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Abstract

This dissertation consists of two main sections. The first section focuses on
generating zero order Bessel beams using axicons. An axicon with an opening angle
y = 5° was illuminated with a Gaussian beam of width w, = 1.67 mm from a cw fiber

laser with central wavelength A = 1064 nm to generate zero order Bessel beams
with a central spot radius r, = 8.3 + 0.3 um and propagation distance %Zmax =

20.1 + 0.5 mm. The central spot size of a Bessel beam changes slightly along the

propagation distance. The central spot radius 1y can be varied by changing the

opening angle of the axicon, y, and the wavelength of the beam. The second section
focuses on applications of the generated Bessel beams in laser microdrilling. A
Ti:Sapphire pulsed femtosecond laser ( A = 775 nm, w, = 2.55 mm, repetition rate 1
kHz, pulse energy 1 mJ, and pulse duration 150 fs) was used to generate the Bessel
beams for drilling stainless steel thin sheets of thickness 50 um and 100 um and

microscopic glass slides 1 mm thick. The central spot radius was r, = 15.9 + 0.3 um
and %zmax = 65.0 + 0.5 mm. The effect of the Bessel beam shape on the quality of

the holes was analysed and the results were discussed. It was observed that Bessel
beams drill holes of better quality on transparent microscopic glass slides than on
stainless steel sheet. The holes drilled on stainless steel sheets deviated from being
circular on both the top and bottom surface for both thicknesses. However the holes
maintained the same shape on both sides of each sample, indicating that the walls
are close to being parallel. The holes drilled on the glass slides were circular and
their diameters could be measured. The measured diameter (15.4 + 0.3 um) of the
hole is smaller than the diameter of the central spot (28.2 + 0.1 um) of the Bessel
beam. Increasing the pulse energy increased the diameter of the drilled hole to a

value close to the measured diameter of the central spot.
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Chapter 1
Introduction

1.1 Overview on laser drilling

Application of laser micromachining technology has grown rapidly over the last
decade particularly in material processing for scientific and industrial applications.
One of the major reasons for the interest into this field has been the ability of lasers
to offer a highly directional and localized source which facilitates material
modifications at precise locations with minimum damage on the surroundings [1]. It is
challenging to use conventional machining methods such as mechanical drilling in
making 3D structures when micron-sized processing is required. This is mainly
because the wear and elastic deformation of processing tools caused by the contact
with the working materials cannot be disregarded [1]. Beam processing became the
advanced technology for 3-dimensional microstructure micromachining. Laser beam
machining is able to improve on the limitations caused by traditional machining

technology as it is a precise, fast, and a contactless technology [1-5].

Laser drilling is one of the micromachining processes that has become very popular
in industries such as medical engineering e.g. producing suture holes on surgical
needles and meshes; automobile manufacturing, for drilling holes on stainless steel
fuel filters; and in aviation, for drilling holes in the outer skin of the tail fin to reduce
air vortices and air resistance [3]. It is a noncontact, precise, and reproducible
technique that is used to form small diameter (< 100 um) and high aspect ratio holes
in a wide range of materials [5]. It is considered as an alternative for drilling
techniques such as mechanical drilling, electro discharge machining, electrochemical
machining, and electron beam drilling [3]. Laser drilling has the ability to drill holes in
difficult-to-machine materials such superalloys, ceramics, and composites without

tool wear rate [5].



For drilling to take place, a high intensity beam is focused onto the surface at
high power densities generally abovel0’ W/cm? [4], sufficient to heat, melt and
subsequently eject the material in both liquid and vapour phases. Drilling is mostly
carried out with a pulsed laser, where the pulse duration is much shorter than the
thermal response time of the material. A coaxial assist gas is often used while drilling
in order to shield the laser optics from contamination from the ejected debris and

also to facilitate the material removal [4-5].

In the aerospace industry the geometric and metallurgical aspects of the
drilled holes are very critical. Laser drilling process is often associated with defects
such as taper, circularity, spatter, heat-affected zone, recast layer and
microcracking. For most applications, parallel-sided holes with minimum taper,
resolidification and surface debris are required. Bandyopadhyay et al. [6] listed laser
parameters that are vital for laser drilling as the beam energy, spot size, beam
shape, wavelength, fluence, polarization and, in the case of pulsed lasers, pulse

duration and repetition rate [6].

1.2 Beam Shaping in Laser Drilling

Laser beam shaping is essential in optimizing a large number of laser material
processing applications, laser drilling being one of them. A beam shape can be
defined as a spatial intensity distribution. Optical elements are used to transform the
conventional circular Gaussian beam into the desired shape. Some of the desired
shapes used in laser drilling include flat-top beams [7, 8], Bessel beams [1, 2], and
annular beams [8]. In this dissertation a refractive axicon is used to transform

Gaussian beams into Bessel beams and annular beams.

Work has been done in determining the effect that the beam shape has on the
guality of the drilled holes. The quality of the drilled hole is quantified by the entrance
and exit diameter, taper angle, and the aspect ratio between the width of the hole

and the thickness of the material. Gaussian beams can focus to a tight micron-sized



spot over a short focal range. Due to the short focal range the drilled holes typically
have a taper. Some applications require taper free holes, although this is difficult to
achieve. Alternative ways to reduce taper angles in drilled holes were studied.
Matsuoka et al. [1] used Bessel beams to drill through holes with a diameter less
than 10 um on a stainless steel sheet 20 um thick. They showed that the taper of the

hole drilled with a Bessel beam is smaller than that drilled with a Gaussian beam [1].

1.2.1 Bessel beams

Bessel beams are defined as “non-diffracting” beams since they are not subject to
transverse spreading. They were first discovered by Durnin as exact solutions to the
free-space Helmholtz’s wave equation, described by Bessel functions [9, 10]. An
ideal Bessel beam contains an infinite number of rings over an infinite area thus
carrying infinite energy. A thorough description of Bessel beams is given in detail in

chapter 2.

Bessel beams were chosen mainly due to their special properties, e.g. they
possess a micron-sized focal spot over a long focal range [1] and can reconstruct
after an obstacle [11]. They offer the ability to drill micron-sized holes on structured,
rough, or uneven samples, or non-planer samples, because they can combine a

narrow central lobe with a long focal range [7].

However two major disadvantages were noted for laser drilling using Bessel
beams. The first being the visible ring structure on the top surface of the irradiated
material [7]. The ring structure is caused by the energy in the surrounding rings of
the Bessel beam, since the energy is distributed evenly amongst the rings and only
the intensity differs amongst the rings. Kohno and Matsuoka [2] resolved this
problem by controlling the beam energy strength of the main lobe of the Bessel
beam just to be above the ablation threshold [2]. Another alternative solution is to

generate Bessel beams with fewer rings using spatial light modulators.

The second disadvantage lies in the limitation of drilling metals with Bessel

beams since they are opaque. Bessel beams are considered to be a result of the

3



interference between plane waves. They are known to reconstruct after encountering
an obstacle [11]. In the case of metals, due to they are opacity, such plane waves do
not propagate inside the material, and thus the long depth of field of the Bessel
beam would be lost. However drilling of very thin metal foils (100 uym or less) using
Bessel beams have resulted in sharper sidewall and less taper than holes drilled with
Gaussian beams on the same sample. Kohno and Matsuoka [2] drilled an almost
straight hole with a high aspect ratio (about 20) on stainless steel (SUS304) plate
100-pm-thick.

1.3 Aim and outline of this thesis

The aim of this thesis is to drill good quality circular holes with minimal taper on
metals using Bessel beams with minimal surrounding rings. Micron-sized holes have
been drilled on very thin stainless steel sheets without eliminating the effect of the
external ring structure on the top surface of the sheets [2]. With the suggested ways
to resolve the problem of external ring structure, we want to improve from the current

state of the quality of drilled holes on stainless steel sheets using Bessel beams.

In chapter 2 we give an overview on beam shaping, and an in-depth study of the
properties of Bessel beams is conducted together with ways of generating these
beams. Axicons will be used for the generation of Bessel beams. The properties of
these beams will be measured and results will be discussed.

Chapter 3 will give a comprehensive background on laser drilling process, its
techniques, processing parameters and defects arising from the process.
Furthermore generated Bessel beams will be used to drill holes on the specified
materials. The characterization techniques used will be thoroughly discussed in this
chapter.

The drilled holes will be analysed and the results will be discussed in chapter 4. At
the end of this chapter a summary of the dissertation will be given and possible

aspects of future work will be suggested.



Chapter 2
Laser Beam Shaping

2.1 Introduction

Laser machining has become widely used and is an established method for the fast
and efficient processing of a variety of materials. Various parameters such as
wavelength, beam shape, beam form (continuous wave (cw) or pulsed), power
density and beam quality (M?) play a vital role in laser material processing. Beam
shaping is defined as the art of controlling the irradiance and phase profile of the
output of a laser [12]. The shape of the beam is associated with the irradiance
profile, while propagation properties of the irradiance distribution are governed by

phase profiles.

Most lasers operate in the fundamental transverse electromagnetic mode of a cavity
providing a Gaussian intensity profile. However it is possible to change the shape of
the beam for example by propagating it through beam shaping optical systems. The
characteristics of beam shaping are discussed in the following sub-sections, a
distinction is made between the Gaussian and Bessel beam shapes.

2.2 Gaussian Beams

Gaussian light beams are those whose transverse electric field and intensity
distributions are approximated by a Gaussian function. They remain Gaussian even
after passing through simple optical elements such as lenses. Because of this

property, Gaussian beams are favourable in many applications [12].

Gaussian beams have a Gaussian intensity profile at any position along the beam
axis z, while the beam width and radius of curvature are continuously changing.

Figure 2.1 illustrates the variation of the parameters of a focused beam along the



propagation distance z. Figure 2.2 shows an image of an experimentally generated

Gaussian beam. The coloured rings in the image displayed illustrate the intensity

distribution of the beam.

v

Figure 2.1: A diagram illustrating the Gaussian beam width w(z) as a function of the

axial distance z, the beam waist w, the depth of focus b , Rayleigh range z, and

the total angular spread O [13].

Figure 2.2: Image of an experimentally generated Gaussian beams.



The complex electric field amplitude of a Gaussian beam is given by [14]

2 2
= U, 2% exp | = (== —ilkz - Z o4k D
U(r,z) = U, o) exp[ (w(z)) ]exp( [ [kz arctan - + 7)) (2.1)
where U, = A, /izy is the peak amplitude, r is the radial coordinate, w(z) is
the beam width, w, is the beam waist, k = 2n/4 is the wavenumber, z; is the
Rayleigh range, and R(z) is the radius of curvature of the wavefront [13]. The
functions w(z), R(z), and ¢(z) deserve special attention and are described in the

following sub-sections.

The intensity of the Gaussian beam in Fig. 2.3 is then given by the square of the

complex electric field amplitude function as,

I(r,z) = |U(r,2)|*> = I,exp [—2( ’ )2] (2.2)

w(z)

Here I, is the maximum intensity of the beam and it is defined as follows

I, = 22 (2.3)

nTw?(z) '

where P, is the total optical power of the laser.



Intensity

Figure 2.3: Intensity profile of a Gaussian beam.

2.2.1 Propagation Parameters

Figure 2.1 suggests that the important parameters that describe the propagation of
the Gaussian beam include beam waist, beam width, Rayleigh range, depth of focus,
radius of curvature and axial distance. A Gaussian beam has a transverse phase
profile described by a polynomial of second order. The linear phase variation of the
beam describes the tilt, while the quadratic phase variation describes either the

convergence or divergence of the beam [13].

2.2.1.1 Beam width

The beam width w(2) is defined as the distance across the beam where the intensity

decreases to 1/e? or (13.5%) of the maximum I, value. The beam width varies as

the Gaussian beam propagates along an optical axis z as [12, 13],

_ 2
w(z) = w, /1 + ZZ;’) , (2.4)
R

2
where z; is the position of the beam waist and z, = % is the Rayleigh range.

The Rayleigh range determines the length over which the beam can propagate



without diverging significantly. The beam propagates with minimal divergence when
Z < Zp. As seen in Fig. 2.1 the beam width reaches its minimum at the waist and

expands thereafter.

2.2.1.2 Divergence

Laser beam divergence is defined as a measure of how fast the beam expands far
from the beam waist i.e. in the far field.

In the far-field, when z > zp, the beam width approaches the value [12, 13]

Az

w(z) = (2.5)

Twg

When z >> zp from Eq. 2.5, it is observed that the boundary describing the

beam width asymptotically approaches a cone with an angle of,

gzl A | (2.6)

Z TTWo

0

IR

This angle is known as the divergence of a Gaussian beam and describes
how the beam spreads out as it propagates. It is clearly seen that the divergence
and the waist of the fundamental beam are inversely proportional. Therefore in order

to obtain a well collimated beam, the fundamental beam width must be large [13].

2.2.1.3 Radius of Curvature

The electric field given in Eg. (2.1) is a complex function. The last term of the

imaginary component in the exponential function has a quadratic dependence on the

radial component r. The radius of curvature is defined as [12, 13]

R(z) = (2 — 2,) [1 (2 )2] @7

Z—Zo



and it is referred to as the radius of curvature of the wavefront of a Gaussian

beam.

The term with the arctan function in the imaginary exponential part of Eq. (2.1)
describes the Gouy phase shift, (z). The Gouy phase shift is important for the
resonance frequencies of the optical resonators. Along the z direction, a Gaussian

beam attains the Gouy phase shift, which is different from that of a plane wave with
the same optical frequency, given by [12-14],

¢(z) = arctan (i) (2.8)

This shift causes the distance between the wavefronts to increase slightly as

compared with that defined for a plane wave of the same frequency.

2.3 Bessel Beams

Research has shown the existence of beams that do not experience diffractive
spreading [9, 10] and these beams are referred to as ‘non-diffracting’ beams. All
diffractive occurrences can be described by the Helmholtz equation:
[VZ + k2]®(r, k) = 0. (2.9)

Durnin in 1987 discovered Bessel beams as exact solutions to the free-space
Helmholtz's wave equation, described by Bessel functions which are not subject to
transverse spreading [9-10]. In particular, these solutions describe well-defined
beams with narrow central beam waist, which do not display diffractive spreading for

over long propagation distances [9, 12].

10



Bessel beams are formed as a result of the interference of plane waves propagating
along a conical surface. A region of self-interference develops in which a Bessel
pattern forms due to cylindrical symmetry [7]. An ideal Bessel beam contains an
infinite number of rings over an infinite area and thus carries infinite energy which
therefore cannot be generated experimentally [15-18]. However it is possible to
generate finite size approximations to Bessel beams [18-21] which can propagate

over extended distances in a diffraction free manner.

These finite Bessel beams are known as quasi-Bessel beams and they are
characterized by a transverse electric field component [17]

E(r,@,z) = AyJ;(k,r)elkzz+10) (2.10)

where J; is the [*" order Bessel function, z is the coordinate in the propagation
direction, r and ¢ are the transverse and polar coordinates, k, and k, are the

longitudinal and transverse wave numbers respectively [9, 17].

The zero-order (|I| = 0) Bessel beam has a bright central core surrounded by
concentric rings while higher-order (|I| > 1) Bessel beams have a dark central core
due to a phase singularity arising from the azimuthal phase term exp(ilp) [15].
Bessel beams of different orders are shown in Fig. 2.4 ranging from zero order to the
third order.

11
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-2-3

Figure 2.4: Theoretical generated intensity profiles of a zero-order (|I| = 0) and

higher order (|I| > 1) Bessel beams.

In the far field of the Bessel beam, the separation between the wave-vectors
increases while the beam intensity in the central axis decreases and it eventually
becomes null. This then corresponds to an annular beam [7]. The intensity profile of

an annular ring and the annular ring are shown in Fig. 2.5.

12



(b)

Intensity

Figure 2.5: Images of the intensity profile of an annular beam (a), and an annular
ring (b), with radius r and thickness t.

One of the optical properties of a Bessel beam is its ability to reconstruct after
encountering an obstruction on its central core [18], this property is commonly known
as self-healing. The self-healing concept is understood by taking into account that
Bessel beams are constructed as a superposition of plane waves propagating on a
cone. If an object is placed in the centre of the beam, the waves that create the
beam are able to move past the obstruction resulting in a shadow being cast into the
beam [15, 18]. The light waves that form the beam move along the outer sides of the
cone and are thus not affected by what happens in the centre of the propagation

region [20-22].
This unique property can help to mitigate effects of debris and other products

associated with laser processing that can partially block incident beams. Durnin et.al
[9] showed that Bessel beams exhibit a greater depth of field than that of Gaussian
beams and their Rayleigh range is longer than that of Gaussian beams. A major

disadvantage to having an extended depth of field is that the optical energy is

distributed among the rings leading to loss in power and contrast.

13



2.3.1 Generation of Bessel Beams using axicons

There are two well established methods for Bessel beam formation, one makes use
of the annular slit [9] and the other makes use of the axicon [23]. Others include
aperture based methods, a spatial light modulator (SLM) [7], a tuneable acoustic
gradient (TAG) lens, and optical fibres [7]. A Bessel beam can be visualised as a
superposition of plane waves whose vectors lie on a cone, which translate into a ring
in the k-space, i.e. the Fourier transform of a ring results in a Bessel beam and vice

versa.

Durnin et al. [9] were the first to produce Bessel beams experimentally. They
placed an annular slit at the back focal plane of a focusing lens, and illuminated the
slit with a plane wave. This method proved to be inefficient since most of the incident
radiation was blocked by the aperture. This loss of energy is unsuitable for material

processing applications since high intensities are required [9-10].

Generating Bessel beams with the use of axicons is considered as the most
common, cost-effective and convenient method as it offers the prospect of high
conversion efficiencies [2, 24]. However, the alignment between the incident laser
beam and the axicon is a critical issue because it can result in non-uniformities in

case of misalignment [10].

An axicon, (commonly referred to as a rotationally symmetric prism or conical
lens) is a specialized type of lens which features one conical surface and one plano
surface. It can be used to image a point source into a line along the optic axis or to
transform a laser beam into a ring [23]. When transforming a collimated beam into a
ring the plano side faces the collimated source. Figure 2.6 shows a typical image of
an axicon, most of these are made from high-quality fused silica using computer
numerical controlled (CNC) grinding and polishing machines. The fused silica
provides a high-quality surface which then makes them ideally suited for high-power
laser applications. They are most commonly manufactured with base angles y, which
range from 0.5° to 20° [25]. The axicons have an anti-reflection coating which

reduces surface reflections from the lens to maximise transmission [2].

14



Figure 2.6: An image of an axicon with a plano surface on one side and a conical

surface on the other [25].

Figure 2.7 illustrates how a Bessel beam is created by illuminating the axicon with a
Gaussian beam. The opening angle of the cone, 8, on which the wave vectors of the

Bessel beam propagate is given by,
0 =mn-1)y, (2.11)

where n is the refractive index of the axicon and y is the base angle of the

axicon. A Gaussian beam passes through an axicon to form a Bessel beam which at
the far field becomes an annular ring as shown in Fig. 2.7.

15



Axicon

Gaussian

Bessel Beam

(0

e

Zmax
Figure 2.7: A diagram illustrating the finite propagation distance of a Bessel beam

generated by illuminating a Gaussian beam onto an axicon with an opening angle 6
[15].

When illuminated by a Gaussian beam, axicons generate Bessel beams with a long
depth of field and a sharp central spot, this intense central spot is surrounded by
concentric rings of much lower intensity. A Bessel beam is thus produced through
the interference of all parts of the incident beam that have been refracted at the
same opening angle 6 by the axicon [26-31].

The intensity distribution of a collimated Gaussian beam passing through an axicon
can be calculated with the Fresnel-Kirchhoff integral and it is given by the relation [7,
9]

(n-1)ztany

I(r,z) = 2wk (tan?y)(n — 1)2210e2( wo ) X J¢(k(n — Drtany), (2.12)
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where r and z are the radial and longitudinal coordinates respectively, I, is
the incident on-axis intensity, w, is the incident beam waist, k is the wavenumber, n

is the refractive index of the axicon and y is the base angle of the axicon.

The area marked z,,,, in Fig. 2.7 is the diffraction-free beam formation zone

where the main lobe of the beam retains a small diameter. z,,,, is the finite

propagation distance of a Bessel beam, this finite propagation distance is

approximated for small angles by the ratio of the beam waist w, and the opening

angle 6 [1, 22]. Z,, 4, IS Qiven by
k
Zmax = k—rwo ~—. (2.13)

Within this finite propagation distance, the properties of an ideal Bessel beam
hold true for the experimentally obtained Bessel beam. Using geometric optics,
further information about the beam can be revealed. Fig 2.8 illustrates how and

where the maximum width of the Bessel beam is obtained. The maximum width,

Tmax 1S found at z,,,,/2:

Tmax = Zmax tano. (2.14)

E Tmax

1

E Zmax

Figure 2.8: A diagram that illustrates the relationship between 13,4, and z,, 4

The number of rings is dependent on the incident Gaussian beam waist and the
base angle of the axicon. The total number of rings is found at 77,4, and the

expression used to calculate the number of rings in a Bessel beam is given by [15]
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_Tmaxl
N = e, (2.15)

where § is the spacing between the rings and it is given as 6 = kl

r

The central spot for a zero order Bessel beam has the highest intensity and it is thus
brighter. The base angle y of an axicon determines the waist and the extent of the
central spot of the Bessel beam [1]. A smaller cone angle corresponds to a wider
central spot and a longer “diffraction-less” propagation zone. Equation (2.12)
together with the properties of the zero order of a Bessel function can be used to
determine the size of the central core spot given by [17]

__ 2405
o = X,

, (2.16)

Axicons can be used to also generate annular beams. This can be done in two ways,
firstly the plane of reference is viewed at a distance far enough from the axicon so as
to encounter the far-field profile of the axicon which corresponds to an annulus. The
second method would require the combination of an axicon with another focussing
element, (i.e. lens, axicon or microscopic objective) to create an annulus at the focal
plane of the system. The outer diameter of the annulus generated using an axicon
and a lens is determined from the Fresnel theory. From Fresnel theory the field at a
distance f away is given by

Ui(p) = }Ecexp [i (kf — % + kz—’;z)] fooo Uo(M)]o (k;p) rdr, (2.17)

where p is the radius of the ring.

In this case the initial field is a Bessel field, thus

Uo(r) = Jo(yr). (2.18)

So Eq. (2.17) can be written as

Ur(p) & % [ o (rr)Jo (2£) dr. (2.19)
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It is known from the orthogonality of Bessel functions that
o xlo@)Jo(vx)dx = 8(u ),
thus Eq. (2.19) becomes
k 1 kp
U X=X=0 [ ——.
1(p) PRyl T
The intensity of the field is then given by

k2

_ 2 _ _kp

Il - |U1| _f2y26[y f ’
kp 1
6[)/—7] # 0 only when p = e

So the radius of the ring is:

le

Pring = P

The diameter of the ring depends on the focal length of the lens, the index of
refraction n, and the opening angle of the cone 6. A physical illustration on the
measurement of the diameter of the ring is illustrated in Fig. 2.9. It is observed that
the thickness of the ring t remains constant throughout the propagation, and it is
equivalent to the radius of the initial beam or one half of the beam’s diameter,
t = wy. From Fig. 2.9, Eq. (2.24) can be written as d, = 2Ltan 8, where L is the
distance between the tip of the axicon and the image plane, d, is the ring diameter.

By increasing the length from the axicon output to the imaging plane, the diameter of

the ring increases, while t remains the same.
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However for image capturing processes, a lens is introduced and placed in the

propagation zone. This is done in order to bring the far field closer for analysis using
a camera. The camera is used as the imaging plane and L becomes the focal length

of the lens used. This will be further discussed in subsection 2.4.3.

————— -

—

Figure 2.9: A diagram illustrating the formation of an annular beam with diameter d,.,

ring thickness t, and a length L away from the tip of the axicon.

2.4. Experimental procedure for generation and characterisation of
Bessel and annular beams

Experiments were conducted to measure the properties that defines Bessel beams

VIiZ. Zmayx, To, @nd pPring . Various optical instruments were used and they are

described in the subsections below. Experimental setups include that for generating

first order Bessel beams and their annular beams.
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2.4.1 Experimental setup using an axicon

Zero order Bessel beams were generated by illuminating an axicon (y = 5°, and
n = 1.5) with a Gaussian beam emitted from a cw fiber laser (IPG Photonics YL

Series), operated at a central wavelength of A = 1064 nm and output power of

50 W. The laser emits a collimated Gaussian beam with width w(z) = 1.67 +
0.01 mm. Figure 2.10 shows a schematic diagram of the experimental setup and

optical elements used to generate zero-order Bessel beams.

A CCD camera (model Ophir-Spiricon USB 2.0) together with the BeamGage beam
analyser software was used to view the beam and measure its properties. Mirrors
are used to guide the laser beam in its optical path, and Neutral density (ND) filters
are used to attenuate the intensity of the beam in order to avoid saturation on the
camera. The beam appears small in size on the camera, thus a magnification system

is required for beam measurements. The magnification system is discussed in

section 2.4.2.
Mirror 1
Laser
Axicon Imaging Lens
MO i CCD Camera
Microscopic Objective
Mirror 2

Figure 2.10: Experimental setup for generating zero order Bessel beams using an

axicon.
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2.4.2 Magnification system

A 10X microscopic objective (MO) was used to magnify the Bessel beam onto the
camera. The 10X MO has a working distance (WD) of 10.5 mm and a focal distance
(FD) of 18 mm. Figure 2.11 illustrates the magnification system used to view and
analyse the beam properties. The system in Fig 2.11 has a magnification M of 11X,
this was obtained by dividing the focal length of the lens by the focal distance of the
MO. The MO, lens and the camera were mounted on a rail, with the camera placed
at the focal distance of the lens. The distance between the MO and the lens is
referred to as the infinity space hence its distance can be varied, in this system it
was measured to be 135 mm [32]. The front side of the MO is placed 10.5 mm

(working distance) from the plane of reference, this means that if one has to view the

: : 1
beam at half z,,,,, the front part of the MO will be placed at distance Ezmax+WD.

1
! F=200 mm
FD 1
1
—»
1
1
@ '
(] C
c [¢D]
L o
3 . ?
Y 1
o +—P - »
Q) | - »
WD
c_% ' ‘ 200 mm
o

Figure 2.11: A diagram that illustrates the imaging and magnification system using a

microscopic objective and a lens.
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2.4.3 Experimental setup for generating an annular beam.

Figure 2.11 is a schematic diagram of the experimental setup used to generate an
annular ring. As mentioned above, the Fourier transform of a Bessel beam is an
annular ring, a lens (f = 60 mm) was used to Fourier transform the Bessel beam.

The plane of reference being imaged by the lens is at half z,,,,,, thus the lens was

placed at its focal distance (60 mm) plus the half z,,,,, (18.34 mm), distance away
from the tip of the axicon. A microscopic objective can be used to demagnify the
annular beam if it is too large to fit on the CCD camera screen. The MO is placed in

front of the lens in a back to front direction.

Beam Mirror 1
Source

CCD Camera

Mirror 2

Axicon

F = 60 mm

Figure 2.12: A diagram illustrating the experimental setup for generating an annular
ring. The camera is placed at the focal distance of the lens. The lens is place at 13,4,

of the Bessel beam.
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2.5 Results and discussion

Zero-order Bessel beams were generated using the experimental setup in Fig. 2.10.
A zero order Bessel beam has a central bright spot surrounded by concentric rings
with equal spacing between the rings. The central spot has the highest peak
intensity, however the intensity drops as one moves away from the central spot. The
x and y intensity profile can be seen in Fig. 2.13 (a).

From Fig. 2.7, the Bessel beam formation is observed from the tip of the axicon,
while experimentally the formation zone is observed a few millimetres away from the
tip. The offset distance measured was approximately 6 mm away from the tip of the
axicon. As seen in Fig. 2.14 (a)-(p) the first outer ring is visible at about 7 mm away

from the tip of the axicon. The number of rings increases along the propagation
distance and reaches its maximum at half z,,,,,, and the total number of rings can be

calculated using Eqg. 2.15.

The Bessel beam is profiled in a diamond shape (see Fig. 2.7), with the
intensity increasing from the beginning until it reaches its maximum at half the
propagation distance. The intensity decreases in the second half of the propagation
distance. Ideally one would expect to see the number of rings reducing along the
second half of the propagation distance; however this is not the case. Instead the
rings fade away from the inside and as one moves toward the end of the propagation

zone, only the very most outer rings are visible (see figure 2.15).
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(b)

Figure 2.13: A zero-order experimentally generated Bessel beam, (a) 2D image
profile and (b) 3D image profile.
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(b)

(d)

(e) (f)

Figure 2.14 (i): A series of experimental results, displaying images of Bessel beams
along the propagation distance created using an axicon with opening angle y = 5°
and a Gaussian beam with beam width w(z) = 1.67 mm. Imaged at distances 6 mm

to 11 mm away from the tip of the axicon.
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(9) (h)

(k) ()

Figure 2.14 (ii): A series of experimental results, displaying images of Bessel beams
along the propagation distance created using an axicon with opening angle y = 5°
and a Gaussian beam with beam width w(z) = 1.67 mm. Imaged at distances 12 mm

to 30 mm away from the tip of the axicon.
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Figure 2.14 (iii): A series of experimental results, displaying images of Bessel beams
along the propagation distance created using an axicon with opening angle y = 5°
and a Gaussian beam with beam width w(z) = 1.67 mm. Imaged at distances 34 mm

to 46 mm away from the tip of the axicon.
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Figure 2.15: An image of a Bessel beam imaged after half z,,,,, region with the rings

fading from inside out.

As stated in the above sections the Fourier transform of a Bessel beam is an annular
beam. Experimentally an annular beam can be seen at the far field of the Bessel
beam generation setup; however for imaging purpose the setup in Fig. 2.12 was
used. The diameter of the annular ring is dependent on the focal length of the
imaging lens used. An annular beam generated from the setup in Fig. 2.12 is shown
in Fig. 2.16.
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Figure 2.16: An image of an annular ring obtained from the far field of a Bessel

beam.

The Bessel beam parameters of interest that were measured include the central spot
radius 1y, the propagation distance z,,,, and the diameter of the ring. The opening
angle of the cone was calculated using Eqg. 2.11 to be 4.54 x 1072 rads. This angle is
linearly dependent on the base angle of the axicon, y. The central spot radius 71y,
was calculated using Eqg. 2.16 to be 9.28 ym which corresponded to the measured

value of r, =8.3 um +0.3 um. The average diameter of the central spot was

measured to be 16.6 ym +0.3 ym.

As mentioned above one of the properties of a Bessel beam is its ability to
retain the same spot size over a larger focal range, this was confirmed by measuring
the central spot diameter along the propagation distance. As seen in Fig. 2.17 the
diameter retains almost the same size in the covered region. The difference in the
central spot size along the propagation distance can be caused by the measuring
system used; however the difference is accounted for with a standard deviation

value of 0.3 um. The size of the central spot is dependent on the opening angle of
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the cone 8. When 6 is small, the central spot size is large, this will be shown later in

chapters to follow when a different axicon with a smaller y is used to generate

Bessel beams.
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Figure 2.17: A graph illustrating the change in size of the central spot radius along

the propagation distance.

The diffraction-free beam propagation zone z,,,,, is calculated from Eq. 2.13.

It was a challenge to measure the full length of the propagation distance using the

beam profiler mainly because of two reasons. Firstly the beam size increased and

could not fit in the camera. Secondly the beam rings do not decrease in the second

half of the Bessel beam region as they had increased in the first half, instead the

rings fade away from the inside and the central spot’s intensity decreases until it

becomes null and an annular ring is visible.
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To verify and compare the theoretical and experimental results, the

propagation distance was measured at half its length. The calculated value z,,,, =

36.68 mm was then divided by half to get%zmax = 18.34 mm which corresponded
closely to the measured value of %zmax = 20.0 mm £0.5 mm. An inverse relationship

exist between z,,,,, and 8. The thickness t of the annular ring is equivalent to the
initial Gaussian beam radius as illustrated in Fig. 2.9. The diameter of the ring was
measured to be 6.1 mm +0.5 mm which is close corresponds to the calculated value
5.24 mm.

The same experiments were run using a different laser with a similar setup to the
one above. A Ti:Sapphire amplifier femtosecond laser (Clark-MXR CPA series)
operated at a centre wavelength of 1 =775 nm, pulse duration of 7 =150 fs
(FWHM), average power of 1.1 W, and pulse repetition rate of 1 kHz was used to

generate Bessel beams. The beam width for this laser was measured to be w, =
2.55 mm. The radius 1, and lzmax were calculated and measured. Figure 2.18 (a) is
2

the initial beam profile that was illuminated onto the axicon and Fig. 2.18 (b) is the

resulting Bessel beam.

The femtosecond laser used has a poor Gaussian beam profile, although it
has a beam quality of M? = 1.4. The beam emitted displays more of an elliptical
shape than an expected circular shape. The instability of the amplifier system causes
the beam profile to be unstable losing its initial shape during the use of the laser. The
elliptic shape of the initial beam has an impact on the Bessel beam, causing the

intensity in the first surrounding ring to not be uniformly distributed.

32



=== (b)

Figure 2.18: Images of the initial Gaussian beam (a) illuminated onto the axicon with

its resulting Bessel beam (b).
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The same axicon (y = 5°) was used as in the previous experiments; however since

the operating wavelength and the beam width differs from those of the previous
laser, different results were expected. The central spot size is smaller, whereas the
propagation distance is longer than that of the fibre laser. The beam diameter was
measured along the Bessel beam propagation region and as observed in Fig. 2.19,
the diameter retains almost the same size in that region. The calculated value for the

central spot diameter was 13.56 um, whilst the diameter was measured to be 12.8

pm £0.3 pm.

The calculated value of the propagation distance for the femtosecond laser

was found to be z,,,, = 55.46 mm thus %Zmax = 27.73 mm. The measured value for

half the propagation distance was verified by measuring the peak intensity counts
along the Bessel beam propagation region. As seen in Fig. 2.20 the peak intensity

increases with increase in propagation distance, it then becomes constant from 22
, . 1
mm till about 26 mm, thereafter it drops down. The 5 Zmax value was averaged to be

24.0 mm which corresponded well to the calculated value of 27.73 mm.
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Figure 2.19: A graph illustrating the diameter of a central spot of a Bessel beam
generated using a Ti:Sapphire femtosecond laser.
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Figure 2.20: A graph illustrating the peak intensity profile along the propagation
distance for a Bessel beam generated using the Ti:Sapphire laser.

The diameter of the annular ring depends entirely on the focal length of a particular
lens, whereas the thickness of the ring depends on the beam width. In order to vary
the diameter of the annular beam, two lenses of different focal length were used. It
can be seen in Fig. 2.21 that a lens with a short focal length results in a smaller ring
diameter as compared to a lens with a longer focal length. The diameter increases
with an increase in length L as shown in Fig. 2.9 however maintaining the same ring
thickness t. The diameter of the annular beam generated using a lens with focal
length f = 60 mm was measured to be 3.2 mm +0.5 mm and that for the lens with
focal length f = 100 mm lens was measured to be 5.1 mm +0.5 mm. The intensity of
the annular beam is not evenly distributed; this is caused by the initial beam shape

since it is not entirely circular.
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Figure 2.21: Annular beams generated using lenses of different focal length, (a) 60
mm focal length lens, and (b) 100 mm focal length lens.
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2.6 Conclusion

In this chapter laser beam shaping was discussed with the main focus on Bessel
beams. Zero order Bessel beams theory was discussed and ways to generate these
beams were also discussed. These beams are known to possess a large focal depth
as compared to Gaussian beams, this was proved experimentally when the
propagation distance was measured and the beam maintained the same central spot

size along the Bessel beam propagation region.

The ability of Bessel beams to reconstruct after encountering an obstacle and its
large focal depth has prompted interest in using these beams for different
applications in material processing industries. Laser drilling is one of the machining
processes with applications in different industries. Laser drilling on different materials
with Bessel beams was investigated; the results are presented and discussed in the

next chapter.
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Chapter 3
Laser drilling

3.1 Introduction

Over the years lasers have gained popularity in machining of different materials in
various industries such as aviation and automotive amongst others. The reason for
such popularity is mainly because lasers perform fast and precise machining. The
process of laser machining involves removal of material from a workpiece through
laser interaction [3-5, 33]. During this interaction photon electromagnetic energy is
transported into the target material, where it is converted into thermal energy. The
material is removed from the target either by melting, a combination of melting and
vaporization and/or ablation. In the absence of vaporization and ablation molten
material is removed by the mechanical force of an assist gas jet. Laser machining
processes includes amongst others, laser drilling, laser cutting, laser welding, and
marking or scribing [34]. In this dissertation the focus is on laser drilling and its

applications.

Laser drilling is one of the oldest laser machining processes with applications in the
automotive industries, medical engineering fields, electronics industry, and aviation
industries [3-5]. It is a noncontact, precise, and reproducible technique that is used to
form small diameter (< 100 ym) and high aspect ratio holes in a wide range of
materials [5]. It is considered as an alternative for drilling techniques such as
mechanical drilling, electro discharge machining, electrochemical machining, and
electron beam drilling, for holes with diameters less than 0.25 mm [3-5]. Laser drilling
has the ability to drill holes as small as 10 pym in difficult-to-machine materials such

superalloys, ceramics, and composites without tool wear [5].
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Holes as small as 1 ym can be drilled using the ultrashort pulsed lasers. Hole size is
best defined in terms of the aspect ratio (a ratio of hole depth to diameter at the
midspan of the hole). For a particular material the limiting aspect ratio depends on
both the optical characteristics of the laser beam and the thermo-physical properties
of the material [35].

For drilling to take place, a high intensity beam is focused onto the surface at high
power densities (210" W/cm?) [2, 35] sufficient to heat, melt and subsequently eject
the material in both liquid and vapour phases [5]. Drilling is mostly carried out with a
pulsed laser, where the pulse duration is significantly shorter than the thermal
response time of the material. There are four most popular techniques used for laser

drilling processes and these techniques are discussed in the following sub-section.

3.1.1 Laser drilling techniques

Depending on the requirements concerning geometrical characteristics (diameter,
depth, taper and aspect ratio), quality (precision), and productivity (drilling time); four
different drilling techniques are commonly used i.e. single pulse drilling, percussion
drilling, trepanning, and helical drilling [3-5]. Schematic diagrams of drilling

techniques are illustrated in Fig. 3.1.

Single-pulse drilling (Fig. 3.1 (a)) with laser radiation is regarded as the most
productive of all the above mentioned techniques. It operates with pulse durations in
the range of microseconds to milliseconds, also with the ability to reach a drilling
depth of up to 2 mm. It is used in applications that require a large number of holes

with diameters < 1 mm and depths < 3 mm [3-5,35].

Percussion drilling (Fig. 3.1 (b)) is a pulsed process, in which material is
removed with consecutive pulses of laser radiation [35-36]. It is applied for holes with

diameters < 1mm and depths up to 20 mm. Through this technique a high aspect
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ratio can be achieved as compared to the single-pulse drilling method (approximately
50:1 compared to 20:1). Pulse durations for this technique range from about 100 fs
to 2 ms and the diameters ranges between 100 ym and 1 mm [3-5]. Pulsed Nd:YAG
lasers are commonly used for percussion drilling because of their higher energy per
pulse and high peak power. One disadvantage of percussion drilling is that the
material which is removed is blown backward toward the lens. Applications of this
technique include the drilling of cooling holes in the turbine blades of aircraft engines
and stationary turbines, holes in filters, sieves, nozzles for ink-jet printers, and feed-

through holes for solar cells [3].

Trepanning (Fig. 3.1 (c)) is a combination of the cutting and drilling processes,
typically performed using a pulsed laser. The pulse duration selection (ranging from
a few nanoseconds to millisecond) is dependent on the type of material, the
thickness of the material and the required quality of the hole. A through hole is first
pierced by percussion drilling and then the through hole is widened to its final
diameter in a circular cutting motion. The required diameter can be achieved either
directly in a single positioning step or in several consecutive positioning steps with

the beam describing concentric circles or spirals [3].

The helical drilling technique (Fig. 3.1 (d)) requires rotation of the laser beam
relative to the workpiece or vice versa. Unlike trepanning helical drilling does not
involve the creation of a pilot hole. The laser moves in circles over the material as
the pulses are delivered and a large amount of material shoots up during the
process. The laser continues to work its way through the hole in a downward spiral.
The drilling process is dominated by vaporization which helps to avoid the formation
of a large melt pool at the hole bottom. The pulse duration for this process is in the
nanosecond range. Helical drilling has the ability to produce large and deep high-
guality holes that are very precise and exhibit good micro-structural quality [3].
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Figure 3.1: Laser drilling techniques (a) single pulse drilling, (b) percussion drilling,

(c) trepanning drilling, and (d) helical drilling [3].

For this dissertation the percussion drilling technique will be considered. The
Ti:Sapphire femtosecond laser can perform percussion drilling in two ways, i.e. burst

mode and continuous pulsed mode.
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3.1.2 Defects associated with laser drilling

The principal characteristics of laser drilling processes include the hole diameter,
depth and drilling angle. Like any other machining process, laser drilling also suffers
from defects. The common process defects associated with laser drilling are tapering
of the hole walls, recast layer, spatter, and microcracking [6, 35-38].

In contrast to mechanically drilled holes, laser drilled holes are not entirely parallel
walled and in most cases they are associated with taper. Tapering refers to the
decrease of the hole diameter with depth. The taper in laser drilled holes is caused
by the expulsion of molten and vaporized material from the hole, and is defined as:

_ 4imd;

—, (3.1)

where ¢ is the taper angle, d;and d; are the entrance and exit diameters

respectively, and t is the thickness of the material [5]. Figure 3.2 is a schematic

description of the side view of the hole taper.

Entrance diameter

[
Exit diameter

Figure 3.2: Schematic diagram illustrating the description of the hole taper.

The recast layer is classified as resolidified material that remains on the sides of the
wall of the drilled hole. Some of this resolidified material is found at the entrance and
exit surface of the hole. When the resolidified material is on the entrance surface it is
called spatter and when it appears on the exit surface it is referred to as dross [34].
The resolidified layer can generate micro-cracks that can propagate into the parent
material [35-38]. Microcracking arises when drilling brittle or high hardenability
materials, and often results from high cooling rates caused by high temperature

gradients.
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3.1.3 Laser Parameters that affect laser hole drilling process

The laser drilling process is mostly influenced by pulse energy density, pulse
duration, number or pulses, laser wavelength and beam quality. Previous work has
revealed that optimizing laser parameters including average power, pulse frequency,
and focal position can minimize the defects [36] discussed in subsection 3.1.2 and

improve the hole quality.

3.1.3.1 Pulse energy

The pulse energy is described as the total optical energy content of a pulse, i.e. the
integral of the pulse’s optical power over time. It is calculated by dividing the average
power (which can be measured by a powermeter) by the pulse repetition rate. The
pulse energy and pulse duration are often used to determine the peak power of a
pulse [39].

Depending on the type of laser, the pulse energy can range from picojoules to
kilojoules, for example Q-switched laser have pulse energies ranging from
microjoules to milijoules, while mode-locked lasers have low pulse energies ranging
from picojoules to nanojoules or microjoules [39]. Holes drilled with high pulse
energy lasers have large diameters and large hole-depth. The high pulse energy
causes the exit diameter to increase due to pressure exerted by the vaporization of
the material in the hole [6]. Baricholo et al. [40] attested to this by setting all other

parameters constant and only varying the pulse energy.

3.1.3.2 Peak power

The peak power of an optical pulse is defined as the maximum optical power. Whilst
the peak power density is the power per unit area usually expressed in terms of
W/cm?. For a beam with a small unit area, the peak power density is very high.

Lasers with ultrashort pulse durations also result in higher peak powers to the order
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of gigawatts [39, 41]. Peak power for lasers with long pulses can be measured using
a photodiode which monitors the optical power versus time. This method is not
compatible with lasers that have pulse durations that are below a few tens of
picoseconds, instead the peak power for such lasers is calculated from the pulse

energy and pulse duration.

As the peak power increases the hole’s exit diameter becomes larger than the
entrance diameter, this is known as negative taper [37]. The average taper angles
decrease with the increasing peak power. This is because higher peak powers leads
to more vaporization and ablation and less melting. Thus more material is removed

from effectively at the bottom of the hole resulting in large exit diameters.

3.1.3.3 Number of pulses

Increasing the number of pulses increases the depth of hole, until certain number of
pulses is reached, thereafter the depth remains constant because the material can
no longer escape from the hole. [37]. This can be illustrated by the percussion drilling
technique, since it involves laser pulses being delivered successively at the same
spot. Each pulse removes some material. The disadvantage of the percussion
drilling technique is that as the number of pulses increase, the recast from the drill

hole accumulates until the melt forms a closure.

As the depth of the hole increases, the pressure required to blow out the
molten material increases also [5]. At the closure, the laser radiation is reflected,
diffracted and absorbed and the solidified mass is re-melted. This process recurs at
different points in the drill hole due to consecutive pulses. The absorption of the laser
radiation at a closure by solidified melt can results in local expansion of the drill hole
and thus a reduced reproducibility of the drill hole geometry [3]. As the number of
pulses increases the diameter of the drilled hole increases and becomes more

circular.
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3.1.3.4 Pulse duration and frequency

The pulse duration and pulse shape have a huge impact on the quality of the drilled
holes [42]. Kacar et al. [37] showed that the average hole diameters increased with
increasing laser pulse duration. They also showed that the average taper angles
decrease with increasing pulse duration, resulting with a negative average taper
angle. The use of extremely short nano-, pico-, and even femtosecond pulse
durations minimizes the thermal effects such as melting and recast layer. Micro-
cracking at the side-walls of the laser drilled hole is reduced when using pulses in
these ranges and the need for any post processing measures are reduced when
using pulses in these ranges.

Bandyopadhyay et al. [6] noted that the taper angle reduces with increasing
pulse frequency regardless of the material-thickness. They also found out that the
pulse frequency has a significant bearing on the number of pulses required to drill a
through hole. A Ti-6Al-4V material of thickness 8 mm was drilled through in 25
pulses at a frequency of 9 Hz whereas at 6 Hz twice the numbers of pulses were

required.

3.1.3.5 Focusing conditions

Various optical instruments are used to determine the focal length, depth of focus
and focal spot size of the beam. The spot size of a focused laser beam determines
the size of the drilled holes on the specimen. The minimum spot diameter depends
on the focal length of the lens used, beam quality, laser wavelength, diameter of the
laser beam, and the geometry of the lens. In the case of Bessel beams the opening
angle of the axicon is influential on the central spot size, if y is small, then 1y is large

and vice versa [1].

The point of focus is very crucial when drilling especially with the Gaussian
mode. The specimen surface has to be placed exactly at the focal range of the
beam, placing it before or after leads to poor results. Baricholo et al [40] discussed
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the importance of placing the specimen at exactly the focal point. However this is not
the case for Bessel beams and optical arrangements with a large depth of field i.e.
good beam quality and long focal ranges. Bessel beams have a longer focal depth,
thus the specimen can be placed anywhere in the Bessel beam zone.

3.1.3.6 Assist gas

Most of the laser drilling processes use an assist gas jet coaxial to the laser beam.
The pressure from the assist-gas has an effect on the quality of the hole, as the
assist gas is used as an aid to the removal of plasma and debris and also prevents
contamination of the focusing optics by the ejected debris. The type of gas used and
the operating pressure at which it is applied play a very important role in laser
drilling. At high power lasers, wherein vaporization takes place, the assist gas
increases the drilling efficiency by removing the absorptive vapours and debris that
can prevent the incident laser energy from reaching the target. The most used assist
gases are oxygen, argon, nitrogen and compressed air. Inert gases are used when
oxide free holes are desired, whilst oxygen is mostly used to enhance the material
removal by exothermic reaction [3,5].

3.2 Ultra-short pulsed lasers

With high demand in miniaturization of good quality holes in industries, much focus
has been shifted to micromachining materials using ultrashort lasers. The reason for
this move is mainly because ultrashort lasers have large broadband optical spectrum
and high peak intensities that allows micro- and nano-structuring of all materials [27].
Another major reason for the use of ultrashort pulse lasers is their ability to achieve a
thermal material removal. They possess very high power densities such that the
melting and thermal conditions are completely eliminated and the material removal
occurs only through ablation. Ultrashort pulses have pulse duration in the order of

femtosecond (10" second) or less. The most common of these ultrashort lasers are
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the femtosecond lasers which are described as lasers that emit optical pulse with

duration between a few femtoseconds and hundreds of femtoseconds [39].

The key performance parameters of these lasers are: pulse duration, pulse
repetition rate, pulse energy and the average output power. There are different types
of femtosecond lasers with the most common ones being solid-state lasers, fiber

lasers, dye lasers and semiconductors.

Femtosecond pulses have been shown to produce damage-free
micromachining in a wide range of materials [42-45]. The femtosecond pulses offer
advantages over the long pulses due to its ability to deposit the energy onto a
material in a very short time before thermal diffusion can occur. This results in
reduction of the heat-affected zones, minimal or no recast layers, and high aspect
ratios. Bhuyan et al. [27] used high-aspect ratio Bessel beam to overcome the
difficulties associated with femtosecond micromachining using Gaussian beams in
fabrication of glass microchannels. The advantages of using Bessel beams are
further discussed in the following subsections. Femtosecond Bessel beam machining
has been investigated for laser processing of metals [1], laser surface

nanoprocessing [44] and index modification in glass [27].

3.3 Applications of Bessel beams in micro-drilling

3.3.1 Literature review

Most laser drilling processes are conducted using Gaussian beams, mainly because
the Fourier transform remains a Gaussian thus preserving its shape as it passes
through optical systems. In material processing the preservation of the beam shape
is crucial as the beam travels through different optical mediums to the specimen. It is
mentioned in chapter 2 that most lasers operate in fundamental transverse
electromagnetic mode of a cavity providing a Gaussian intensity profile. However

there are some deficiencies associated with Gaussian intensity profile beams that
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have prompted the use of different beam shapes in material processing. Non-
conventional beams such as Flat-top beams and Bessel beams are amongst those
that have been considered for material processing [7]. In this dissertation the use of
Bessel beams in material processing in particular laser drilling is considered.

Non-conventional beams have the advantage that they can be explicitly
designed to meet the requirements of a given material configuration or application
that could not be feasible with Gaussian beams. As discussed in chapter 2, a
Gaussian beam has a short focal depth as compared to that of a Bessel beam. For
laser micro-drilling focusing a laser beam tightly on the material is very important.
This can be achieved by focusing a laser beam with a conventional convex lens to its
waist diameter [7]. The disadvantage to this setup is that the focal depth is so short,
meaning that the beam is approximately parallel only over a very short distance. The
beam outside the Rayleigh range is either converging or diverging (see Fig. 2.1) and
this is not ideal for drilling deep holes without taper. Due to the beam divergence the
specimen has to be placed exactly within the Rayleigh range. This becomes a
challenge when drilling uneven, rough substrates or non-planar substrates. Thus a
beam with a small diameter that does not depend on propagation length becomes
very useful in applications of microdrilling. Bessel beams do not face such

challenges as they are parallel over a much longer distance.

When drilling rough or uneven specimens using conventional beams, a high
numerical aperture lens would be required to create a tight focus, thus producing a
short depth of field. In order to obtain holes of the same size on surfaces at different
heights, the position of the beam must be adapted to the specimen’s irregularities in
order to preserve the working distance. Bessel beams were considered as an
alternative solution to this problem because of their special property mentioned
above. The long depth of field helps with increasing the tolerance of the focal plane
during processing and also prevents optics being contaminated with the debris

coming from the processed sample.
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Kohno and Matsuoka [2] verified the case that Bessel beams have longer
focal depth, when they changed the work distance within a range of several
millimetres and still maintain the diameter of the laser fabricated spots on a silicon
wafer to approximately 1 ym. Courvoisier et al. [44] used the same approach when
writing 500 nm diameter nano-craters over a longitudinal positioning range

exceeding 20 um.

The depth and diameter of the hole drilled when using Bessel beams are dependent
on the opening angle of the axicon. A small focal spot diameter and a short
propagation distance are obtained using a Bessel beam with a large opening angle
6. Matsuoka et al. [1] varied the focal spot and focal depth by changing the opening
angles of axicons. They showed results for three axicons (with base angles y = 10°,
5° and 1°). The axicon with the smallest base angle i.e. y = 1°resulted in a large
spot diameter (37 um), and deep focal depth (= 20 mm), as compared to the results
obtained when an axicon with a large base angle y = 10 (spot diameter 3.6 ym and

focal depth 0.7 mm) [1] was used.

To drill holes with deep focal depth, an axicon with a small opening angle 6
can be used. The drilled hole’s diameter is expected to be a little bit larger than the
focal spot diameter when drilling using Bessel beams because the energy density of

the Bessel beam’s surrounding rings exceeds the processing threshold.

It has been numerically demonstrated that the penetration depth of Bessel beams
propagation inside a hole in bulk material is substantially longer than the penetration
depth achievable by a conventional Gaussian beam of the comparable transverse
dimensions [22]. This effect was observed for different type of materials such metals,
semiconductors, and glass. Upon drilling of copper foil of thickness 100 um, Alexeev
et al. [22] observed that the exit hole deviates from being circular. Also noted was
that the diameter of the entrance hole is slightly larger than the expected diameter,

due to the high intensity of the first few surrounding rings.
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Although the use of Bessel beams in material processing has generated interest
from researchers, two major disadvantages of these beams has led to the
guestioning of the effectiveness of drilling through holes on metals. Bessel beams
carry the same amount of energy in their rings with only the intensity differing per
ring. The energy in the rings causes the top surface of the material to be ablated and
only the central lobe making a hole. This resulting concentric ring structure on the
substrate surface around the central hole is undesired in any material processing
application. Kohno and Matsuoka [2] suggested that by controlling the beam energy
strength only for the main lobe of the Bessel beam to exceed the ablation threshold,

the ring structure can be minimized.

The second aspect that limits the use of Bessel beams for through-hole
drilling in metals is the inability of the beam to reconstruct itself as the metal surface
blocks the rings from the beam itself. As mentioned before (section 2.3) Bessel
beams are able to reconstruct a certain distance after encountering an obstacle,
since they are a result of the interference between plane waves. Since metals are
opaque such plane waves do not propagate inside the material, thus losing the long
depth of field of a Bessel beam. However if the drilled metal foils are thin enough (<
100 um), holes drilled with Bessel beams can exhibit sharper sidewalls and produce

holes with little taper.

3.3.2 Experimental procedure

A large portion of this dissertation consisted of generating Bessel beams and
measuring their properties. Chapter 2 gives a clear description on the generation and
the properties of Bessel beams. These beams are then applied in laser microdrilling
of stainless steel plates of different thicknesses. The femtosecond machining source
used in this work was a Ti:Sapphire amplifier laser (Clark-MXR CPA series) operated
at a centre wavelength of 775 nm, pulse duration of T = 150 fs (FWHM), average
power of 1.1 W, and pulse repetition rate 1 kHz. The laser was chosen because of it
suitability in drilling processes, mainly because it is pulsed, consists of ultra-short

pulse duration reducing the interaction time with the sample, possesses a good
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beam quality suitable to generate a Bessel beam, and its ability to reach high peak

powers.

Figure 3.3 is a schematic diagram for the experimental setup. The mirrors are used
to guide the beam along its optical path. An assist gas (argon) is co-aligned with the
incoming laser beam towards the sample. This is to assist in blowing away the debris
from the optical elements in the setup and to shield the interaction zone from the

atmosphere in order to avoid oxidation.

Mirror 1
Beam Source
Sample
‘—
Mirror 2
Axicon

Figure 3.3: A schematic diagram of the experimental setup for laser drilling using

Bessel beams.
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The incoming Gaussian beam as seen in Fig. 3.4, with a beam width w, = 2.55 mm,
and beam quality M? = 1.4 was illuminated on an axicon with a base angle y = 2.2°

to generate zero order Bessel beams.

Figure 3.4: An image of the Gaussian beam profile obtained from the Clark-MXR

CPA series Ti:Sapphire femtosecond laser.

3.4 Characterisation techniques

For the analysis and measurements of the hole diameter two characterisation
instruments where considered, i.e. the optical microscope and the scanning electron
microscope. An optical microscope is used to measure the dimensions on the holes,
whereas a scanning electron microscope (SEM) is used to view in more details the
morphology and topography of the drilled holes up to nanometre scale and measure

their diameters.
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3.4.1 Optical Microscopy

An optical microscope (OM) is commonly referred to as a light microscope, it uses
visible light and a system of lenses to magnify images of small samples. In
generating micrographs using the light microscope, a normal light-sensitive camera

can be used to capture images.

Two basic configurations of the conventional optical microscope exist, i.e. the simple
(single lens) and the compound (many lenses). Most research microscopes are
compound microscopes. In order to focus at different focal depths the distance
between the sample and the lens is adjusted, whilst a different magnification
objective lens can be used to get a wider or narrower field.

A single microscope uses only one lens for magnification, whilst the
compound microscope uses multiple lenses to collect light from the sample and a
separate set of lenses to focus the light into the eye or camera. Although compound
microscopes are more expensive than simple microscopes they have an improved
numerical aperture, reduced chromatic aberration and exchangeable objective
lenses that adjust the magnification [46].

The structural components of the light path are mostly common for modern
optical microscopes. The most common components as shown in Fig. 3.5 are
eyepiece (ocular lens), objective turret, and objective lenses, focus knobs to move
the stage (coarse and fine adjustment), stage to hold the specimen, light source,

diaphragm and condenser, and mechanical stage.
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Figure 3.5: A typical Optical Microscope with indications of components that make
the optical path [47].

The ocular lens’s function is to bring the image into focus for the eye and the
objective lenses collect light from the sample. There are usually three or more
objective lenses that are attached to the turret. These lenses are parfocal meaning
that when one changes from one lens to the other, the sample stays in focus. Light
microscopes are characterized by magnifications ranging from 5X to 1000X and
numerical apertures ranging from 0.14 to 0.7 [46].
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3.4.2 Scanning Electron Microscopy

3.4.2.1 Introduction

A scanning electron microscope, (SEM) is a type of microscope that produces
images of a sample by scanning it with a focussed beam of electrons. The
distinguishing factor between the OM and the SEM lies in the beam sources used,
light for OM and electrons for SEM, and in the magnification system. In OM glass
lenses are used to magnify the objects, whilst magnets are used in the SEM to bend
the beam of electrons for image magnification. The electrons are thermionically
emitted from a cathode or a field-emitter, within an electron gun that is situated at the
top of its electron-optical column. The emitted electrons form an electron cloud and
are accelerated by a set voltage, the electron cloud is then focussed by
electromagnetic lenses, coils and apertures into a fine probe that systematically
scans over the specimen surface, to produce an image [48]. The components that
make the electron-optical column of the SEM mentioned above are shown in the
schematic diagram given by Fig. 3.6.

Two condenser lenses situated below the electron gun focuses the emerging
beam into a much smaller diameter size. The beam is further aligned and focused by
apertures and coils within the column until it reaches the final lens near the specimen
chamber. The fine beam of electrons is scanned across the specimen by the scan
coils, while a detector counts the number of low energy secondary electrons. The
objective lens determines the intensity of the beam upon striking the specimen and

also controls the image brightness.

55



Electron Gun

|

Anode

Condenser
Alignment — Aperature
Coils

Condenser Lens 1

Condenser Lens 2

Variable Aperature

L

2 Stigmator

Deflection Gaoil

@ Secondary
Electron

’_‘%ﬂ\\ 4  Detectors

//’s/m::iman an "’ Condenser Lens 3

Stage
Specimen
Chamber

Vacuum

f

Figure 3.6: Schematic representation of the components comprising the SEM

column [49].

3.4.2.2 Electron Beam - Specimen Interaction

When incident electrons are decelerated in the solid specimen, a variety of signals
are produced by the electron-specimen interaction. These signals include secondary
electrons, backscattered electrons (BSE) and diffracted backscattered electrons,
visible light (cathodoluminescent), characteristic X-rays, and Auger electrons. The

signals that can be detected in an electron microscope are shown in Fig. 3.7.
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The analysis of these signals provides visual information about the
specimen’s topography, elemental composition and content, as well as other
properties such as electrical conductivity. Secondary electrons are valuable in
showing the morphology and topography of the samples, whilst backscattered
electrons are most valuable for illustration in composition contrast in multiphase
samples [48-51].

Incident beam

Backscattered electrons
X-rays /
\\ / _..» Cathodoluminescence
Auger Electrons N A
N L / .. — % Secondary electrons
Sample

L=

. Transmitted electrons
Specimen current
Figure 3.7: Schematic diagram of the signals generated during the incident beam-

specimen interaction [51].

Secondary electrons are low-energy electrons that are produced within the
interaction volume. The electrons that are produced deeper within the interaction
volume are likely to be absorbed through collisions and their energy exhausted
before they reach the sample surface. The electrons produced in the near surface
reach the secondary electrons’ detector and they participate in the formation of the

image.

Secondary electrons are produced when an incident electron excites the
specimen electron and loses some energy in the process. The excited electron

undergoes elastic and inelastic collisions as it moves towards the surface and it will
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escape. The electrons that are close to the surface are the only ones with the

remaining sufficient kinetic energy to escape.

The secondary electron signal is the most commonly used to image the specimen in
modern SEMs. The secondary electron detector captures the electrons, whose
energy is then converted into photons by means of a scintillator. The interaction

volume is very small when compared to back-scattered electrons or X-rays.

The number of secondary electrons emitted can be maximised by coating a non-
conductive specimen with a carbon layer, gold or gold-palladium layer [49, 51].
Areas ranging from approximately 1 mm to 5 um in width can be imaged in a

scanning mode using the SEM, with magnification ranging from 20X up to 30000X.

3.4.2.3 Resolution

The apparatus’s resolution is one of the key factors when performing microscopy.
Resolution is described as the distance at which two objects are observed as two
separate entities. When operating the SEM obtaining great magnifications without
sufficient resolution is undesirable, since no valuable information will be extracted
from such images. Mathematically, the limit of a resolution, i.e. the smallest
separation distance at which two objects are resolved, is described by the Abbe’s

equation

_0.6122

nsina’

(3.2)

where d is the limit of resolution, A is the wavelength of the beam, while n is

the refractive index of the viewing medium, and « is the convergence angle [51].

Equation (3.2) shows that in order to achieve the best resolution, smaller
wavelengths or high values of n and a are needed. In electron microscopy the

resolution is controlled by the accelerating voltage. Thus higher accelerating

voltages provide the best resolution.
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3.4.2.4 Depth of Field and Working Distance

The depth of field (DOF) is defined as the range of positions for the objects at which
human eye cannot detect a change in the sharpness of the image. From geometry
the depth of field is given by [51]

h = 0.614 (33)

nsinatana’

It refers to the part of the specimen that appears in focus in the final image. Imaging
with electrons offers improvement in both resolution and depth of field because for

high energy electrons the microscope is operated with smaller values of «.

The working distance is defined as the distance between the final condenser lens
pole piece and the uppermost part of the specimen. The working distance directly
influences the depth of field observed for a particular sample [51]. A sample scanned
at a long working distance results in a great DOF and a decrease in the aperture
angle, whereas the one scanned at a short working distance results in an image with

low DOF and is scanned at a wide aperture angle [47-49].

Changing the working distance has an influence in the spherical aberrations
of the imaging system; this affects the resolution of the final image. Spherical
aberrations arise from the geometry of the electromagnetic lenses. They occur
because electrons which are closer to the beam optical axis deflect less than those
passing through the periphery of the electron beam. This creates more than one
focal point and results in an enlarged, non-focused spot. When the working distance
is decreased the spherical aberrations effect become less, this result in a smaller,

more focused beam spot and yields a better resolved final image [48].
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3.4.2.5 Effect of accelerating voltage

The accelerating voltage is described as the voltage that is applied to the filament.
The applied voltage creates a current through the filament thus causing it to emit
electrons. Accelerating voltages used in SEM varies between 5 kV and 20 kV.
Varying the accelerating voltage has an influence on the electron beam-specimen
interaction. For low accelerating voltages, the beam interaction with the specimen is
confined in the regions close to the surface. This offers detailed image information of
the surface as compared to images obtained at higher accelerating voltages. At
these voltages the beam penetrates beneath the specimen surface and signals
arising from below the sample surface are imaged. An increase in accelerating
voltage decreases the amount of spherical aberrations of the system which then
enhances the resolution [49]. Low accelerating voltages are applied on the drilled
samples for measuring the hole diameter, and high accelerating voltages are used
when viewing the side wall of the holes to determine the tapper angle.

3.4.2.6 Sample preparation

The samples should be of an appropriate size to fit in the specimen chamber. These
samples are mounted rigidly on a specimen holder called a specimen stub. In order
to obtain an image from a conventional SEM instrument without damaging the
specimen specimen using the SEM, the specimen has to be electrically conductive
at least at the surface. To avoid the accumulation of electrostatic charges at the
surface, the specimens must be electrically grounded. Non-conducting specimens
are normally covered with an electrically conductive coating for imaging in order to
avoid surface charging. Coating of non-conducting materials reduces the thermal
damage caused by the beam to the sample. Stainless steel specimens were used,
and since the material is electrically conductive there was no need for conductive
coating [47-49].
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3.4.3 Characterisation

3.4.3.1 Optical Microscopy Instrumentation

The morphology of the drilled holes on both sides of the samples was imaged using
an Olympus BX51M optical microscope using the Olympus SC30 camera to capture
the micrographs. At low magnification the micrograph displays the entire irradiated
area of the top surface showing all the rings, however difficulties are experienced in
viewing the drilled hole from the central lobe of the Bessel beam. The sample is
turned around to view the exit hole and the diameters are measured and an average
value is given for more circular holes. One of the challenges experienced with the
OM is that the resolution at high magnification i.e. at 1000X is poor, resulting in
difficulties in measuring the diameter at the top surface of the sample. To resolve this

mishap the use of SEM was considered.

3.4.3.2 Scanning Electron Microscopy Instrumentation

High resolution scanning electron microscope was used for imaging. Since stainless
steel is conducting, there was no need to coat the samples. Secondary electrons
imaging was obtained using a gentle-beam mode with accelerating voltage of 2.0 kV
and a working distance of 38.0mm. Micrographs were taken up to 2000X

magnification. The results are shown and discussed in the next chapter.
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Chapter 4
Results and discussions

4.1 Experimental results and discussions

4.1.1 Bessel beam generation

Bessel beams were generated using the setup discussed in subsection 3.3.2. The
main properties of a Bessel beam were calculated and measured. The procedure
used for measuring the beam profile in chapter 2 was also used in this subsection.
The central spot diameter was measured to be 28.2 um +0.5 um which was in close

agreement with the calculated value of 31.70 um. The propagation distance at half

Zmax Was measured at 65.0 + 0.5 mm which was in agreement with the calculated
value of 66.4 mm +0.5 mm. The sample was placed at 1;,,, position (see Fig. 2.10)

which is a halfway the propagation distance z,,,,, and it's the region where the

Bessel beam reaches its highest intensity.

The initial beam emitted by the Ti:Sapphire femtosecond laser had an elliptical
shape as shown in Fig. 3.4, with a poor quality Gaussian profile. This had a negative
influence on the quality of the Bessel beam generated. An ideal Gaussian beam has
a beam quality, M? ~ 1, and it can be seen in Fig. 2.2 (b), whereas the beam from
the current laser had a beam quality M2 = 1.4. The central lobe is not entirely
separated from the first surrounding ring, and the first ring has an unevenly intensity
distribution. This could have been caused by the incoming beam profile, or

misalignment of the beam in its optical path.
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Figure 4.1(a) & (b) displays the intensity profile distribution of a Bessel beam in 2D
and 3D respectively. The central lobe of the Bessel beam has the highest intensity
and the first surrounding ring has a slightly higher intensity than the other

surrounding rings.

(b)

Figure 4.1: Images displaying intensity distribution in 2D (a) and 3D (b) of a Bessel
beam from the Clark-MXR CPA series Ti:Sapphire femtosecond laser.
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4.1.2 Laser drilling results and discussions

For drilling, the samples were placed at half z,,,, position as indicated on Fig 3.3,
since the central lobe attains its maximum intensity at that position. As discussed in
chapter 2 the half z,,,, region is experimentally determined by profiling the beam

along its propagation distance and measuring the intensity counts from the

BeamGage beam profiler

Stainless steel sheets, 50 um and 100 um thickness, were used as samples
and they were positioned at half z,,,,. The laser was operated in continous pulses

for a period of 30 seconds per sample. The output power measured before the
axicon was 0.912 W giving pulse energy of 0.912 mJ. The pulse energy was
calculated by dividing the output power with the pulse repetition rate which is 1 kHz
for the femtosecond laser used. The energy per ring was calculated to be 14.45 pJ,
as stated before the rings in a Bessel beam contain the same amount of energy, with
only the intensity changing per ring. Since each ring carries the same amount of
energy all visible rings have an interaction with the top surface of the material
causing the surface to be ablated. However since the intensity differs, only the rings
with high intensity will have more material removed thus the central lobe making a
through hole. At 30 seconds a through hole is drilled for both samples, however the
beam light can be viewed on a screen, from the exit side of the sample in less than

20 seconds on the 50 um sample.

To improve on the quality of the hole and also eliminate the debris around the
surfaces of the holes, the samples were immersed in a pickling solution. The solution
used to clean the samples was a mixture of acids viz. 8-20 vol% HNO3 and 0.5-5
vol% HF. An optical microscope (OM) was used to analyse the morphology of the
drilled holes. Figure 4.2 shows micrographs obtained from the OM for stainless steel.
Micrograph (a) is taken before the sample is cleaned, and micrograph (b) was taken
after the sample was immersed in a pickling solution. The fine features in the region
of the through hole could not be resolved with the highest magnification (1000X) of
the Olympus BX51M OM microscope. After pickling, the oxides on the top surface of
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the material are removed and the depth of the actual material removed can be
observed.

" (b)

Figure 4.2: Micrographs of the top surface of laser drilled stainless steel sheets (a)
before sample immersed in pickling solution, (b) after the sample is immersed in

pickling solution for duration of 30 minutes.
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The process gas is used to remove the debris formed on the walls of the drilled
holes. Argon serves to block additional chemical reactions from the oxides in the
room during the drilling process. There is a difference on the drilled holes
morphology when assist gas is used and when it is not. The images in Fig. 4.3 are
for 100um stainless steel sheet drilled with and without the assist gas. The top
irradiated surface is ablated by the surrounding rings and the central lobe drills

through the material and forms a hole.

Figure 4.3: Images of laser drilled holes on a 100um stainless steel sheet. (a) Top

surface of the sample and (b) exit hole drilled without the shielding gas. (c) Top

surface of the sample and (d) exit hole drilled with a shielding gas, Argon.
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The exit hole deviates from being circular as can be seen in Fig. 4.3 (b) and (d).
Holes drilled with the assistance of the shielding gas shows less surface oxidation.
No phase formation can be observed since ultrafast femtosecond pulses are used
for drilling.

Due to poor resolution at high magnification for images obtained using the optical
microscope, a SEM was used for imaging the samples at higher magnification. SEM
images for drilled samples are shown in Figures 4.4, 4.5 and 4.6. Images obtained
before the samples were immersed in an ultrasonic bath contained debris on the
edges of the holes as seen in Fig. 4.4 (a) and Fig. 4.5. Although the holes are not
circular, they maintain almost the same shape at the top and bottom side of the

sample. Debris free holes can be seen in images displayed in Fig. 4.6.

Figures 4.7 and 4.8 displays the entrance and exit diameters of the 50 um and 100
pum sheets respectively, drilled with the assistance of shielding gas argon. The holes
have an elliptical shape, and the diameters were measured at various points in the
horizontal dimension. In Fig. 4.7 the vertical diameter was measured to be 63.1 um,
while a number of horizontal measurements were taken with the smallest

measurement being 6.42 um and the largest from the hole being 20.4 pm.
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— 10pum 2013/08/15
2.00kV SEI M WD 38.0mm 02:17:20 (a)

= 10pm JEOL 2013/08/16
2.00kV SEI M WD 38.0mm 12:30:02 (b)

Figure 4.4: Images of laser drilled holes using a Bessel beam with no assist gas
displaying the top surface of a 50 um stainless steel sheet (a) before ultrasonic bath

and (b) after the ultrasonic bath.
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Figure 4.5: The high magnification images of the (a) entrance and (b) exit holes

drilled on the 50 um stainless steel sheet.
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2.00kV SEI M WD 38.0mm 01:00:08 (b)

Figure 4.6: The high magnification images of the (a) entrance and (b) exit holes

drilled on the 50 um stainless steel sheet after it was immersed in an ultrasonic bath.
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2.00kV SEI M WD 10.0mm 11:16:07 (b)

Figure 4.7: Top and bottom images of drilled stainless steel 50 um sheet, (a) is the

top surface drilled with shielding gas and (b) is its reverse side
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Figure 4.8: Top and bottom images of drilled stainless steel 100 um sheet (c) is the

top surface drilled with shielding gas and (d) is its reverse side.
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Evaluating images from Fig. 4.7 and Fig. 4.8 and others not shown it is observed that
the holes’ structure is different for each sample. This could have been caused by the
difference in top surface structure per sample and also affected by the thickness of
the material. Another factor that could have affected the holes deviating from being

circular is the poor quality of the Bessel beam generated.

Due to the non-circularity of the drilled holes, the diameters of the drilled holes
were measured at various points and in different dimensions. The holes have an
elliptical shape, and this could have resulted from the un-even distribution of the
intensity of the Bessel beam. The initial Gaussian beam used to illuminate the axicon
is far from being a perfect Gaussian beam, it has an elliptical shape instead or a
circular shape (see Fig. 3.3). As mentioned in chapter 2, a Bessel beam is formed by
illuminating an axicon with a Gaussian beam, thus the quality of the Bessel beam
relies on the quality of the Gaussian beam. The first surrounding rings have slightly
high intensity that causes ablation on the area surrounding the central lobe; this

causes the hole to be larger than the size of the central lobe of the Bessel beam.

The stainless steel sheets were also drilled using the Gaussian beams. A lens with a
focal length of 60 mm was placed in the optical path of the beam, and the sample
was placed at the focal length of the lens. The holes drilled were viewed using the
OM and the micrographs are shown in Fig. 4.9 and 4.10. Fig. 4.9 shows holes drilled

on the 100 um stainless steel sheet and Fig. 4.10 shows that of a 50 um sheet.

Similarly to the holes drilled with Bessel beams, the holes drilled with
Gaussian beams are also non-circular. The entrance holes have an elliptical shape
that is similar to the shape of the initial Gaussian beam shown in Fig. 3.4, this is
because the top surface takes on the shape of the oncoming beam. However the
shape of the exit holes deviate more from being circular as the beam propagates
inside the material and the original shape is lost. The exit diameters are smaller than
those of the entrance holes. The shape of the holes differs for each sample, although
the same setup was used. This can be attributed to the structure of the material and
its positioning when drilled.
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Figure 4.9: The entrance (a) and exit (b) holes drilled on a stainless steel 50 um thick

sheet using a Gaussian beam.

74



Magnification; 10 x

Figure 4.10: The entrance (a) and exit (b) holes drilled on a stainless steel 100 um

thick sheet using a Gaussian beam.
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Femtosecond lasers are known to be unstable over a long period of time, thus from
time to time the quality of the initial beam deteriorates. This can be seen in the
difference between the beams in Fig. 2.18 (a) and Fig. 3.3. These images were
taken from the same laser at different times hence their qualities differ. Every now
and again the system has to be aligned to restore the beam quality. Because of this
instability the shape of the drilled holes differ per sample although the setup remains
the same. The elliptical shape of the initial Gaussian beam has affected the holes
drilled by both Gaussian and Bessel beams.

To eliminate the problems faced above, a different choice of material was
considered. From literature it has been shown that femtosecond lasers have been
used successfully for fabrication of taper-free micro-channels in glass using Bessel
beams [15]. As discussed in chapter 2 the Bessel beam has the ability to reconstruct
itself after encountering an obstruction, this was observed when the Bessel beam
passed through glass slides.

At the operating wavelength 4 = 775nm, the Bessel beam propagates through glass
without being absorbed or reflected. Since the central lobe of the Bessel beam has
higher intensity than the surrounding rings, it drills a hole on the 1 mm thick
microscope glass slides, whilst the surrounding rings get transmitted through. The
visible ring structure in Fig. 4.11 was caused by the marking that was done on the
top surface of the glass specimen for ease in measuring the diameter of the hole.
The diameter was measured to be 15.4 + 0.3 um from the OM. The hole can be
clearly identified and it is more circular as compared to the holes drilled on metals
above. This is because the Bessel beam reconstructs itself inside the glass slide,

unlike the case of metals that are opaque.
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Magnification: 25 x

Figure 4.11: A micrograph of a hole drilled using a Bessel beam on a painted 1 mm

thick microscope glass slide.

The measured diameter of the hole is smaller than the diameter of the central lobe of
the Bessel beam, it is almost equivalent to the radius of the central lobe, r, = 15.9 +
0.3 um. The hole was drilled with a femtosecond laser with a pulse energy 11.68 puJ
on the central lobe. Increasing the pulse energy increases the diameter of the drilled

hole, however still smaller than the diameter of the central lobe of the Bessel beam.
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Through holes were drilled on the 1 mm microscopic slides as shown in Fig. 4.12.
The exit diameter is smaller than the entrance diameter of the drilled hole. The
entrance diameter was measured to be 16.51 um and the exit diameter was

measured to be 10.32 um resulting in a taper angle, ¢ = 0.18°.

The same experiment was conducted using the same processing parameters but
with two samples placed a certain distance apart. The aim of this setup was to show
that Bessel beams possess a longer depth of field and its central lobe retains the
same diameter along the propagation region as shown in chapter 2. Two 1 mm
microscopic glass slides were placed 12 mm apart along the Bessel beam
propagation zone. The Bessel beam passes through the first slide and it reconstructs
itself and then passes through the second slide, producing almost the same hole. In
Fig. 4.13, slide (a) was placed first followed by slide (b), and only the front surface is
shown in these images for both slides. The rings surrounding the central lobe are not
visible in this case, since they are of low intensity they propagate through the glass
slides without causing any ablation. The holes shown in Fig. 4.13 (a) and (b) had a
diameter of 20.2 + 0.3 pum drilled with a pulse energy 14.58 pJ.
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Magnification: 25 x (a)

Magnification: 25 x (b)

Figure 4.12: The entrance and exit diameters of holes drilled on 1 mm thick

microscope glass slide.

79



(@)

Magnification: 25 x (b)

Figure 4.13: Images of top surface of holes drilled on two glass samples placed a
distance apart along the Bessel beam propagation zone.
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Although clear holes were visible on the top surface of the glass slides, it was
however difficult to view the exit holes on the bottom surface of the slides. This could
be caused by the debris that can form a closure at the bottom of the hole depending
on the thickness of the slides or insufficient output power from the laser. As
mentioned above the femtosecond laser used in these experiments was unstable
with power fluctuations. This has an effect on the overall energy distribution in the
Bessel beam. When the power was low, through holes could not be drilled on the 1

mm microscope glass slides.

After the laser’s output power was adjusted the above experiments we conducted
again, this time around through holes were drilled on the 1 mm microscope glass
slides. Figure 4.14 shows the entrance and exit diameters of the drilled holes. The
measured output power was 756 mW which was enough to drill through the slides.
The average entrance diameter was measured to be 16.52 um and the exit diameter

was 11.03 um resulting in a taper angle, ¢ = 0.14°.
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Figure 4.14: The (a) entrance and (b) exit holes drilled on 1.1 mm microscope glass

slide.
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4.2 Conclusion

Laser drilling on stainless steel sheets using Bessel beams yields non-circular holes,
however the entrance and exit sides contain the same shape. The intensity of the
first few surrounding rings ablates the top surface of sheets causing the width of the
hole to be wider than that of the central lobe of the Bessel beam. For stainless steel
sheets thicker than 150 pum, through holes could not be drilled. The Bessel beam
could not reconstruct itself within the metal, as the metal is opaque, hence through

holes could only be drilled on very thin samples.

A different material was considered, in order to analyse the effect of using Bessel
beams in microdrilling, since poor quality results were obtained using stainless steel.
Microscope glass slides were then drilled using Bessel beams, and good quality
holes were drilled with no visible ring structure. The diameter of the holes drilled was
smaller than that of the central lobe of the Bessel beam, however increasing the
pulse energy increased the diameter of the hole. The holes drilled on microscope

glass slides resulted in a taper angle, ¢ < 1°.

The ability of Bessel beams to reconstruct after encountering an obstacle was
demonstrated when two samples placed a distance apart were drilled at the same
time, resulting in almost the same size holes. This also showed that the central lobe
of the Bessel beam retains the same size along the propagation zone. Overall
Bessel beams can be used to drill circular holes in glass with no effect of the external

ring structure on the top surface of the glass sample.

The output power fluctuations affect the quality of the initial beam, which then affects
the quality of the output shaped beam. When the output power is low, the pulse
energy in the Bessel beam is also low, this decreases the intensity in the central lobe

of a Bessel beam, resulting in drilling of vias instead of through holes.

83



Summary

Laser beam shaping plays a crucial role in laser drilling. In most cases laser drilling
is performed using the Gaussian beam shape, however there are other beam
shapes that have been alternatively used. In this dissertation the Bessel beam was
used for drilling micron sized holes on different materials and its effect on the hole
quality was investigated.

Zero order Bessel beams were generated using axicons and the main properties of
Bessel beams, namely z,,,, and 1, were measured. The principles that defines

Bessel beams were discussed and proven experimentally. Annular beams which
resulted from far fields of Bessel beams were also discussed together with means of

generating them.

The generated Bessel beams were then applied in laser microdrilling processes.
Stainless steel sheets < 100 pm in thickness were drilled using Ti:Sapphire
femtosecond lasers. Since metals are opaque one of the special properties of Bessel
beams was not met. The principle of reconstruction of a Bessel beam after
encountering an obstacle was not possible for the stainless steel sheet, since the
beam could not propagate through the sheets. The holes drilled on stainless steel
sheets were not circular but however they maintained the same shape at the top and
rear surface of the samples. This showed that Bessel beams can drill parallel holes

with minimal taper on materials.

Bessel beams proved to have better drilling effects on glass materials than on
metals. Well defined circular holes were drilled on transparent 1 mm thick
microscope glass slides.
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Future work

For future work, a laser with a good beam quality, M2, should be used to generate
good quality Bessel beams. This could help improve on the circularity of the drilled

beams.

The possibility of drilling through holes on transparent glass materials could be
further investigated, with focus on the microstructure of the hole created. The main
idea will be to investigate the propagation of the intensity distribution from the central

spot size of the Bessel beam within the walls of the drilled hole.
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