neutral density fil-
ters (ND) reduce the pulse energy further, before the beam receives an extra cubic phase
by the DOE and is focussed by a microscope objective (MO). The imaging setup used
to record the resulting focus is comprised of a microscope objective (MO), a diaphragm
(D), a tube lens (TL) and a camera (CMOS) as in Fig. 3.10. Further components of the

optical setup are dielectric mirror (M) and a periscope (P).
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FIGURE 6.5: Intensity profiles of the oblong Airy beam measured in air around the focus
position at z = 0 with constant ellipticity p = 3 and different beam expansions.
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lobe as wy is reduced and eventually join, forming a quarter of an elliptical contour. As wy is further
decreased, the side lobes merge into one side lobe, that increases in length along y and is increasingly
flat.

The optimum contrast is reached when the side lobes join but are not yet merged. This is cor-
roborated by the observation that the focal waist diameter w f = 15.4 µm of a Gaussian beam with
w0 = 0.85 mm, i.e. the value of the smaller beam diameter for optimal contrast in Fig. 6.6, is very
close to the distance dsl ≈ 1.6

√
2x0 = 15.1 µm between the side lobes in the Airy beam. Bearing in

mind that only the relative intensity of the side lobes but not their lateral position is affected by the
beam diameter, one would indeed expect that the optimum contrast depends only on the small axis,
as long as wx sufficiently large.

Overall the oblong Airy can thus be understood as a transitional beam shape between a 2D Airy
focal line and a 1D Airy light sheet.

6.2 Light blade glass cutting

The light sheet is, in fact, a particularly interesting beam shape for glass cutting: We are generally
aiming to create a weakened surface in glass along which we want to separate the sample. Instead of
using line foci, that are placed next to each other, we could create a micro explosion along a surface
if sufficient pulse energy is available. For this, a high confinement, i.e. a low thickness, is required
in one spatial dimension, to achieve the necessary energy density without affecting the surrounding
material, while the other two dimensions, the width and length of the light sheet, would conceptually
only be limited by the pulse energy.

The Airy beam as well as other caustic beam shapes are well suited for creating a light sheet, as
they provide a non diffracting beam with a localized main lobe even in 1D. For example, 1D Airy
light sheets have been demonstrated in previous work by the use of cylinder lenses [Yan+14] thus
introducing a cubic phase or by using the direct space shaping of the Airy beam, see [Fro+11] and
Sec. 3.5. In each case however, the low focal contrast would pose a significant limitation for glass
processing.

An alternative way to construct construct light sheets is based on the Bessel beam [Zan+20]. This
section deals with this Bessel based beam shaping concept and its application to glass cutting.

6.2.1 Beam shaping concept

Zannotti et al. [Zan+20] use the Bessel beam as a ”pen” to draw arbitrary lateral contours, which
are extended along the propagation due the non-diffracting character of the Bessel contributions,
that constitute the phase. They calculate the phase for this Bessel pen line in Fourier space, as the
integral of the spectral components for Bessel contributions along the line. The same concept can be
transferred to direct space beam shaping, so that the total phase

φtotal(ρ) =
1

s

n

∑
i

ai |(ρ − ρi)| (6.3)

is obtained by adding n conical contributions, the Bessel beamlets, positioned at ρi = (xi, yi)
respectively [Ort+22b]. For a linear geometry for example

ρi = ρstart +
i

n
(ρend − ρstart) (6.4)

as shown in Fig. 6.7.
Weighting factors can be used to achieve a favourable intensity distribution along the line, and

they are given as a function of position ρi, for example ai(ρi) = c |ρi| with constant c for a linear
correction.
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FIGURE 6.7: Schematic representation of conical phases (a) that are added along a line
to obtain the overall phase (b) for creating a planar light sheet.

The overall scaling factor s is used to normalize the sum of the conical contributions, for example
an effective Bessel cone angle θB is obtained by

s =
2π

λ
tan(θB)

n

∑
i

ai . (6.5)

6.2.2 Experimental setup and results

Fig. 6.8 shows the 4f setup that I used to create the Bessel light sheet for glass structuring. The beam
diameter is expanded to 2w0 = 6.6 mm to achieve a good filling of the SLM with which a phase as
shown in Fig. 6.7 b) is added to the beam. The length of the line |ρend − ρstart| = 1.6 mm and the
resulting effective cone angle of the Bessel beam in glass is 12.4◦, which is produced by a Bessel cone
angle in air of 0.38◦ that is demagnified by a 50:1 telescope. The telescope consists of a spherical lens
L1 (Thorlabs LA1908-B) with f1 = 500 mm and a microscope objective (Mitutoyo MY10X-823) with
f = 10 mm.

I placed a sheet of 1 mm thick borosilicate glass at the focus and characterised the beam by a
scan along the propagation direction as shown in Fig. 4.1. Fig. 6.9 shows the ablation patterns at
different relative focal positions. One can see that the useable length of the focal line is limited
to roughly 40 µm, before it broadens and quickly reaches a conjugate point of the astigmatic beam
propagation, where the lateral aspect ratio is roughly equal before it evolves into an elongated shape
in the orthogonal lateral direction further along the propagation.

For a cross section view of the modifications and to examine the light sheet volume modifications
without the influence of the astigmatic evolution of the beam profile, a thin section of the glass sheet
was produced and subsequently cleaved along the laser modified line. In Fig. 6.10 one can see that
the focal sheet is associated with cracks, that extend beyond the extent seen at the surface, especially
if a burst mode is used. One can, however, also see that there is a distinct zone in cross section,
that directly corresponds in position and width with the laser sheet observed at the surface. This
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FIGURE 6.8: Optical setup for light sheet glass processing using a spatial light modu-
lator (SLM) as phase mask. The beam width is increased before the SLM with a beam
expander (BE) to achieve a high filling of the phase mask. The beam is then demagni-
fied by a 4f setup by the lens L1 and the microscope objective (MO) and imaged onto
the glass sample, that is mounted on an XYZ stage. Other optical components as above

in Fig. 6.4.

 100 µm

FIGURE 6.9: Ablation pattern along the propagation of the Bessel pen line with
dz = 20 µm for single pulses and a pulse duration of 411 fs.
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FIGURE 6.10: Corresponding top views of the surface (a) and volume (b) damage
and cross section (c) of glass modifications produced with a Bessel light sheet with

Eburst = 36 µJ, f = 10 mm and θB = 12.4◦.

is therefore the volume that was directly affected by the laser focus and is the 2D equivalent of the
voids, that can be seen in perforation lines as in Fig. 2.2.

6.3 Summary

The oblong Airy beam can be used to create cracks in the intended cutting direction for larger pulse
energies compared to the standard 2D Airy Gauss beam.

The smaller beam axis has to be sufficiently small for a given cubic phase and focusing lens to
provoke the elongation, which makes it more sensitive to astigmatic distortion, that leads to cracks
that are unfavourably oriented. An optimum value for the contrast is reached at specific values of
the extent of the shorter beam axis. As this width is reduced further, the contrast approaches the
value expected for a 1D Airy for the cubic phase along the mirror plane of the Airy beam. The focal
distributions evolves towards a 1D Airy light sheet.

A straight light sheet can be created as the superposition of Bessel lines. The resulting volume
modification consists of a distinct laser modified surface and cracks that run parallel to this surface.
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Chapter 7

Conclusions

Motivated by the wide spread need of glass sheets with a c-shaped edge and the availability of
increasingly cheap and powerful industrial sources of ultra short laser pulses, this work sets out to
augment the range of focal intensity distributions that are used for the cutting of glass sheets by laser
micro perforation to curved geometries [OST20]. This way, additional mechanical grinding steps that
are nowadays still required for edge shaping even for glasses that have been cut to shape with a laser
beam, can be replaced or at least reduced.

As the main result of this study, shown in Fig. 5.11, a 600 µm thick glass sheet with a symmetric,
parabolic edge has been produced by single pass laser structuring of a 920 µm thick glass sheet with
an Airy beam and subsequent etching [STS22a].

This result has been obtained by adjustments of the Airy beam after the world first demonstration
of micro perforation glass cutting with an Airy beam [STS21c] of a 525 µm thick glass sheet, see
Sec. 4.4.

Both edges exhibit the same curvature, which is larger than the theoretically expected value for
the Airy beam that has been used. Volume modifications observed right after the laser process on the
other hand follow the parabolic trajectory that is expected from the linear propagation of the Airy
beam, see Sec. 4.2. The extra curvature can therefore be attributed to the etching step.

In chapter 3, the linear scaling of the focal line produced with an Airy beam is discussed in detail
with respect to the crucial parameters that determine the maximum thickness and curvature that can
be achieved for optics that in many cases are limited by the available numerical aperture. The trade-
offs between achievable length, curvature and focal contrast of the Airy beam are presented in terms
of previously derived analytical expressions of the paraxial propagation of the Airy beam.

As an alternative way for calculating the linear propagation of the Airy beam a Fast Fourier
Transform (FFT) based algorithm has been used in this study. In the case of an aberration free 2D
Airy Gauss and in paraxial conditions this can be done particularly fast, as the 2D Airy Gauss beam
itself is obtained as the product of two orthogonal 1D solutions, which can be propagated indepen-
dently. A full 2D FFT propagator can be used to examine the effect of variations of the Airy beam,
that are not readily expressed in terms of analytical expressions, for example spherical aberration
and elliptical input beams. While later simulations of the elliptical beam were performed on super-
computer to provide sufficient memory for a full resolution of the experimental beams, simulations
of the spherical aberrated and the shifted Airy beam were been performed on local machines with
Python based propagation routines that were written in the course of this project.

The linear propagation of the Airy beam has also been characterized experimentally in a labora-
tory setup, which has been newly assembled in this project and which enables fast switching between
a microscope setup for imaging of a focused beam and a setup for micro structuring of glass.

While the volume modifications very well follow the expected curvature and their increase in
length up to more than 2 mm can be reasonably described in terms of the linear propagation and a
constant intensity threshold for given focusing conditions, see Fig. 4.5 and Fig. 4.6, the influence of
non linear propagation effects can clearly be seen in volume modifications, see Fig. 4.2. Most notably,
for the parameter range considered here with pulse durations of up to 10 ps, volume modifications
are more distinct for longer pulses compared to broad and weak modifications observed at 1 ps and,
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with increasing pulse energy, the modification morphology deviates from the longitudinal distribu-
tion that is expected to be symmetric around the linear focus: The lower part of the modification is
suppressed, while the extent of material damage in the upper part increases. Both asymmetry and
weak modifications at short pulses can be understood in terms of the non linear propagation dynam-
ics, which govern the energy transfer from the laser pulse to the glass. For a better understanding
of these dynamics, a pre-existing unidirectional pulse propagation model has been employed that
accounts for the relevant non linear effects, in particular the generation of conduction band electrons.
The results shown in Sec. 4.5 indicate that the low confinement for short pulses and the asymmetry
can be explained in terms of the creation of a plasma in the side lobes of the Airy beam. The resulting
absorption and defocusing of the incoming light by the plasma lead to a preferential energy deposi-
tion in the upper part of the glass and an impeded light propagation to the lower parts of the focal
line.

The resulting tilt of the Airy beam has lead to an asymmetry in the first Airy cut edge. Compensa-
tion of this non linear tilt is possible by shifting the Gaussian input beam with respect to phase mask
and microscope objective, see chapter 5. Here, a straightforward geometrical concept is presented for
calculating the tilt and defocus based on the low order aberrations within the shifted coordinate sys-
tem and confirmed in experimental observations. With this adaptation, a symmetric positioning of
the Airy in the volume of the glass sheet is possible and a symmetric edge could be achieved without
requiring a tilt of the mechanical axes.

This study further deals with details of the non linear absorption of laser light in borosilicate glass.
By making use of the low focal contrast of the Airy beam, that causes the otherwise unfavourable
absorption in the side lobes, the effective electron collision time is estimated here as 20 fs by compar-
ison between simulation and experiments, see appendix C. Absorption measurements in borosilicate
glass that have been performed as a masters project within the framework of this study [Sch21], see
Fig. 2.12, may be further used to constrain the non linear propagation properties of borosilicate glass.

Tighter focusing conditions are associated with a lower intensity threshold for volume damage,
see Sec. 4.2. This is in agreement with significant distributed plasma shielding, which is observed
in non linear simulation results. As already pointed out in previous studies this can be reduced by
the use of a burst mode. The non linear model also predicts that longer pulse duration are more
favourable for an efficient, confined energy deposition. An experimental finding in this study is,
however, that for an effective NA of 0.27 an intermediate pulse duration (5 ps) and intermediate
number of pulses in a burst (2) is favourable to obtain a full perforation of borosilicate sheets for
thicknesses between 0.3 mm and 1 mm and burst energies of up to 300 µJ, see Sec. 4.3.

The upper limit on the number of pulses in a burst is given by the extent of cracks that in particular
are created in the side lobes of the Airy beam and point away from the intended cutting surface, also
see Sec. 4.3. In particular this limits the application of the standard Airy Gauss beam to mechanical
cleaving.

The alignment of mechanical cracks along the intended cutting direction has recently been demon-
strated with a variation of the Airy beam that is created by using an elliptical input beam. In this
study, the impact of the relative scaling of the Gaussian input beam and the beam shaping phase is
examined in more detail and the ”oblong” Airy is identified as a transitional beam shape between a
2D Airy focal line and a 1D Airy focal light sheet, see Sec. 6.1.

Micro perforation cutting processes rely on the creation of a weakened surface within the volume
of the sample, along which it is subsequently separated. Current beam shaping concepts use a series
of channels, that overall define a surface. In a completely new approach conceived in this project, the
application of light sheets for glass cutting is demonstrated [Ort+22b], directly creating a 2D surface
with a single laser shot, see Sec. 6.2. In the context of increasing laser power and, at the same time,
increased interest in thin glass sheets, light sheet cutting has a great potential for enabling automated,
high throughput processes. The adaptation of caustic beam shapes and other light sheets therefore
provides material for a wide range of further research.
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Appendix A

Preliminary results with aspheres

In the experiments that were the first to be conducted, we used aspheres (Thorlabs AL1210, AL2018,
AL1225) to focus the laser beam instead of microscope objectives. In this section we will discuss
these first results because they demonstrate the impact of aberrations on the Airy beam. Note that
the laser used for micro machining results shown in this section is a Coherent HyperRapid, different
to the results presented in the main text. Note also that many experimental results in this section
were produced with minimal distance between DOE and lens and not in 2f configuration.

200 µm

Cross section Side view of cleaved edge Volume modification

vertex

position

x

z

y

z

linear intensity

measured

in air

x

z

FIGURE A.1: Mechanical cleaving result after laser structuring with asphere (Thorlabs
AL1210) as focusing optics together with the corresponding volume modifications and
the linear intensity profile measured in air. Note the strong concoidal fracture and the
fragmented volume modification, in particular beneath the parabolic vertex. See text

and Fig. A.2 for more details.

Although we were able to separate a 300 µm thick Borofloat glass sheet using AL1210 with f =
10 mm, see Fig. A.1), the edge was very rough and showed extensive concoidal fracture surfaces. This
corresponds to a fragmented glass modification observed in cross section and a linear intensity pro-
file in air with strong side lobes. The morphology of volume modifications at different focal depths
within the glass sheet is invariant nearly up to the surface, see Fig. A.2. This means non linear effects
along the propagation in front of the modification (e.g. the Kerr effect) are negligible at the scale that
can be resolved for these focusing conditions. This finding has later been confirmed by numerical
simulations, see Fig. 4.15.

For the lens AL2018 we did observe a split of the modification into two larger segments, as
demonstrated in Fig. A.3. As this was observed also for the surface ablation pattern this has to
be a feature of the linear propagation.
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FIGURE A.2: Cross section views in light microscopy of Airy modifications in BF33 for
varying focal position. The Airy beam was focussed with an asphere (Thorlabs AL1210)
with f = 10 mm, w0 = mm, 4 pulse burst with tp = 10 ps and Eburst = 135 µJ. Beneath

the vertex of the Airy parabola, the modification is strongly fragmented (A).
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FIGURE A.3: Cross section views in light microscopy of Airy modifications in BF33 for
varying pulse energy with focal length = 18 mm, beam diameter = 8.75 mm, 4 pulse
burst, pulse duration = 10 ps and ∆z = -2.5 mm. Instead of a continuous parabolic tra-
jectory, there are two consistent focal segments separated by a gap around the expected
vertex (A). Occasional, apparently randomly distributed extensions occur in both upper

and lower modification segments (B).
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Appendix B

Image Analysis

The workflow of the image analysis algorithm used for detection of volume modifications is shown
in Fig. B.1 and the corresponding parameters used in this work are given in Tab. B.1. For strong
modifications also the minimum pixel value may be used for the line selection instead of the position
of the minimum value, also see Fig. B.2, but this proved to be less reliable, especially for the weaker
modifications at lower energies. For the weakest modifications that could be picked out by eye also
the spatial selection algorithm failed, see Fig. B.3.

Raw image

Gaussian blurr (2D), width s

background correction (optional)

columnwise determination of position

of minimum pixel value, pmin

discrete difference of pmin and applying threshold th

to obtain boolean sIO = 1 where dpmin < th and 0 elsewhere

binary closing with length c

binary opening with length o 

line selection

FIGURE B.1: Workflow of image analysis algorithm used for detection of volume mod-
ifications.

Parameter value unit

Gaussian blurr width s 1 px
threshold th 5 px value
opening length o 24 px
closing length c 8 px

TABLE B.1: Parameters used for image analysis workflow as shown in Fig. B.1.
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FIGURE B.2: Image analysis for Airy modification with Ep = 380 µJ.
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FIGURE B.3: Image analysis for Airy modification with Ep = 114 µJ.
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Appendix C

Calibrating the effective electron collision
time

We find that an asymmetry in the simulated energy losses of the laser pulse during propagation that
qualitatively corresponds to the asymmetry that we see in experimental results. The energy losses
of the pulse versus propagation distance correspond to the energy per volume that is deposited
within the material, integrated over each transversal slice respectively, giving thus a line density of
deposited energy. The asymmetry seen for this line energy density distribution strongly depends
on the choice of the effective electron collision time τc, as shown in Fig. C.1 (b). This is in line with
previous statement that the asymmetry is principally caused by plasma effects. Typical literature
values of the electron collision time are in the low fs regime, ranging from 0.1 to 23 fs in glasses with
a rather large uncertainty [Sun+12; Epp+12; Sud+02]. In fact, already assuming a constant electron
collision time is a rather crude approximation, also see Sec. 2.4.1. Nevertheless, the sensitivity of
the deposited energy density on the collision time τc in our model can be used to constrain this
parameter. Assuming that the line energy density scales linearly with the extent of damage that
we see in microscope cross section, we compared the experimentally observed morphology of the
Airy beam in combination with our non-linear simulations and found a rather good quantitative
agreement for τc = 20 fs. While this is relatively high compared to the values that are mostly used in
previous literature, this value was used for all further simulations in this work.
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FIGURE C.1: Longitudinal cross section of volume modification (a) for f = 20 mm,
tp = 10 ps and Ep = 342 J with the ends and the maximum indicated by yellow dots.
These characteristic points are also marked on the graphs of the energy loss or line den-
sity of deposited energy (b) for various pulse energies and two values of the assumed
collision time. The error of determining the position on the microscope image is shown
as a broad bar. The longer collision time τc = 20 fs yields good agreement, with the en-
ergy density at the ends being nearly constant across all pulse energies and the energy

density maxima occurring at the positions of maximum damage.
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Appendix D

CurvedBeams

D.1 Multispot

The maximum curvature and edge angles of the non-diffracting beams and their relatives presented
is limited by the NA of the focussing optics. No angles above the NA within the target material can
be reached. A completely different approach for defining a curved - or indeed an arbitrary - laser
damage surface for separation consists in defining this surface by a multitude of focal spots, that are
created with a phase mask by a multiplexing scheme [Fla+19]: The extra phase contribution for each
spot at position (px,py,pz) behind a lens with focal length f relative to the focal spot without an extra
phase respectively is given by

φ(x, y) = φbg + φlens + φ0 = (kxx + kyy) + (k0(x2 + y2)/(2 fdef)) + φ0 (D.1)

where the blazed grating phase φbg creates the transversal displacement according to kx = sin (tan (px/ f )),

similarly for y, and the additional lens term φlens, with a defocus focal length fdef = − f 2/pz, see also
Eq. 3.12 and Eq. 3.14, and an individual constant phase offset φ0. The total complex transmission for
j spots is then calculated as

T(x, y) =
jmax

∑
j

Tj =
jmax

∑
j

exp
[

iφj(x, y)
]

= Atot(x, y) exp [iφtot(x, y)] . (D.2)

The complex valued transmission T(x, y) is subsequently reduced to a phase only modulation by
simply neglecting the amplitude modulation and setting Atot(x, y) = 1. This negatively affects the
uniformity of the focal spots, but [Fla+19] report, that this can be satisfyingly be compensated by ad-
justing the individual phase offsets φ0 of the spot contributions by an iterative optimization routine.

An application [Fla+22] of this multiplexing scheme to a curved profile and the resulting volume
modifications are shown in Fig. D.1. While the high edge angles obtained by this method make it
a very interesting candidate for glass cutting, the elongation of the focal spots along the propaga-
tion direction, which is determined by Gaussian optics, poses a particular challenge for mechanical
separation as the crack will tend to run into the convex edge, along the orientation of the focal spots.
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FIGURE D.1: Cross section view of volume glass modifications (a) induced by a multi
spot intensity distribution (b) [Fla+22].

D.2 Accelerated Bessel

An arbitrary focal trajectory p(z) = (px(z), py(z)) can be created by a beam shaping method, that
relies on conical contribution to the a given point on this trajectory, similar to a Bessel beam, see
Fig. D.2. The theoretical method for constructing such an accelerate Bessel beam was proposed in
2012 [Chr+12], which was rapidly followed by its experimental demonstration [Zha+13] and the the-
oretical extension to non-paraxial beams in 2013 [CE13]. The phase mask is constructed by a mapping
of a given point of the trajectory to a locus that is defined by the intersection of a cone, whose rotation
axis is tangent to the trajectory p(z) at the chosen depth, and the input plane. Avoiding an overlap
of different cone sections limits the curvature of p(z). With py(z) = 0 for a beam that remains in one
plane, the limiting condition

∂2 px

∂z2
<

γ

z
(D.3)

for a Bessel cone angle γ. Choosing a large γ seems favorable, as it both allows larger curvatures and
enables harder focussing. However, here the NA of the focussing optics is the main limiting factor,
specifically

∂px

∂z
+ γ < NA. (D.4)

In practice this means that for a given microscope objective much larger curvatures could be
achieved with an Airy beam, see Fig. 6.1.
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FIGURE D.2: Focussing concept for an accelerated Bessel beam, showing the cone map-
ping of the loci (blue) on the input plane that contribute to a different points along the

focal line (red) respectively [Chr+12].

D.3 Oblong Airy beam

The parameters that have been used in previous glass cutting experiments with the ”oblong” Airy
beam are summarized in Tab. D.1.

Parameter Value

Laser wavelength λ [nm] 1064
Focal length f [mm] 15
Cubic phase scale factor β [mm−1] 1.06*†

Width of Gaussian input beam (2wx, 2wy) [mm] (8, 24)
Half width of phase shift region xπ [mm] n/a
Size Spatial light modulator [mm2] 10.7 × 17.6
Focal contrast standard Airy 1.6
Focal contrast improved Airy 3.6

* in front of microscope objective, not directly given, inferred from other values

TABLE D.1: Parameters of the oblong Airy in [UL21].





113

Acknowledgements

I thank my supervisors Prof. Dr. Stefan Skupin and Dr. Jens Ulrich Thomas for their continuous
support and encouragement. In particular, I thank Stefan for the in depth discussions concerning non
linear optics and the numerical simulations as well as the efficient and enjoyable digital collaboration,
and Jens for making sure I would have everything that I need for the experimental part of this study
as well as his effective use of the red pen when it comes to text work.
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