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Abstract

The overall aim of the work presented in this thasito develop an adaptive optics
(AO) technique for application to laser-based maaotufring processes. The Gaussian
beam shape typically coming from a laser is notagbkvideal for laser machining.
Wavefront modulators, such as deformable mirrofdY&nd liquid crystal spatial light
modulators (SLM), enable the generation of a vartgtbeam shapes and furthermore

offer the ability to alter the beam shape duringdltual process.

The benefits of modifying the Gaussian beam shapméans of a deformable mirror
towards a square flat top profile for nanosecosédanarking and towards a ring shape
intensity distribution for millisecond laser dnilj are presented. Limitations of the

beam shaping capabilities of DM are discussed.

The application of a spatial light modulator to as@cond laser micromachining is
demonstrated for the first time. Heat sinking méraduced to increase the power
handling capabilities. Controllable complex beahapes can be generated with
sufficient intensity for direct laser marking. Gamtional SLM devices suffer from

flickering and hence a process synchronisationnisoduced to compensate for its
impact on the laser machining result. For altevea®LM devices this novel technique
can be beneficial when fast changes of the beamestiaring the laser machining are
required. The dynamic nature of SLMs is utilisedimprove the marking quality by

reducing the inherent speckle distribution of tlemeyated beam shape. In addition,
adaptive feedback on the intensity distribution &anther improve the quality of the

laser machining.

In general, beam shaping by means of AO deviceblenan increased flexibility and
an improved process control, and thus has a stginifi potential to be used in laser

materials processing.
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Chapter 1

Introduction

This PhD project was concerned with the applicatbadaptive optics (AO) for beam
shaping for the application to laser materials pssing. Two different types of beam
shaping devices, i.e. deformable mirrors and liquidtal spatial light modulators, were
investigated. The majority of the work has bearried out with a nanosecond laser
machining workstation although millisecond laselspa were also used, dependent on
the particular application.

1.1 Motivation

The Gaussian beam shape typically generated frdngla beam quality laser is not
always ideal for an intended application or taskstead alternative intensity
distributions such as flat tops (circular or sq)iane doughnut shapes can in some cases
be more suitable for the application and resultbatter machining results or more
economical use of the available laser power. Lbsams with sharply defined edges,
for example, are more suitable for drilling applicas [1], whilst elliptically-shaped
laser beams are known to be beneficial for cutang dicing applications [2, 3].
Creating an elliptically-shaped beam along the imgttdirection can improve the
ablation efficiency and can also increase the mytspeed. Other, more complex

intensity distributions might be beneficial for fage micro structuring.

Using diffractive optical elements or refractivetiop a huge variety of different beam
profiles can be generated [4, 5, 6], yet each wiffeoutput shape requires a new and
distinct optical element and minor changes in tiq@i beam profile can completely
change the resultant output beam profile rendeairigpspoke optical element useless.
Adaptive optics (AO), however, have the distincvattage of enabling the user to
dynamically change between a wide range of lasambgrofiles. This means that the
beam shape could be altered ‘on-the-fly’, i.e. digirihe actual machining process, by
means of AO. Originally, AO techniques based ofomheable mirrors were mainly
developed and applied in astronomy and the militaMore recently, comparatively

low-cost but nevertheless powerful and robust de&ire mirrors have become
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available and as a result AO have started to plsybstantial role in research, industry

and medicine.

The aim of this PhD project was to investigate d@pglication of AO devices to laser
machining. Two different types of wavefront modirng optics, namely deformable
mirrors (DM) and spatial light modulators (SLM), reeused in the work presented
here: DM have a fast response and exhibit thetylbd withstand very high laser
powers, though in most cases have only a compahatismall number of active
elements. Liquid crystal spatial light modulat@®$.M) on the other hand, have a very
high spatial resolution with the drawback of a #owesponse and severe limitations in
terms of their power handling capabilities whichofsoverriding importance in laser-
based machining applications. In laser-based naatwing processes, DM have been
mainly applied for controlling fundamental laserabe parameters such as the focus
position [7, 8] and have been used to a much mimiged extend in the modification of
the spatial intensity distribution for laser mashgqy The application of SLMs to laser
materials processing is limited by their compaediiMow damage threshold for optical
radiation. As a result, research into SLMs for nmgachining has been limited to
femtosecond [9, 10] and picosecond [11] laser pulseHowever, in industry,
nanosecond pulsed laser machining is much more aomnThe investigation of the
applicability of AO to nanosecond pulsed laserthes driver for the work presented in
this thesis, especially if AO techniques are tocbasidered for the development of

practical laser machining applications.

1.2 Summary of chapters
This thesis is divided into five chapters as dethlbelow:

* Chapter 1: Introduction

This chapter.
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* Chapter 2: Background and Literature Review

Chapter 2 provides background knowledge and infaoman the methods, techniques,
algorithms and devices used for this research grojeA comprehensive literature
review, presenting the state of the art and priooviledge forms the core of this
chapter. The fundamentals of laser materials ggicg and beam shaping are
described. Adaptive optics including the beam sitaplevices and applications are

reviewed.

* Chapter 3: Experimental results using deformable mairs

This chapter describes the application of deformabirrors to beam shaping for
application in laser material processing. The besinaping capabilities of a
piezoelectric deformable mirror (PDM) and a bimorphror (BM) are assessed. The
PDM is applied to modify the high beam quality of@osecond laser used for surface
marking. In addition, the device was utilised noprove the drilling of through holes
with a millisecond system having a multimode ldsesm.

* Chapter 4: Experimental results using spatial lightodulators

Three different spatial light modulators (SLM) basen liquid crystal displays are
applied to beam shaping of a nanosecond pulsed ldsmitations due to the power
handling and the optical addressing are discuseddn#ethods to overcome these are
presented. Complex beam shapes can be generatedufficient intensity for direct
laser marking. Ultilizing the dynamic nature of tBeMs including adaptive feedback

enables to significantly improve the quality of taeer marking that can be achieved.

* Chapter 5: Conclusions and future work

Chapter 5 summarizes the major results and oveoaitlusions on the application of
adaptive optics to beam shaping in laser matepiadsessing. Benefits and limitations
of the devices used, and techniques developeddiaoeissed. Finally, future work
suggestions are proposed, some of which are bevestigated in a follow-on project.
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Background and literature review

It can be argued that the laser is one of the mmpbrtant discoveries in the past
century and the laser is ubiquitous in every diey lin the context of this thesis, | will
focus on the use of lasers in manufacturing inipaer and research to a lesser extent.
Lasers are used extensively in laser processing whst range of materials and on
greatly varying scales [12, 13]. The laser makeni@raction and the processes taking
place depend heavily on the energy distributian,the beam shape, of the laser beam
in the interaction zone. By controlling and adagtihe beam shape, the processes can
be modified and optimised to provide a requirecconte. Adaptive optics (AO) are a
flexible and adaptable technique which can prowsdeh control over the intensity
distribution of the laser beam. In the researas@nted and described in this thesis,
Adaptive Optics have been used to modify beamss#rlsystems used in pulsed laser
materials processing. This chapter presents baukgrinformation on the fundamental
technology, techniques and various implementatioA® and a review of the current

state of the art as presented in the open litexatur

2.1 Laser material processing

2.1.1 Pulsed lasers

Lasers can produce either a continuous wave (ctpubloeam or laser pulses. Pulsed
lasers are preferable for processes for which itmportant to locally confine the
deposition of energy to a work piece. Pulse lemgthn range from milliseconds to
attoseconds; in practice pulses in the range disexionds to femtoseconds are used for
materials processing. There is a broad range dintques available to the laser
designer to achieve a pulsed output, such as pypigegping, Q-switching and mode-
locking (see [13] for further details). These teges can be used to control the energy
storage within the laser cavity and its releastoim of laser pulses with certain pulse

durations, pulse energies, peak intensities anetitepn rates.

When applying a pulsed laser to laser-based matwifiag applications the pulse

characteristics have a strong impact on the proc&€kge pulse duration, in conjunction
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with the peak intensity, is particularly importdot the type of interaction between the

laser light and the material and thus industrigefamachining systems are typically

referred to as milli-, micro-, nano-, pico- or fastcond systems.

2.1.2 Interaction of light and matter

For the experimental results described in thisishasinly a nanosecond (ns) laser
machining workstation, but also a millisecond (ns)stem was used, and the
characteristic light matter interactions for thesgimes are summarised in the this

section. An in depth explanation of these procesaa be found in [12, 13, 14].

The interaction between laser light and matter ddpeon the characteristics of the
laser, such as wavelength, intensity, angle ofdierate and illumination time, and on
the physical and chemical properties of the mdterigor laser light incident on a
material, part of the light is reflected and partabsorbed with the absorption being
strongly dependent on the material and the wavétenged. The laser radiation
absorbed by a material typically results in excie electrons for a metal, in lattice
vibrations for an insulator and in both excited célens and vibrations for a
semiconductor [14]. The absorbed energy of therlas dissipated as heat. For low
laser intensities, the laser beam simply acts lasaa source and results in an increased
temperature of the surface and the bulk of the nahtelepending on its thermal
conductivity. For increased laser intensities, tdraperature can increase and give rise

to phase transitions such as melting or vaporisatio

The most common laser based manufacturing processel as drilling, cutting or
surface structuring, utilizes ablative techniques. these cases, a material removal
occurs in form of a liquid, vapour or plasma. Yfet,the removal of molten material an

additional gas jet is required.

The spread of heat varies significantly for diffgrenaterials. For metals, electron-
electron relaxation occurring over a timescale 6f? 10*s and electron-phonon
relaxation occurring over a timescale of'16 10?s are the main heat and energy
transfer processes within the material. In congoerj non-metals typically exhibit a
significantly reduced thermal conductivity and tieéaxations occur over a timescale of

10°— 10%s [14]. As a consequence, for laser materialsgssing using high power
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ms laser pulses, being orders of magnitude lornugam these relaxation times for the

heat transfer within the work piece, the absorbased irradiation is spread to a
significantly larger area compared to the lasert ope. For ms laser machining
melting is the predominant phase transition and rih@ten material is typically
removed by means of a gas jet. For nanosecondeapecially picoseconds laser
machining, the pulse durations are similar to #lexation times for the heat transfer.
This results in better confined heat and henceexdvaporization can occur in addition
to melting. For high laser powers and intensitiks,laser induces a vapour and plasma
plume and the interactions between the laser atedi and this plume have a severe

impact on the process. For further informatiorapéesee references [12, 13, 14, 15].

2.1.3 Beam quality

For laser-based machining applications, a sufftbyelmigh laser intensity at the work
piece is essential. In the context of the workspreed in this thesis, the laser beam is
typically focussed to a small spot. The ability focus a laser beam can be
quantitatively described by the beam quality praddé. This parameter relates the
dimensions of the focussed laser spot compareddiffraction limited focussed spot

based on the fundamental Gaussian beam @pEAMcording to Equation 2-1.

[ (6
M2 = Orea) “(re) . Equation 2-1

a)O(Gaussian) |E(Ga.ussia.n)

Wherewmg(reay andmo(caussian@re the radius of the beam waist of the real laeam and
the ideal Gaussian beam respectively. The afgiescribes the half angle of the
divergence of the real beam and of the ideal Gandstam. The ideal Gaussian beam
has an M value of 1, but real lasers have a value grehter this and contain a certain

amount of higher order modes in the output beam.

The radius of the beam waist of the focussed spot la calculated using

Equation 2-2 and considering, the beam quality faletg the focal length f of the lens,

the wavelengthih. and the beam waisty of the collimated beam (see illustration in
Figure 2.1).
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= Equation 2-2

Lens

Ogpot

«—>
Focal length f

Figure 2.1: lllustration of single element lens tdocus a collimated laser beam.

The beam quality product of a laser can be detewnioeexample using a knife-edge
technique [16]. For the work presented in Chap8end 4, a semi-automated beam

profiling software was used to measure thievidlues [17].

2.2 Fundamentals of beam shaping

In many laser applications some form of beam slpp®m beneficial to the
manufacturing or machining process taking placthenlaser material interaction zone.
Beam shaping controls the energy distribution acedeam and can also be used to
reconfigure a typically circular beam outline to antline shape optimised for a
particular task. Many lasers emit a beam with aremor less Gaussian intensity
distribution. Lasers with a smallaWalue typically emit near perfect Gaussian beams.

For many laser applications some form of beam sigaps used to modify or
redistribute the typically Gaussian intensity disition coming from the laser towards a
beam shape that is more suitable for the task. inglesst and widely used approach to
achieve a different beam shape is to expand the laea then to use a mask in order to
laser mark only a specific areas [18]. For examplasking is the most common beam
shaping approach in laser lithography. Spatiathdgd absorbers or reflectors can be
used e.g. to generate a flat top profile, i.e. &um intensity distribution, from a
Gaussian beam shape. Such masks however typrealljt in significant loss of laser
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radiation and hence are less appropriate for agjic to high power laser materials

processing.

Since a laser typically emits coherent radiatioa imarrow spectral profile with a planar
wavefront, alternative phase and wavefront contrethanisms can be used to generate
a redistribution of the irradiance of the laser.significant benefit of such an approach

is that they are near lossless.

For example, the laser beam can be altered by nadaars arbitrary shaped continuous
mirror to introduce a change of the geometricahpangths and also by a segmented or
pixelated reflective surface in a diffractive opti@pproach (see section 2.2.3).
Furthermore, transparent materials can be appligd wontinuous or segmented
surfaces to introduce an optical path differenGenerating a collimated flat top beam
profile for example by means of reflective optics, typically aspheric mirrors, can be
beneficial for interferometric applications [19 flat top intensity distribution at focus,
generated by means of refractive optics, can adsbdmeficial for drilling applications
[20, 21]. A diffractive optics approach enables tfeneration of much more complex
intensity distributions for direct laser marking?2] or of multiple laser spots for parallel
processing [23] and optical tweezers [24]. Reilestrefractive and diffractive beam

shaping are described in more detail in the follmpthree sub-sections:

2.2.1 Reflective optics

Shaped reflective surfaces can be used to mod#fynitensity distribution of a laser. A
‘simple’ curved mirror surface with a spherical,rgdaolic or toroidal profile for
example leads to a focussing effect of the incideam. More complex shaped and not
necessarily rotationally symmetric mirrors can Bedifor a further redistribution of the
irradiance. The design of the beam shaping seypally consisting of two mirrors,
can be determined based on geometrical optics [BB]. this, the two basic conditions
that the optical path lengths for all rays musttliee same and the conservation of the
total energy through the system must be consideReflective beam shaping elements
typically can withstand much higher laser powemnpared to beam shaping elements
working in transmission and are thus particulanytable for very high power laser

applications.
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2.2.2 Refractive optics

When entering a transparent medium with a differefriactive index at an angle, the
wavefront changes its direction according SnellawLwhich is the fundamental
principle of refractive optics. Although refraaivoptics are the underlying concept in
the vast majority of focussing or imaging optidseyt are mostly based on rotationally
symmetric elements with spherical or near spherstafaces. However, refractive
beam shaping optics are typically based on nonfggaheand freeform optics. Their
smooth and continuous surface shape can be detmimamalytically based on
geometrical optics and the principle of conversawnenergy [5, 6, 26]. A single
refractive surface enables the generation of aetkgitensity distribution in a particular
target plane. A second beam shaping optic, eghanrefractive element, is required
to control the phase distribution and hence th@agation of the wavefront beyond this
target plane [5]. The advantage of refractive behaping optics is their typically high
efficiency and also that they can be used over aremionally wide range of
wavelengths [6]. However, standard manufacturireg@ss by wafer based elements or
moulds for embossing in glass imply limitations ttve fine scale of the surfaces and
hence limit the complexity of the intensity distitions that can be generated [6]. Also,
materials which are best for moulding are not nesely best for high power laser

transmission.

2.2.3 Diffractive optics

An alternative way to control and modify a wavetr@by means of diffraction rather
than refraction. The properties and designs ofadled diffractive optical elements
(DOEs) are typically much more complicated than ¢hfus refractive optics. While

reflective and refractive optics can be generalBated with geometric ray tracing

methods, diffractive optics operate in the Foudemain and hence require computer

based algorithms to calculate transfer functiona diffractive optical system.

DOEs can be used in a holographic approach consgldre inherent Fourier transform
in the far field of the hologram for coherent illumation. An illustration of such an
approach to modify, for example, an incident Garssntensity distribution towards a
custom target distribution at the focal plane dels is shown Figure 2.2. Various
algorithms exist to transform a known incident gantensity distribution towards a

desired, custom output profile, i.e. image, in fae field based on a phase-only
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hologram [27, 28, 29, 30]. The Gerchberg-Saxtoordlyn (GS) [27] or the iterative
Fourier transform algorithm (IFTA) [28] enable thetrieval of the required phase

profile in the plane of the DOE which yields the idad intensity distribution in the
target plane in the far field. The IFTA is describednore detail in the next section.
Such a phase profile, also referred to as compgaedrated hologram or kinoform, can
be imprinted into a transmissive or reflective mhadate with discrete thickness or
height steps respectively, to create phase diftm®im the output beam. Such devices
are for example widely used in the creation of sgimbshapes or simple graphical
elements in conjunction with simple laser point@rether coherent sources. Precision
elements manufactured in materials such as fusied san be used in high power laser
processes. These elements are typically produceunh l®tching process and prices are
in the order of £5k [31]. The disadvantage is tinay are static and even a minor
modification requires a complete change of the &mental design creating significant

cost.

Element plane Lens Output plane

O & ©

Beam profile  Phase profile Target profile

of hologram
Figure 2.2 lllustration of diffractive beam shaping using a computer generated hologram t

V'

generate a desired intensity distribution at the foal plane of a lens.

Alternatively, and much more flexible, is the apmmb to use a liquid crystal spatial
light modulator (SLM, see description in sectio.2). In a SLM, each pixel of the
device can produce a variable and controlled plklat®y and hence the SLM can be

utilized as variable diffractive optical element.
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2.2.3.1 Iterative Fourier transform algorithm

The iterative Fourier transform algorithm (IFTA) éles the design of diffractive
optical elements which transform a known initiaagl intensity distribution towards a
custom target profile. Characteristic of this aygmh is the propagation back and forth
between the spatial and the frequency domain byhsmeha Fourier transform for each
iteration, giving the name for this approach. »ieg of the different types, approaches
and developments of the IFTA in the context of ldseam shaping can be found in
[30].

Element plane : Output plane
I
Random phase i
I
! .
Propzigation ; i
Soqrce > Element phase i Output intensity
amplitude FFTi and phase
Y I
I
I \
i
Apply phase i Apply output
constraint i constraint
A !
I
i Y
Generate phasel Back-prépagation Recalculate
fil - complex
profie : FFTH amplitude

Figure 2.3: Schematic of iterative Fourier transfom algorithm.

A schematic of the IFTA is shown in Figure 2.3. Tdigorithm utilizes a fast Fourier
transform (FFT) and the inverse FFT (FifTo propagate back and forth between the
element plane and the object plane. In order hiese a convergence of the algorithm
and accordingly the beam shape towards the tangdilep constraints need to be
imposed in both the element and output plane. THase constraints are for example
the quantised phase levels and the pixelated lagecture of the diffractive optical
elements. The output constraint is the actual tgpogefile. The approach by which
these constraints are imposed has a critical impacthe ability of the IFTA to
converge to an ideal solution [32]. An iterativeaqtisation is applied for the phase
constraints in the element plane and the direchiigetion is only applied during the
final iterations. This feature is added to overcothe stagnation problem of the
Gerchberg-Saxton algorithm and is thoroughly désdtiin [28, 33, 34].
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2.3 Adaptive Optics

Adaptive optics (AO) is a technology originally iatluced for astronomy as a solution
to overcome fluctuating aberrations introduced bgnges in the transmission path
through the atmosphere such as turbulence, tenuperahd density gradients which
degrade the quality of images. Horace W. Babcedlegarded as the first to propose
the use of AO [35] in observational astronomy. 1853, he suggested using a
deformable optical element controlled by a wavefisensor to cancel out atmospheric

distortion in order to improve telescope images.

Initially, AO techniques were hugely expensive asul were mainly developed and
applied to astronomy and to military applicationghey quickly became essential parts
of astronomical telescopes and military imagingteays [36]. More recently,

comparatively low-cost but nevertheless powerfutl anbust adaptive optics have
become available thereby enabling the use of AOresearch and industry.

Furthermore, AO are nowadays even mass-produced irgedrated in consumer

electronics. A Japanese maker employs AO in a PV\Yer in order to compensate for
aberrations caused by slight bends of the DVD [#g¢

AO are usually used for two main purposes (accgrthn36]):

» Dynamic compensation of optical distortions andredi®ns in real time: these
corrections can provide a vast improvement in gagial resolution and contrast
of an optical system and are applied to imagingifamal microscopy, laser
beam delivery (see section 2.3.3.7) and in instnisméor ophthalmic diagnosis
(section 2.3.3.5).

« Modification of the characteristics of an opticgistem in order to obtain an
intended optical output. In this context, both tcohof laser beam profile and
control of laser pulse are important with poterdgigplications to a wide range of
laser machining applications (see sections 2.28d72.3.4.3).

A standard AO system consists of three main elesnéna wavefront modulator, ii) a
wavefront sensor and iii) a control or feedbackeys(see Figure 2.4). These elements

are also referred to as hand, eye and brain oAthsystem.
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Figure 2.4 Schematic an Adaptive Optics system, consistingf evavefront modulator, wavefront

sensor and control loop, for wavefront correction.

A wavefront modulator (WFM) is used in order to rnifpdhe optical phase profile of a
wavefront. For this purpose the control of theiagt path difference (OPD) is
essential, where n is the refractive index amds the difference of the geometrical path

lengths:

OPD =nlAz E¢oa 2-3

This can be related to the phasef a wave with wavelength

p=———, Equation 2-4

Some wavefront modulators are based on a continouer surface as opposed to a
segmented or pixelated reflective surface. Thetrmmsmon wavefront modulators for
AO are deformable mirrors and an illustration ayical device is shown in Figure 2.5.
The shape of the mirror can be controlled and machHy changed in real time and
thereforeAz of the wavefront can be modified (see Equatidhdhid Figure 2.5). The

different types of deformable mirrors are descrilmechore detail in section 2.3.1.
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Tttt 1t

Figure 2.5 a) Principle of modulating a wavefront by means b a deformable mirror. The
wavefront is altered by introducing a geometrical pth difference to the deformable mirror.

b) Piezoelectric deformable mirror from Oko Technobgies with housing partially removed.

The phase profile of a wavefront (see Equation 2a) also be changed by controlling
the refractive index n of a transmissive elememt,eixample in a liquid crystal phase
modulator. In this case the optical path diffeeef©PD) is changed by controlling the
refractive index n of the transmissive element (Sigeire 2.6). SLMs are described in

more detail in section 2.3.4.

YYYVYVYYY
YYYVYVYVYY

AAAAAAS

Figure 2.6 Principle of modulating a wavefront using a liqud crystal spatial light modulator
operating in reflection (mirror indicated by dashed box): a) The same greyalue is addressed to tr
liquid crystal layer (blue box) and thus the refradive index and the resulting phase delay a
constant across the device. b) Varying the grey vwats results in a refractive indexchange anc

consequently in a varying phase delay altering thaavefront.

Liquid crystal phase modulators, i.e. SLMs, prouwdere freedom for the manipulation

of the phase profile since single pixels of thizide can be addressed and controlled
individually. Typical currently available SLMs hawp to 1024 x 768 or even higher
pixel counts allowing the creation of highly complend detailed phase profiles. This

is in marked contrast to deformable mirrors whicvdn a much smaller number of
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control elements, typically 37 or up to 241 [38This limits the shape and range of

shapes a deformable mirror can take on and furtbkernthe shapes are influenced by
the stiffness of the mirror layer and the strokethad actuators. This key difference
makes liquid crystal devices particularly suited twe correction of high-order
aberrations. Liquid crystal based systems are lwidsed in display devices and are
hence low cost. They also require only low-voltagize electronics, unlike the high
voltages required with piezoelectric devices [36Jowever, liquid crystal wavefront
modulators have a non-negligible absorption, eslgdn the visible and near infrared
limiting their applications for high power beam#n addition, there are currently no

liquid crystal materials with a high transmissiamavelength below 430nm [39].

In order to determine the best shape of the wameimodulator for a certain purpose
two different approaches, open-loop and the cldsed-control, can be used. Open-
loop control means that there is no additional iiee#t control of the optical output.
This approach mainly requires the knowledge of thsponse of the wavefront
modulator and based on this the shape and propeitibe wavefront modulator can be
determined for a constant and known wavefront [40]. The influence matrix,
describing this response, may not be availablecéstain devices, due to non-linear
characteristics, for instance hysteresis effeatpiezoelectric deformable mirrors (see
section 2.3.3). Additionally, unpredictable andhdam changes of the incident
wavefront may occur. In order to compensate fas,tfeedback through a direct
measurement of characteristic of the wavefronthsaag phase, phase gradient or phase
curvature [42, 43] or other desired characteristitghe resultant beam is required,
which is called closed-loop control. Wavefront sens are a powerful tool in this

context and are described in the following section.

2.3.1 Wavefront sensors

For dynamic modifications or corrections of the wemont or the beam shape,
appropriate feedback is required which providesast fneasurement with sufficient
resolution of the optical profile. The optical vedront cannot be measured directly and
thus different wavefront sensing techniques haenlmeveloped, based on an intensity
measurement which has a defined relationship tavéheefront profile [36, 42]. Using
this relationship, the shape of the optical wauafroan be reconstructed and then
applied as feedback for correction or manipulatidn. the following sub-section the
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most popular methods for wavefront measurementieseribed. However, a complete

wavefront measurement is not necessarily requaggkcially if the wavefront has to be

optimised with respect to only a single target plan

For the experimental work described in this thesis,quality of laser machining results
is the ultimate criterion for the optimisation. rrFeertain processes and materials, like
laser ablation of non-transparent coatings on parent materials, this can be directly
measured [44]. However, for laser machining preesswith bulk materials, a direct
feedback of the laser machining outcome would regiie development of a complex
sensing method. Hence the laser beam will be ageunregarding the intensity
distribution of the focussed laser beam at a tapigate, i.e. typically the work piece.
Hence, a measurement of the phase of the wavefeomt,using a Shack-Hartmann
wavefront sensor, can be simplified and an intgnsiéasurement can be sufficient for

the closed-loop feedback.

2.3.1.1 Interferometric sensing

The standard interferometric sensing method usasharent light beam which is split

into two near identical parts where one beam gl to interact with a target and the
second beam is a reference beam. The phase difeemetroduced in the two beams by
the interaction with the target by one beam costalhthe pertinent information on the
shape or phase differences introduced by the taryebrder to get reliable feedback,
multiple measurements or intensive calculationsracggiired limiting the applications

for real-time wavefront modifications [42].

2.3.1.2 Hartmann- / Shack-Hartmann sensor

Hartmann- and Shack-Hartmann wavefront sensorsaely used within AO systems
and classified as a geometric sensing technigueHaAmann plate consists of an
opague mask with holes placed in the pupil planarnobptical system. Each hole acts
as an aperture resulting in an array of spots witihhe shadows of the mask as image of
the Hartmann plate. The position of each spotlmnetermined using a 2D detector
array; each is directly related to the slope ofittteming wavefront as an average over
the aperture area. The reconstruction of the shafiee wavefront is then achieved by

an integration of each gradient of the wavefronbtigh the spot position [36].
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Shack improved the light-gathering efficiency oHartmann plate by replacing the

mask of holes with an array of lenses or lensletgchv furthermore also reduced the
disturbing diffraction effects of the holes. Thetettors are located at the focal plane of
the lenslet. Shack-Hartmann type wavefront senspable fast measurements of the
wavefront with high accuracy and inexpensive conumérdevices are available for
various applications. Although a closed-loop an@pbptics system controlled by a
Shack-Hartmann sensors enables a good improvenighie ovavefront, it does not

necessarily provide the best possible result [45].

2.3.1.3 Pyramid wavefront sensor

A pyramid wavefront sensing method is introduced aas alternative to Shack-

Hartmann-sensors [46, 47, 48]. A four-facet pydhnefractive element is located with

its tip aligned to the optical axis. The intenddigtribution of the four pupil images of

this system provides information about the wavdfrgradients along two orthogonal

directions. The big advantage of a pyramid wavefigensor compared to a Shack-
Hartmann sensor is the variable sensitivity [48].

2.3.2 Optimisation algorithms

For a closed-loop control of the shape of deformatbirrors including its inherent
non-linear response and the resulting beam shapaptanisation algorithm is required.
A systematic search is impossible in this conter tb the huge solutions space for the
mirror voltages. As an example a 37-element pilentgc deformable mirror with 292
discrete voltage levels (see section 3.1.1) ha®latisn space with 292 (~10%
elements. Hence some sort of search algorithnsgergial to find a global minimum
solution for a beam shaping task. Different typéstochastic algorithms are suitable
and capable of finding a global minimum (or maximuoh some error function and
enable the ideal control voltages and deformatibrthe deformable mirror to be
obtained [49]. The most popular algorithms in tbimtext are the genetic algorithm
(GA) and the simulated annealing (SA) algorithmjckhare described in the following
sub-sections. Additionally, a number of other alifpons were successfully applied to
adaptive optics:

(i) the evolutionary strategy, a technique for gaheptimisation similar to GA (for
more information please see [50]);

(if) the modified hill-climbing algorithm [51];
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(i) the gradient descent control algorithms [53, 54];
(iv) the phase conjugate algorithm [55];
(v) and the Nelder-Mead simplex algorithm [56].

These algorithms typically require a large numbér iterations which implies

limitations to applications where high speed iseaial. A much more efficient

optimisation can be achieved by utilising matheo@timodelling based on a
representation of the deformable mirror surfacenmges with an orthogonal basis [57,
58].

2.3.2.1 Simulated annealing algorithm

The SA algorithm is a probabilistic method for fimgl a global optimum for many

individual variables. This is based on the theosedtidescription of the annealing
process in solid state physics, where e.g. a moftetal is slowly cooled until it freezes
at its minimum energy configuration [59, 60]. S&ludes heating up and then cooling
down again in order to overcome local energy-minamd to find the global minima, as

the best solution of the given problem.

Within the Ultrafast Optics Group at Heriot-Watt iersity, the SA algorithm was
successfully applied to an AO optimisation in orttecreate and control Gaussian and
super-Gaussian beam profiles in the femtosecondréigime [49]. For a detailed
description of the process see [49, 59, 60]. Udlmg SA algorithm 100 — 2000
iterations were required, which took 5 — 100 misudepending on the desired target
beam profile to find a good convergence for a &meint deformable mirror (compare
[49]).

The actual algorithm and its application to beanapshg using a piezoelectric
deformable mirror and a bimorph mirror used in¢Rperimental work contained in this
thesis is based on the above described principlieéssadescribed and discussed in detalil

in section 3.2.

2.3.2.2 Genetic algorithm
The genetic algorithm (GA) is a powerful, evolutioy technique for the optimisation

of non-linear systems with a large number of vdeab[61]. A population of
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individuals is created with characteristic chronmass. For the application within AO,

each individual is equal to the shape of the deédusn mirror and each chromosome
corresponds to a voltage of the actuator, e.g.n8@nsosomes for a 37-element mirror.
Then each individual of the population is comparedarding the fitness within the
environment, i.e. the fitness to the given purposéhe best individuals of each
generation are chosen to generate a new populdiorrandomly crossing the
chromosomes, i.e. the actuator voltages. In amditdo that, some chromosomes are
randomly altered, so-called mutated. The resulfigess of the new generation is
tested and an new generation is generated, asebafuil the optimum solution is
achieved [61]. Regarding the application of the 8Aontrol an AO system different
timescales are reported for achieving a good c@arare to the optimum solution: In
[61] a maximum of 15 generations requiring 3 misuig required for correction of
aberrations in multi-photon microscopy using a defble mirror with 37 actuators.
However, others have reported between 10-50 minatexchieve a global optimum
using a 19 element deformable mirror for beam sitamf femtosecond pulses to
Super-Gaussian beam profiles [62]. Further exasnpfethe application of the GA to

adaptive optics beam shaping can be found in [6365].

2.3.3 Deformable mirrors

As mentioned before, wavefront modulators can lsedban continuous, segmented or
pixelated reflective surfaces. A continuous mireoables a smooth modulation of the
wavefront and is ideal for correcting low-order mb#ons, such as distortions caused
by the optical system or caused by smooth and memtis processes [36]. Examples for
wavefront modulators based on continuous mirrofases are the micromachined
membrane deformable mirror (section 2.3.3.1), thezqelectric deformable mirror
(section 2.3.3.2) and the bimorph mirror (sectich23).

Devices based on segmented or pixelated mirroraserfenable distinct and

discontinuous modifications of the wavefront. Than be particularly beneficial for

high-order or discontinuous aberrations. Segmentegdixelated devices exhibit the
distinct drawback of a potential scattering frone tedges of the individual mirror

surfaces and also the gaps between them. Thigestnct their application to high

power and high precision laser applications. EXandgvices are described in section
2.3.3.4.
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2.3.3.1 Micromachined membrane deformable mirror (MMDM)

The micromachined membrane deformable mirror (MMDéénsists of a very thin

(0.5 to 10um) membrane and is controlled using a two-dimeradiarray of electrodes

(see Figure 2.7, source [66]). Through electrastlirces (only attractive forces)

between each electrode and the membrane the shépemirror can be modified. The
membrane is fixed at its edges leading to a sicpuifily smaller light aperture than the
mirror diameter. The standard MMDMs are producéith @ diameter up to 50 mm and
provide a mechanical stroke of up tolrh, with typically 37 active elements. It should
be mentioned that the membrane mirrors are compalatfragile and can pick up

acoustic signals, which is a problem in noisy emwnents. Prices lie typically between
$3000 and $25000 (based on [36]).

sontrol electrodes

1
Al-coated membrane /Si chip |
] N
Substrate
/ Spacer PCB
Control
Bias voltage | | |
_@ .

Figure 2.7: Schematic of micromachined membrane defmable mirror.

2.3.3.2 Piezoelectric deformable mirrors

A piezoelectric deformable mirror (PDM) consistsaathin solid plate bonded to a two-
dimensional array of piezoelectric actuators (segireé 2.8). The solid plate can be
made of glass, fused silica or silicon and a cgattm high reflectivity is possible. The
reflective plate can be deformed by applying aag#t to an individual piezoelectric
actuator leading to elongation or contraction. eAetting a high voltage to a particular
actuator the reflective plate is deformed and stheemechanical stiffness of the mirror
surface generates a stress acting on neighboukhgtars, they are also slightly
deformed. Due to this dependence two parameterseguired to describe the response
of a PDM, i.e. the maximum stroke of a free actuatod the maximum difference
between the neighbour actuators. Commerciallylavi@ PMs have a free actuator
stroke of up to Bm and, depending on the stiffness of the plateén@an-actuator stoke

of about 3m. Common applications of PDM are correctionsa@f land high-order
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aberrations [36]. It is important to note thatzmielectric actuators exhibit an inherent

hysteresis. The application of a 37-element PDManosecond and millisecond laser
based manufacturing process will be describedaticge3.5 and 3.6.

Flexible faceplate

Piezoelectric actuators

Base

Figure 2.8: Simplified illustration of piezoelectric deformable mirror.

2.3.3.3 Bimorph mirrors

A bimorph mirror (BM) consists of a reflective sacke being bonded onto a multilayer
of piezo-ceramics and an appropriate pattern aftreldes [36, 39, 67]. The multilayer
of piezo-ceramics has an opposite polarisationctioe (see Figure 2.9) with the
electrodes located in between the multilayers. iAgicdh voltage (Y to one of the
electrodes results in an in-plane expansion oflayer and an in-plane contraction of
the other layer. Due to the lateral confinementhefdevice (see Figure 2.9) this results
in a bending and thus a deformation of the reflecturface which is bonded onto the
piezo-ceramics. The different geometry of the aicits leads to different shapes of the
mirror which can be achieved compare to a PDM. otding to [68] single-channel
bimorph mirrors provide a much better sphericalayebur than a single channel PDM
mirror. The wavefront modulators are available o220 mm with different substrates,
amongst others glass, copper or silicon, and waieling channels can be integrated
for high-power laser applications. Bimorph mirrcase reported to exhibit a non-
negligible hysteresis of the piezoelectric layd8.6% for a single-channel mirror [69],
2% for 35 element device from AOptix [70], and angelly non-linear voltage
dependence [68]. Alternating control voltages resul heating up of the piezoelectric
multilayer which can result in significant thernsatains at the surface and an increased
capacitance of the actuators [71]. Typical prifgsa 40 mm diameter mirror with 19
control elements including a substantial power sugpe around $10000 - $20000
(based on [36]). Further details the developmenhtsimorph deformable mirrors can
be found in [72]. The experimental results ondbpelication of a non-commercial 37-

element BM will be presented in section 3.4.
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V, V, VoV, V.

Figure 2.9: Simplified illustration of bimorph mirr or. The different polarisation of the

piezoelectric multilayer is indicated by "+" and "-". The red triangles indicate the latera

movement restrictions by the mirror mount.

2.3.3.4 Other types of deformable mirrors
MEMS mirrors

Micro-electro-mechanical systems (MEMS) mirror aeailable both as segmented

mirrors, with typically piston but also tip-tilt atrol, and as continuous mirrors with
discrete actuators. Their advantage is the cortipaly low electric driving
requirements for each actuator. Typically resohdiare 32 x 32 actuators with a stroke

of approximately 2 um [36].

Digital micromirror devices

Digital micromirror devices (DMD) are a special easf MEMS mirrors and were
initially developed for display applications. DMionsist of an array of microscopic tilt
mirrors, typically several hundred thousand. Thay be tilted to two discrete states
representing on-off: One state to reflect thedent light towards the optical system
(on) and one towards a beam dump (off). DMDs drguitous in digital computer
display projectors and the mass production hasdddw prices for what in effect is a
highly complex device. However, they are effedyivdynamic masks rather than
wavefront modulators. DMD are being used in ldsesed manufacturing process as a

dynamic mask for laser marking [73] and laser ligfaphy [74].

2.3.3.5 Overview of applications

Deformable mirrors have been utilized in variety adaptive optics applications which
can roughly be divided into two main purposes, the. correction, compensation and
elimination of optical distortions on one side atwhversely the modification of an
optical system to generate a particular output ihdhe introduction of a controlled
optical distortion [36]. The traditional applicatis for real-time compensation are in
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astronomy for the correction of aberrations andodi®ns caused by the atmosphere

and for defence applications [42]. Furthermordoaeable mirrors are widely used for
microscopy [61, 75] and for ophthalmologic applicas such as retinal imaging [76],
vision assessment [77], cataract and cornea asses$n8]. The suitability of various
types of deformable mirrors for ocular adaptiveiapivas analysed in [70, 79]. The
following two sections focus on the applicationstloé different types of deformable

mirrors to laser beam shaping inside and outsidsex cavity.

2.3.3.6 Application to intra-cavity laser beam shaping

If one of the cavity mirrors in a laser cavity spltaced by a deformable mirror, the
geometrical properties of the laser resonator eambdified and hence allow control of
the transverse and the temporal intensity profilthe beam emerging from the cavity.
By reason of restrictions regarding the dimensiohshe deformable mirror for the
design of the laser cavity, bimorph mirrors areiggfly more compact and thus are
favoured over piezoelectric deformable mirrors. itidh intra-cavity applications of
single channel bimorph mirrors were the compensdto aberrations like astigmatism
[80] or compensation for thermal lensing [81]. Tpplication of AOs inside the cavity
requires a high sphericity of the deformable sw@faéccording to [68] single-channel
bimorph mirrors provide a much better sphericaldvebur than a single channel mirror
with a piezoelectric actuator, which is referred tave a Gaussian-like behaviour
(compare [82]).Vinewich et al. [71] showed that a single channgidyph mirror can
be used to control and stabilize the output pov@ndndustrial CQ@laser in the single-
mode regime and also in the multi-mode regime uhél reached a shape which led to
laser quenching. They suggest applying this quegds a potential optical switch for
the laser cavity [71]. By applying a rectangulalsed voltage to the deformable mirror
in a dynamic control they were able to change #serd from a cw lasing mode to a
repetitively pulsed mode (pulse repetition ratelf=— 400 Hz, pulse duration=0.6 —

50 ms) for a multimode regime.

A 37-element micromachined membrane deformableomifMMDM) was used by
Lubeigt et al. [83] to optimise the transverse medefile of a Nd:YVQ rod. The
average output power from the laser could be img@arom initially ~20 mW to
120 mW. In order to support this optimisation dditional tilt mirror and cavity length
control are recommended. A bimorph mirror witheé8&ments used as the end-mirror

of a solid state laser (Nd:YAG slab laser) enhartbedfar-field brightness of the laser
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by a factor of 2.2 and significantly improved thean quality product (Kreduced

from 4.2 to 2.8) [84]. Using a 37-element MMDM nair controlled by means of a
genetic algorithm inside a solid state laser regonghe brightness can be increased by
a factor 10 [85]. The GA is reported in this cont® be reliable in finding an optimum
solution, though the required optimisation time ldopotentially limit its application.
Simulated annealing was also successfully appbedhis application being by a factor
3 faster in finding an optimum solution comparedhe GA. However, a careful and
rather time intensive adjustment of the parametdrsthe SA to the particular
optimisation task was essential [85]. Using a cendsearch algorithm is therefore
recommended as compromise solution between thétygoélthe optimisation and the
required time for the application [85]. Furthermo}86] reports the use of a BM intra-

cavity to significantly reduce the required timeftdi-brightness of a solid state laser.

With femtosecond lasers, BM were successfully a&pbplintra-cavity for phase
compensation as part of the compressor [39] angliase shaping and optimising the
pulse duration [87].

2.3.3.7 Application to extra-cavity laser beam shaping

Outside the laser cavity AOs can provide benefitsvarious applications such as laser
scanning, laser communications, laser materialsgaing and laser fusion [36]. In the
area of laser materials processing deformable msirfave been applied to beam
delivery, focus control and furthermore, but so ¢y to a limited extent, for the

control of the beam shape:

A piezoelectric driven deformable mirror can congme for the varying distances
between the laser source (g§QCand processing head when using a flying optics
arrangement [88]. By locating the mirror betweesonator and beam waist of the
unfocussed beam, it is possible to keep the distaertween beam waist and focussing
optics constant and by doing so to obtain condtagdl position and radius despite a
movement of the scanhead. Locating the mirror riehthe beam waist of the
unfocussed beam and close to the focussing lenslesnanodifications to the focal
position (compare [88]). By using a combinationtwb deformable mirrors one can
enhance the control characteristics, e.g. the rahdecussing, regarding flying optics
[89, 90]. The application of only one deformablerror, nevertheless, provides

sufficient control over the main characteristicsadbcussed beam in a laser machining
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workstation such as beam waist diameter and paositadiation intensity and length of

caustic [91, 92, 93]. [8] reports using a bimombhror for the control of these main
characteristics, resulting in a reduction of thdate roughness of a cut by a £@ser
system by a factor of 1.5 and simultaneously innarease of the depth of high-quality

cutting by a factor of 3.

Besides the possibility of using deformable mirrior&an AO setup to control the focal
position and focal spot size of a laser system,athiéty to modify the spatial beam
profile is very promising regarding laser machiniagplications. A beam shaping
system using a deformable mirror with 9 moveable 4stationary elements controlled
using a genetic algorithm was demonstrated to maifinitial Gaussian shape towards
a square contour with limitations caused by th@wuheéble mirror [64] (see Figure 2.10,

source [64]).

Figure 2.10: Laser beam intensity profiles for beanshaping using deformable mirror and genetic

algorithm (GA). The profile at bottom right represents the elite of the 99th generation of the GA.

A 37-element micromachined deformable mirror cdigtb by means of a simulated
annealing algorithm was shown to be capable of fyiodj the initial Gaussian beam
shape of a femtosecond laser, on demand, towardssaa and super-Gaussian beam
shapes with different diameters [49]. Dependenthantarget profile, optimisations
required between 100 and 2000 iterations of thed&achieve a good convergence and

this typically required 5 — 100 minutes (see [49]).

An AO system based on a 19-element bimorph defdemafirror and a genetic

algorithm control was shown to successfully compengor phase aberrations and to
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significantly improve the far-field intensity digiotion [62]. A timescale of 10 -

50 minutes was required for this optimisation.

A method to use a bimorph deformable mirror withel®ments to change a Gaussian
intensity profile towards a doughnut profile in tloeal region is presented by Boyko et
al. [94]. This approach is based on inducing@hase shift to the central region of the
beam causing a destructive interference at focssltieg in a ring of high intensity
around a minimum intensity. The so-called douglprofile can be applied to optical
trapping and is typically generated by conventiostdtic optics. When using a
deformable mirror instead, constraints arise duih¢ostiffness of the reflective surface
and sudden phase jumps cannot be achieved. Nelemsh an intensity distribution
with a lower intensity at the centre compared ® dliter ring was demonstrated (see
Figure 2.11, source [94]). The beam shaping resxitiibits wings with a six-fold
symmetry that can be attributed to the arrangeroktite deformable mirror electrodes.
The surface constraints of the bimorph mirror @@orted to be the limiting factors for
this beam shaping application [94]. In these expemnts a Shack-Hartmann wavefront
sensor (see section 2.3.1.2) was utilized to deterrthe response of the device to
voltage changes for each actuator. Based ondbponse function the command matrix
for the correction can be calculated. The experinvesis carried out in a so-called
servo-loop control which means that the initial efont was measured by means of
the Shack-Hartmann sensor and then the requiremioltages are calculated and
applied to this device. It is reported that therection or beam shaping is achieved in a

single iteration most of the time [94].
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Figure 2.11: a) Beam shaping result for doughnut mfile using 19-element bimorph mirror; cross-

sections of doughnut profile along horizontal (b) ad vertical (c) axis.
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2.3.4 Liquid crystal spatial light modulators

The application of liquid crystals (LC) for low-dodisplays is omnipresent and LC are
currently extensively exploited amongst others doreens for televisions, computers,
laptops and mobile phones. This section desctiteedasic operating principles of LC

devices and displays including their distinct eletptic properties. Furthermore, their
wide range of applications for modification of tipeoperties of a laser beams are
presented with a particular emphasis on laser psieg. A good overview on the

applications of liquid crystals to photonics canfdwend in [95].

Liquid crystals were first observed by FriedrichifReer, an Austrian botanist, in 1888.
He discovered that cholesteryl benzoate has twindigransition points. At one point

the organic material changed into a cloudy liquitd at the other point it turned
transparent [96]. Liquid crystals are a phase aften with both physical properties of
solids and ordinary liquids. They are organic rooles with a ‘cigar-shape’ that
exhibit a lack of positional order, like ordinanguids, however have an orientational
order on a large scale (see Figure 2.12). Themhamf LC materials used in displays
or wavefront modulators are thermotropic which nse#mat their distinct properties
only exist within a certain temperature range [98].variety of different LC materials

have been discovered and the most common LC meseplae nematic, smectic A,
smectic C and choloestric. LC molecules are tyjyicad-shaped and contain a long

chain structure.
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Figure 2.12 Different phases and molecular arrangements of djuid crystal materials versu

temperature.
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The positional and structural order of the LC males depends on the chemical

structure and on temperature. Two mesophases parsied smectic and nematic, with
certain ordering properties (see Figure 2.12 b)@hd A reversible transition between

both phases is possible for certain temperatuheshe nematic phase, the rod-like LC
molecules favour a parallel alignment along theing axes, but their centres are
randomly distributed within the layer. The orididaal order is stronger than thermal

fluctuations in this case, however no long-rangkepof the molecules can be observed
[95, 97]. In the smectic phase the molecules sa@ne dimensional translational order
in addition to the orientational order. This meatmat in addition to the favoured

parallel orientation of the rod-like molecules ttentres of the molecules are in parallel
layers. The cholesteric phase also shows a nenyaie of LC arrangement, however
that the structure is composed of chiral molecudessa result, the structure exhibits a

twist about a helical axis that is normal to thegeaxis of the rod-like molecules.

The nematic phase of LC is mostly utilized for tagious applications since its eletro-
optical properties are very well understood andm@nufacturing and preparation is
comparatively simple. Appropriate alignment layatshe interfaces of the LC layer
give rise to a certain orientation of the LC molesun their relaxed state. As a result
of the rod-like structure, LC molecules exhibit &léctric anisotropy. Thus by
applying an external electric field, the orientatiaf the LC molecules can be changed.
As a consequence, the optical anisotropy, i.e.froigence, of the LC changes
according to its orientation and hence alters titeiced phase retardation of polarised
light transmitted through the LC layer. This etaxtlly controllable birefringence is the
crucial property of LC for most display applicatsof®5].

The alignment of the nematic LCs can be controigatoating a soft alignment layer,
often polyimide, onto the material the LC is sandved in-between, e.g. two glass
plates, followed by a polishing of this layer wisitrokes in the desired alignment
direction [97]. The rod-like molecules adjacenths alignment layer align their long
axes parallel to the direction the scratches negulfirom the polishing process. In
consequence of the orientational order as charsiiteof the nematic phase, the
molecules in the centre of the LC layer have adeang to align in the same direction as
the molecules at the interface with the alignmexyet. If the alignment layers are
polished in orthogonal directions, the orientatminthe long axes of the molecules

remains parallel in the plane parallel to the afignt layer and the glass plates.
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However, in order to match the boundary conditiohthe orthogonal alignment layers,

the orientation of the molecules gradually rotaded a helical structure is formed in
absence of an electric field (see Figure 2.13 defe, based on [98]). Such a design
based on orthogonal directions of the alignmengray called twisted nematic liquid
crystal. When a voltage is applied across the E(f; the molecules align with their
long axis along the electric field and consequetitly helical structure is altered to a
straight alignment (see Figure 2.13, left). Duéh birefringence of the LC molecules
a phase change is induced for either reflectedrarsiitted light, together with a

change in polarisation [99].

90° twisted nematic LC Linear nematic L.C
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Figure 2.13: Change in the orientation of the liguil crystal molecules with increasing voltage L¢:

left for 90° twisted nematic liquid crystal cell ard right for linear nematic liquid crystal cell.

If both alignment layers are orientated paralletach other, the system is referred to as
a linear nematic liquid crystal. An increasingtagle across to LC cell results in an in-
plane rotation of the nematic molecules (see Figut8, right side). Consequently, the
phase modulation and the polarisation modulatiomatoexhibit a coupling and a pure

phase modulation can be achieved for linear p@dright incident on the display.

The twisted nematic LC cell is the most common fygsethe change in polarisation is
important for the use as displays devices with i@ layer typically sandwiched
between crossed polarisers. The LC layers acts\asiable phase retarder and phase

plate which modulates the polarisation of the lightl thus the transmitted intensity of
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the incident light. Application areas for this apgch are amongst others screens for

televisions, laptops and mobile phones but the tatmber of applications where liquid

crystals are utilized is enormous.

Aside of liquid crystal spatial light modulators Sleal on nematic liquid crystals,
ferroelectric SLMs utilize liquid crystals in thensctic phase and descriptions of their

functionality and response can be found in [97].

2.3.4.1 Functionality

Spatial light modulators based on liquid crystatmodisplays are very versatile tools to
modify the amplitude and phase of a wavefront. yldan operate either in transmission
or reflection. An illustration of the functionalitwhen using the SLM as a phase
modulator is shown in Figure 2.14 (source [95]heTSLM consists of a thin layer of
LC, primarily nematic LC, sandwiched between tramspt electrode layers, usually
made from indium tin oxide (ITO), to control thegament of the LC layer by means of
an electric field. For SLMs working in transmissjthe LC layer and the electrodes are
sandwiched between typically glass substratesol&hed alignment layer as described
above is added to the glass substrate (not showigime 2.14). For SLMs operating in
reflection, a mirror coating, typically metallic dielectric, is added to the substrate at
one side.

modulated wavefront

FAF ______ e { ______

substrate
grounded
=SSN e
_—— e \ liquid crystal
-
=SSN
-'El\;-" ‘!‘!}\ \ 4y —  pixel
electrodes

z I T ? T substrate

ncident plane wave

Figure 2.14 lllustration of functionality of LC spatial light modulator. The incident plane wave i

polarized along the x-axis.
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Besides the optical anisotropy of the LC molecullesy also exhibit a larger dielectric

constant in the long axis of the molecule compaoedormal to that axis. Applying an
electric field between the control electrodes rissul an induced electric dipole to each
LC molecule and the resulting torques can changetientation of the molecule. LC
molecules sufficiently away from the alignment layeill rotate freely for strong
applied electric fields and align their long axistiee molecule with the electric field
[97]. Electrolytical effects caused by a DC eliectfield can result in physical
deterioration and decomposition of the liquid cajst(see [98]). In order to prevent
this, AC driving voltages are used, typically iretbrder of kHz. Alternatively for a
pulse-width-modulated (PWM) control signal, thetagke of the ITO layer is grounded
relatively to PWM pixel voltage for half of the doal cycle (frame); for the second half
of the frame both pixel voltage and the ITO voltage inverted to prevent the LC
deterioration (see Figure 2.15, source [100]). @twe electric field reverses, the
induced dipole moment to the nematic moleculesrsageaccordingly and hence the

alignment of the molecule relative to the eleclietd remains the same [97].

l{ Even Cycle = 5.5 ms (lyp.) * Odd Cyble (same as even) .I

SV Il ' ” | Pixel
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Figure 2.15: Pulse-width-modulated sigal for control of LC cell including inversion of pixel voltage

and ITO voltage to prevent deterioration of LC laye.

The response of the LC molecules to changes irelgric field depends on two key

properties described below:

Elastic constants

Liquid crystals exhibit curvature elasticity ancetklastic constants of the molecules
describe the restoring torques for changes in tlentation due to a changing electric

field. However, those restoring torques are tylhyoseak in liquid crystals [101].
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Viscosity

The viscosity of fluids determines its internalistance to flow and movements. The
dynamic characteristics of the LC layer are in ipalar controlled by the viscosity

parameters and especially by the rotational visgosbpefficient, describing the

resistance to a rotation of the molecule [101]. wth most liquids, the viscosity

decreases for higher temperatures as a conseqoértbe higher molecular kinetic

energy [101]. According to an empirical rule, Brery temperature rise of 10 — 15 °C,
the rotational viscosity decreases by a factor [df02].

2.3.4.2 Phase response of liquid crystal layer

To quantitatively describe the anisotropic optipabperties and in particularly the
birefringence of the liquid layer including polai®on effects the mathematical
formalism ofJones calculus can be used. Further details about the Jonesrgeatal

matrixes can be found in [96, 97, 101].

For the experiments described in Chapter 4.1, pagiad light modulator LC-R 2500
from Holoeye was used containing 45° twisted neiguid crystals in the display.
This means that the alignment layers are orientatexh angle of 45° relative to each
other. The display works in reflection, givingadal rotation of the polarisation of 90°,

and was originally developed for visual application

Different configurations regarding the polarisatistate and the angle of the incident
light are suggested in the literature in orderdbieve a so calleghase-only or phase-
mostly operation for displays based on 45° twisted nemmlajuid crystals [103, 104,
105]. The reported approaches use either lineatliptical polarised light incident on
the SLM and an analyzer after the display. Theedanatrix describing the phase and
amplitude modification characteristics of the SLMncbe determined and hence a
suitable configuration deduced [103, 106]. In [[LO@ear polarised light incident on
the SLM (LC-R 2500 from Holoeye) is suggested withan additional analyser after
the SLM. This is the approach chosen for the erpets described in Chapter 4.
With respect to nanosecond laser machining, higirame laser powers are essential
and a polarising element after the display woukliitein a loss of laser intensity. On
the other hand, the coupling of phase and polaisahodulation can potentially also
cause intensity losses of the diffraction patterd gesult in an increased intensity of the
inherent zero order beam [108, 109].
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An alternative approach to decoupling phase andrizaltion modulation is to combine

four pixels of the twisted nematic liquid crystay lspatial filtering to a so-called
‘superpixel’ [99]. This results in independent pbaand amplitude modulation

characteristics of the display.

The devices used in section 4.2 and 4.3 use phalialbar nematic liquid crystals and
thus induce a pure phase delay to the wavefrontowtit affecting the polarisation
direction [110, 111].

2.3.4.3 Applications to laser beam shaping

Liquid crystal spatial light modulators have a véigh spatial resolution and can be
programmed easily and directly to manipulate theldaode or phase of a wavefront.
This section will focus on non-display applicatiowkere the light is modulated by
means of the SLM and in particular on the applozabf SLMs to laser beam shaping

and laser materials processing:

Liquid crystal devices are widely used as tuneéilikys and switches (see [95]) and as
liquid crystal lenses [112, 113, 114, 115] inclyiconfocal microscopy [116]. The

control of the phase delay across the SLM enablespplication similarly to mirrors,

prisms or blazed gratings [95]. The phase reteodatue to the change of the refractive
index for the pixels results in an optical pattfafiénce. A linearly variable phase delay
across the display, for example left to right, adiuces a tilt to the wavefront and
deflects the beam at an angle depending on thé déypdase shift between the left and
the right side [117]. The phase retardation aedrésulting tilt of the wavefront can be
increased by introducing abrupt phase changes ah@ wrapping the phase profile in a
saw-tooth shape between 0 and for the corresponding wavelengths. As a
consequence, continuous steering of the laser hmaimbe achieved by altering the
period or the blaze of the phase profile addressatie SLM [118, 119]. The beam

steering capabilities of are limited by potenti@ndinearities of the discrete phase
response of the device and especially by a poteot@ss-talk between adjacent
actuators at the locations of the abruptr@d phase step. When such a transitionmof 2
is addressed to the display, the electric fieldveen the adjacent pixel electrodes
typically changes between its maximum and minimwatue. Fringing effects of the

electric field occur resulting is smear out of fese transition [120, 121]. As a result,
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for higher deflection angles the resulting steergafficiency drops significantly (see
Figure 2.16, source [121]).

Efficiency
Angle (deg) Angle (rad) Index change Efficiency | 100.0%
20 0.349 0.35 0.0 \
15 0.262 035 6.3 80.0%
10 0175 035 25.0 \
5 0.087 035 56.5 -
25 0.044 0.35 76.4 80.0% \
15 0.026 035 85.7 -
1 0.017 035 90.5 40.0% e
0.625 0011 035 93.8 \
025 0.004 035 97.7 20.0%
015 0.003 035 98.3 \
0.1 0.002 0.35 98.9 0.0% T T T - "
0 5 10 15 20 25

Figure 2.16: Beam steering efficiency of liquid crgtal device versus angle limited by fnging field

effects.

SLMs are extensively used for optical tweezers [1IB, 122, 123] to trap and move
particles based on forces generated by intensigdignts [124]. Conventional

approaches use static diffractive beam splittingcepthat result in multiple focussed
laser spots with sufficient intensities for trappithe particles. The SLM can similarly
create multiple focussed spots, but in this case ffositions relative to each other can

be changed dynamically.

With regards to laser materials processing, SLMsehleen mainly applied to

femtosecond (fs) [9, 10, 125, 126] and picosecqipd$ [23] processes due to their
limited average power handling capabilities. lesth cases the SLM was utilized to
create multiple laser spots for parallel processingo create certain beam shapes for
the laser writing of waveguides. For laser proicgss the fs and ps regime, high peak
intensities but rather low average optical poweestgpical. Based on the references
above for fs and ps laser processing, the disptayns to cope well with these laser
characteristics. The successful application ofS&M with a nanosecond laser is

reported in [127], however with a much shorter puéngth and a much lower average

power compared to the experimental results predent€hapter 4.

The application of a SLM for beam shaping in thateat of laser processing has been
demonstrated for a wide range of applications,uidiclg laser photolithography where
the SLM can be used as dynamic mask [128] or abiridiffractive optical element
[129, 130], in both cases using a femtosecond kmarce.
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Besides pixelated, electrically control liquid daisspatial light modulators as described

above, non-pixelated optically addressed liquidstalylight valves are also available.
Typically a video projector is used to define tHeage delay of a matrix on the light
valve and a description of the functionality canfdaend in [97, 131]. Such an optically
addressed light valve exhibits limited power hamglicapabilities and as a consequence
has been only utilized to spatially shape femtosddaser pulses. Applications include
fs laser micromachining [131, 132, 133] (see Figuf&’ and Figure 2.18, source [133])
and fs laser writing of waveguides [134].

Figure 2.17 a) Beam shaping results of femtosecond laser saa imaged in the focal plane;

b) corresponding fs laser marking results on staimss steel.

Figure 2.18: Direct femtosecond laser micro-structting of stainless steel with usedefined foca

spot shapes: a) circular top-hat, b) square top-hat) doughnut profile.

2.4 Summary

A Gaussian beam shape, as is typically emitted feolaser, is not always best for an
application in laser processing. Whilst standaedrb shaping techniques based on
reflective, refractive or diffractive optics usetst optical elements, Adaptive Optics
have the distinct advantage that they enable dynanudifications and furthermore
enable to compensate for variations in the lasambeVarious applications, both inside
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and outside the laser cavity, benefit from usindeéormable mirror as fast and robust

wavefront modulator. Spatial light modulators lthsa liquid crystal displays have a
much higher spatial resolution compared to defoteabirrors and hence offer an
increased control over the laser beam, howevex,latver speed. Advantages of using
a SLM for laser beam shaping have been demonstfatea variety of applications;
however in the context of laser processing, thdiegdpn of SLMs has been mainly
limited to femtosecond and picosecond lasers duketdimited optical power handling
capabilities of the devices. Overall, Adaptive ©pthave a significant potential to be
applied to laser-based manufacturing processes.
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Experimental results using deformable mirrors

This chapter describes the application of two dé#ife types of deformable mirrors, i.e.
a Piezoelectric Deformable Mirror (PDM) and a BipiorMirror (BM), to laser beam
shaping outside the laser cavity. This beam slgafgohnique is demonstrated with

both nanosecond and millisecond pulsed laser maghworkstations.

Adaptive optics (AO) based on deformable mirrorgeheen initially developed for
astronomy and military applications with their widgpplication being limited by the
enormous costs of these devices [36]. More regectbmparatively low-cost but
nevertheless powerful and robust adaptive optiege hh@come available, and as a result

deformable mirrors have started to play a substhrdle in research and industry.

The typical Gaussian intensity distribution genedatat focus of a laser machining
workstation is not always ideal for the applicatiorstead other shapes such as ellipses,
flat-tops (circular or square), or doughnuts casome cases give better results. Also,
other more complex beam profiles or the generatbrspecific patterns might be
beneficial for surface micro-structuring. Usingdd optics, e.g. refractive optics (see
section 2.2.2) or diffractive optical elements (DQEe section 2.2.3), a wide variety of
different beam profiles can be created by usingsaarnised fixed element [4, 6, 135].
Adaptive Optics (AO) in contrast have the advantafeenabling highly dynamic
changes on the timescale of milliseconds which mdhat the beam shape can be
altered ‘on-the-fly’, i.e. during the actual madhig process. In order to realise, and
rapidly change between such beam shapes, an A@agbpwas investigated based on
using an iterative Simulated Annealing algorithm\Y$see sections 2.3.2.1 and 3.2) to
control the actuators of a deformable mirror in lased-loop optimisation. Two
different types of deformable mirrors, a 37-elempigzoelectric deformable mirror
(PDM) and a 37-element bimorph mirror (BM) were téels with respect to their
extracavity beam shaping capabilities. Each of¢heavefront modulators are common
choices in the context of Adaptive Optics where RMPis perceived as the more

flexible and adaptable device. A BM is reporteceitibit better spherical behaviour
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compared to the PDM [68] and also has a more contemign, which favours this type

of deformable mirror especially for intracavity dipptions.

The devices and their distinct response are dextriip section 3.1 and the simulated
annealing algorithm used for the closed-loop cdntfothe deformable mirrors in
section 3.2. The beam shaping capabilities of bethices are discussed in sections 3.3
and 3.4 for a low power continuous wave (cw) lasaurce. The integration of the
piezoelectric deformable mirror into a nanosecam) (aser machining workstation is
described in section 3.5 and benefits of usinguasgflat top beam for surface marking
are presented. The next section 3.6 shows thécapiph of the PDM for beam shaping
with a millisecond (ms) laser. The laser used Heas a low beam quality, i.e. is
multimode, and does not exhibit an ideal Gaussiaape, unlike for the ns laser
described in 3.5. Nevertheless, beam shaping eacalried out and the advantages
gained by using a PDM for the laser drilling ofahigh-holes are presented. The actual
beam shaping and laser machining work presentexkedtion 3.6 was carried out in
collaboration with Dr. Jonathan Parry and resuliedhe co-authorship of publication
[136]. The PDM setup and configuration were basegrevious research and findings
by the author of this thesis as described in tloties prior to section 3.6. The author
prepared and provided the control software inclgdive simulated annealing algorithm.
A typical PDM does not exhibit a perfectly flat mor surface when at its rest position,
i.e. no voltages applied. Phase stepping interietoy (see section 3.1.3.1) has been
used by the author of this thesis to determine sk@ctuator voltages that must be
applied to the PDM to generate a flat mirror sugfatn addition, an actuator voltage set
that results in a phase retardationrafad for a circular disc at the centre of the nrirro
have been determined using this technique in aaeptimise of the beam towards a

doughnut beam profile.
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3.1 Devices

3.1.1 Piezoelectric deformable mirror (PDM) from OKO Teghblogies

C)
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Figure 3.1: a) and b) piezoelectric deformable miror (PDM) with housing partially removed;

c) hexagonal geometry of PDM actuators including aaator numbers.

The piezoelectric deformable mirror (PDM) used mstwork is a commercially
available device manufactured by OKO Technologiéh &7 elements arranged in a
hexagonal pattern (see Figure 3.1 and Table 3-3%][1 The individual actuators are
column actuators with a thin, rectangular crossicec The electrodes are coated onto
the two largest faces of the cubical actuators.e Tfésulting electric field is applied
across the thin side of the rectangular cross@ecésulting in a vertical expansion or
contraction of the actuator in order to drive thape of the deformable mirror substrate
which is bonded on top of the actuators. The mariniree stroke of the actuators is
8 um at a voltage of 400 V and the inter-actuatiaks, i.e. the maximum difference of
expansion between adjacent actuators, is up to 8lgento the stiffness of the mirror
substrate. The hysteresis, an inherent problerpiéaoelectric actuators, is reported to
be 10% [66]. The actuator capacitance is 5 nFtaadrequency range is 0 — 2 kHz for
the deformable mirror itself and 0 — 1 kHz for theformable mirror unit when driven
from a standard, manufacturer supplied, electrdrier board [138]. The actuators are
bonded and sandwiched in between the base holdeharsubstrate for the deformable
mirror, with an actuator pitch of 4.3 mm. The rairsubstrate is a circular disc made
from fused silica with a diameter of 30 mm and iakhess of ~0.8 mm. It has a high
reflectivity dielectric coating for a wavelength D64 nm and was tested to be suitable
for application with a high power nanosecond lasgtem (pulse length 65 ns, beam

diameter 1.5 mm at the output, repetition rate #i5 &nd average power 24.5 )

! Damage test carried out by Dr. Jonathan Shephedat-Watt University)
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The deformable mirror is driven using a high-voéggpwer amplifying unit from OKO

Technologies providing voltages between 0 and 400Nup to 40 channels. The
output voltages used for the experiments are lonive292 V as recommended by OKO
Technologies to increase the lifetime of the acsat The power amplifying unit is
connected to a 40-channel digital-to-analogue cderenit ‘DAC-40-USB’ which is
computer controlled via USB interface. The outpgolution of the DAC unit is 12-
bits providing 4096 output levels.

PDM BM
_ Circular, @18 mm, @7 mm
Aperture shape Circular, @30 mm _
active area
Number of electrodes 37 37
Actuator voltages 0...400V -30 ... +180 V
Hysteresis of
~10% ~5%
actuators
Dielectric mirror
_ A=1064 nm A=1064 nm
coating

Table 3-1: Technical parameters of piezoelectric dermable mirror (PDM) and bimorph mirror
(BM).

3.1.2 Bimorph deformable mirror (BM) from BAE Systems
a) - b)

Figure 3.2: a) Bimorph mirror (BM); b) electrode pattern of BM.

The bimorph mirror (BM) used in this project wavel®ped and manufactured by BAE
Systems for their intracavity adaptive optics pcojgNCAQ) and is not commercially

available to date. The unit employs 37 active elats, i.e. the same number as the
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PDM mirror by OKO, although they are arranged uhiféerent pattern (see Figure 3.2).

While the exact design of this device is confidantia typical BM consists of a

multilayer of piezo-ceramics with opposite polatisa direction (see Figure 3.3) with
the electrodes located in between the multilaygkdding a voltage (M to one of the

electrodes results in an in-plane expansion oflayer and an in-plane contraction of
the other layer. Due to the lateral confinemerthefdevice (as indicated in Figure 3.3)
this results in a bending and thus a deformatiorthef reflective surface which is
bonded onto the piezo-ceramics. The range of tivend voltages for each actuator of
this device is between -30 V and +180 V. Positmetiages applied to the electrodes
result in a transverse expansion of the actuatavend the mirror concave [139]. The
lowest resonance frequency of the bimorph mirrd2 kHz, so a maximum bandwidth
of the applied signal is advised by the manufacttode limited to 500 Hz [139]. The
hysteresis of the piezoelectric actuators is regblty BAE System to be smaller than
5% [72]. The high-voltage power amplifying unit mdactured from OKO

Technologies for the PDM (see section 3.1.1) isdugedrive the bimorph mirror,

however, an additional DC power supply is requpealviding a 30 V offset in order to

match the different voltage requirements. The onigurface has a high-reflectivity
dielectric coating for a wavelength of 1064 nm. eTphysical aperture and mirror
diameter of the BM are both 18 mm but the recomradrattive aperture is 7 mm in
diameter due to the actuator layout (see Table. 3Alvery similar mirror was

successfully applied in an intracavity arrangenfenenhancing the far-field brightness

of a solid state laser, and extracavity for a feldfbeam steering application [140].

vV, V, V. V, V.

Figure 3.3: lllustration of bimorph mirror consisti ng of multilayer of piezo-ceramics with oppositt

polarization directions (indicated by “+” and “-“). The red triangles indicate the lateral moement

restrictions by the mirror mount.

41



Chapter 3 - Experimental results
using deformable Mirrors  ————

3.1.3 Comparison of response between a PDM and BM

A phase-stepping interferometer was constructethéasure the surface shape of both
the PDM and BM and to investigate the responsehtmging actuator voltages on the
surface shape. A detailed description of the saiupthe measurement technique can
be found in section 3.1.3.1 and the setup is shaviAigure 3.7. The interferometer is a
Michelson arrangement and uses a HeNe laser sautioea wavelength of 633 nm.
The flat reference mirror in one arm of the Micloelsnterferometer is mounted on a
computer-controlled piezoelectric translation stageenable phase-stepping. This
mirror is moved to five equidistant positions fdretmeasurement and an intensity
image is captured of each resulting fringe pattesimg a monochrome CCD camera.
Using appropriate algorithms [141, 142] and a séathdohase unwrapping technique
[143, 144], the height profile of the reflectivedat object, in this case the deformable
mirror surface, located in the second interferomaten can be determined. The PDM
and the BM have a dielectric coating for a waveleraf 1064 nm and therefore their
reflectivity at the wavelength of 633 nm, as usedthe phase-stepping interferometry,
is not ideal but the resulting fringe pattern stias sufficient contrast for the

measurement.

Both the PDM and the BM exhibit an initial arbityagzurvature of the reflective surface
as a result of the manufacturing and assembly psocén order to compensate for the
initial curvature of the PDM surface a set of vgita can be determined based on phase-
stepping interferometry. This set of voltagesdded to the intended actuator voltages
before addressing them to the device but for sitiiplare not displayed in the voltage
illustrations in Figure 3.4 where a) shows the #atface profile for the PDM when
only the compensational set of voltages is appliedFigure 3.4 b) a voltage of 100 V

is added to three individual actuators resultingaistrong local deformation of the
mirror surface. When determining the differencenaetn both surface profiles (Figure
3.4 c) the cross-talk between adjacent actuatarsmgaratively small. This behavior is

also referred to as a local or zonal response.
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Figure 3.4: Surface profiles of deformable mirror surface (left part) with illustration of applied
actuator voltage for PDM (a, b and c) and BM (d, eand f) determined based on phassteppinc
interferometry: a) voltage set applied just to flaten PDM; b) 100V added to three individual
actuators of PDM resulting in local deformation; c) difference between a and b; d) no volta(
applied to BM; e) 100 V added to three individual atuators of BM resulting in global deformation;

f) difference between d and e.

The initial surface profile of the BM is shown imgkre 3.4 d) in its rest state with no
voltage applied to the actuators. Addressing dagel of 100 V to three individual
actuators of the device results in a spatially mo¢el deformation of the mirror surface
(Figure 3.4 e). The difference between both serfafiles (Figure 3.4 f) shows a
strong cross-talk between the actuators of the BN& behaviour is called a modal

response.

3.1.3.1 Phase-stepping interferometry

Phase-stepping interferometry is a powerful teammigqo measure the topology of
optical surfaces with high accuracy [145, 146]. efitables the determination of the
phase difference in interferometric measuremenBased on a single interference
pattern for two interfering coherent waves the treda phase difference can be
determined, however, there is an ambiguity regagrthie direction of the phase change.
This limitation can be overcome by analysing midtimterference patterns where the

relative phases between the interfering waves d&anged by a fraction of the
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wavelength used in the measurement. Typically ikisachieved by having a

piezoelectric driven mirror in the reference arnha interferometer.

The phase can be calculated based on at least neasurements of the intensity
distribution of the resulting interference pattean different phases [141]. Several
methods and algorithms to retrieve the phase aygested in literature: e.g. for three
measurements with a phase step/@f or 2t/3 or for four measurements with a phase
step ofn/2 (see [141]). For high measurement accuracyigelecontrolled phase

shifts are essential and in practice this requirdnoan be problematic [142]. The
piezoelectric translation stages typically usethtave the reference mirror for the phase
stepping can exhibit for example a non-linear respoand hysteresis affecting the
accuracy of the phase step [146]. Furthermoreyrskary effects such as temperature
changes in air which alter the optical path lergth cause drifts affecting the accuracy
of the measurement. To address this, phase rafrielgorithms with multiple

measurements based on unknown phase shifts hanegtesented [141, 147, 148].

The following equation for the retrieval of the phap based on five intensity
measurements;Ai=1,2,3,4,5) requiring equal but arbitrary phasteps was used for the

experiments described in section 3.1.3 based alj[14

2(A-A)

A-A T
2 — —_ —_
en-a-n A7)

@ = arctan ; Equation 3-1

The phase step was chosen tontierad. Although the acquisition and processing of
five intensity measurements, rather than four, Itesno an increased processing time,
inaccuracies due to the increments of the phasegehand vibrations are significantly
reduced [141]. The result of combining the fiveemsity measurement usiiguation
3-1is a phase map with values wrapped betwee? rad and /2 rad (see Figure 3.5

left column).
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Figure 3.5: Demonstration of wrapped and unwrappedhase profile for a tilted mirrored surface.

Step 1: Reshape of matrix into vectas(i); (i = number of element of vector)
Step 2: Calculate phase differences: D(i)£i+1) - o(i);

Step 3: Calculate wrapped phase differenei) = arctan { sinD(i) / cosD(i) };
Step 4: Unwrapping@(i)= ¢(i-1) + 4(i);

Figure 3.6: Phase unwrapping technique.

The retrieval of the phase is followed by phase napping to restore the multiples of
2n rad (see Figure 3.5 right column). An iterativevuapping technique based on [143]
is applied here. A pseudo-code of the unwrappaafpriique is shown in Figure 3.6.
This approach compares the phase difference otauljactuators and removes phase
jumps by=n rad using trigonometric functions. More advanded also much more
computationally-intensive techniques exist for fise unwrapping and are described
in [149] and [144]. Once the phase is unwrappe@)), height values (x(i)) can be
determined by considering the wavelengthof the used laser source based on
Equation 3-2:

x(i) = (i) B—2—; Equation 3-2
27tad
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The setup for the measurements is shown in Figufe & consists of a Michelson

interferometer and uses a HeNe laser source withwveelength of 633 nm. The laser
beam is expanded using a Keplerian telescope ¢mgsef a microscope objective (20x
magnification) and lens with a focal length of 3@fth. A non-polarising beam splitter
cube (50 mm edge length) separates the wave irisdgments with a ratio of 50:50.
The flat reference mirror in one arm of the intesfaeter is mounted on a computer-
controlled piezoelectric translation stage (Pieztmy Jena 1062) to enable the phase-
stepping. The reflective surface to be measuregd,tike deformable mirror, is located
in the second arm of the interferometer. The teftected waves are united by the
beam splitter and an interference pattern is forme@ screen. A monochrome CCD
camera (Basler A602f) in combination with an ohjextcaptures the interference
pattern. In order to calibrate the interferomeker deformable mirror is replaced with
an optically flat reference mirror (flatned®20 atA=633 nm) and a phase stepping
measurement is carried. This provides a measurteofethe phase distortion of the
optical system which can then be subtracted fradfugher measurements.

piezoelectric
deformable mirror - camera with
bj ective
mirror on
translation stage I \ [] screen

for phase stepping

H - - - —n"
|

non-polarising ;; [ Eil O% | @ -1

beam splitter ! | \ aser
M2 plate, m—H
/ . e: T\ microscope

lens |

| objective

ilaser

|
f=300 mm :
|
I

—_—_— —

Figure 3.7: Setup for phase-stepping interferometry The dashed grey line indicates adtonal
components and laser source required for the measemerts with the SLM (see section 4.1.2 ai
4.1.3).

This phase stepping interferometer has also beed tasdetermine the level of phase
shifting present in a liquid crystal spatial lighbdulator as described in sections 4.1.2
and 4.1.3. For this purpose, the system was aakraith a frequency-doubled
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Nd:YAG laser source at a wavelength of 532 nm (gey dashed box in Figure 3.7)

and the voltages for the translation stage werptadao achieve a phase stepu for
the different operating wavelength.

The laser source is embedded into the setup usifigp anirror and a microscope
objective (20x magnification) for the telescopeheTiquid crystal layer of the spatial
light modulator consists of a birefringent mateaad hence an additional half-wave
plate is required to align the polarisation directiof the laser relative to the display.
The mirrors are all silvered and the beam splittdyre works between 400 and 700 nm,

so no further amendments to the setup are required.

3.2 Simulated annealing algorithm

In principle, the voltages required to achieve atipalar desired shape of the
deformable mirror could be calculated on basisoindluence matrix. However, due to
the actual device characteristics such as nonlidefiections as a function of applied
voltage, hysteresis, and cross sensitivities betwaeighbouring elements, it is
beneficial to use a closed-loop control in ordeopdimise the actual mirror [49]. A

suitable measurement system is hence requiredtader feedback.

There are two main techniques applied in this cdnte
() the measurement of the wavefront e.g. usindhack-Hartmann wavefront sensor;
(i) the measurement of a single desired and meable variable, like intensity,

intensity distribution or beam diameter.

In the case of laser machining, the ultimate ainthes control of the beam intensity
profile at focus, so the second technique is mpmapriate [150]. Furthermore, the
outcome of laser ablation itself can be used ferféedback as presented in [44].

Two of the most popular optimisation algorithms fimding global optimum solutions

are the genetic algorithm (GA) [61, 62] and thewdated annealing algorithm (SA) [59,
60]. A more detailed discussion of the optimisatedgorithms can be found in section
2.3.2. The SA is well-suited for application tont@| adaptive optics since it enables
the optimisation of many variables at one time [15&. the actuator voltages of the

deformable mirror. In order to measure the vagalded for the iterative optimisation,
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point detectors resulting in a single scalar oufp0t or CCD cameras are applied. As

suggested in [49], a CCD camera at the focus afpdical system was used to measure
the spatial beam profile.

The overall process flowchart of the SA algorittersihown in Figure 3.8. The software
for the algorithm was initially written by Dr. Redal-Agmy [49] for controlling a
micromachined membrane deformable mirror. It hesnbmodified by Simon Triphan
for shaping a femtosecond laser [44] and by Anjgl&m for fibre coupling by means of
the membrane mirror as part of their final year Mfprojects. For the application
described in this chapter, the Matlab code washéurtadapted to control the
piezoelectric deformable mirror and furthermoreeesive modifications have been
carried out in order to increase the speed of ftenssations.

At the beginning of the algorithm two crucial paeters of the SA need to be defined,
i.e. the ‘change factor’ and the ‘temperature’red tlgorithm. The change factor is part
of the ‘move class’ [152] and defines the magnitafiéhe random changes to generate
the new set of actuator voltages, also referredstéthe neighbour state, based on the
current or initial set of actuators. Voltages bfthe actuators are altered at the same
time, though each voltage changes by a random nuf@ldg multiplied by the change
factor. This factor needs to be chosen carefutigesif the random perturbations are
too small it is likely that the algorithm gets tpagal in a local minimum solution and is
unable to escape due to a too small step sizeth®ather hand, if the change factor is
too high the SA turns into a random search whichnigble to zoom in to any minima
solutions. The temperature of the algorithm ist pérthe Boltzmann probability test
and will be explained below (see Equation 3-3).
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Figure 3.8 Schematic representation of simulated annealinglgorithm for beam shaping with

deformable mirror.

In addition to the above, a custom target profild ¢he initial set of actuator voltages
need to be defined. Choosing appropriate stadorglitions for the actuator voltages
can significantly reduce the required number ofratiens of the SA for the
optimisation. The voltages are sent to the defblenenirror and an intensity image of
the resulting beam shape is captured by meansmbraochrome CCD camera. A
background removal based on a subtraction of tleeage intensity of the four corner
regions of the image is carried out. Due to theted pointing stability of the laser the
laser beam fluctuates slightly on the camera. Téfiect is enhanced by the
comparatively long optical setup required to im#gelaser beam onto the camera (see

sections 3.3.1 and 3.5.1). To compensate for thestiations, the centre of the beam
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was determined by calculating its ‘centre of mdses’ comparison with the custom

target profile.

As a quantitative measure of the correlation betwearent beam shape and target
profile, the root mean square error (rms) betwéenneasured intensity profile of the
laser beam @cp) and the target profile {lge), both normalized, is determined in
software using Equation 3-3. In the context of $iraulated annealing algorithm, the
rms error may be considered as the energy funthi@inneeds to be reduced towards the

global minimum solution [152].

1 :
rms:\/N N ZZ(ICCD (% Y) = 1 arger (X, )% Equatio3 3
X y X Yy

If the new set of voltages results in an improvietets between the beam shape and the
target profile, and hence a reduced rms errorytitages are saved and the voltages for

the new iteration are altered based on the mows.cla

if {ex;{_ (mls“‘”eflﬁ — rmsm)}} > rand [0]]; Equation 3-4

If there is an increased rms error between beampeshad target, however, the current
voltages are not always rejected. A Boltzmann abdlty test which is dependent on
the current rms error (rmgen), the rms error of the best result (pp and the
algorithm temperature T (see Equation 3-4) is &opli The temperature T is chosen
such that with a comparatively low probability (iggly < 5%) the voltages are still
accepted for the new iteration despite an unfavmearaptimisation solution. This
feature of temporarily accepting non-ideal solusiasm essential to avoid the SA getting
stuck in local minima solutions. The temperaturis Teduced during each iteration of
the optimisation by 0.1% using a standard coolidgeme [152]. Consequently, the
probability of accepting solutions with an incresens error reduces throughout the
optimisation process and the algorithm is morelyike reach the global minimum

solution.
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The change factor, the algorithm temperature aada tlesser extent, the cooling

scheme, all have a significant impact on the peréoce of the SA optimisation and the
required number of iterations, and thus need tsdbected carefully depending on the
actual optimisation problem. Typically between A0hd 5000 iterations have been
chosen for an optimisation, each time carried dth two to three different temperature
values and four different change factors. Chamgéofs resulting in a relative change
between 1% and 5% worked best in this context. hE&ecation of the algorithm took
~0.22 s. This could be reduced by using a caméta avhigher frame rate than the
10 Hz rate used in this case and also by using re efficient programming language
than Matlab. When defining appropriate startingdibons for the mirror voltages the
number of iterations required for the optimisatioan be significantly reduced.
However, for many laser processing applicationgithe required for the optimisations
is not a limiting factor. Appropriate voltage vatufor the desired beam shape can be
determined and optimised prior to the laser maoginand then addressed to the
deformable mirror during the process with littlenar further optimisations required.

3.3 Beam shaping capabilities of piezoelectric deformaé mirror

3.3.1 Low power setup

Initially, the piezoelectric deformable (PDM) mirrs tested with a low power laser
source (a continuous wave (cw) Nd:YAG laser witlvavelength of 1064 nm). The
setup used is shown in Figure 3.9. The laser #itiers attenuated by means of a half-
wave plate and a polarising beam splitter resulim@gn ‘eye-safe’ experiment. A
telescope arrangement with a magnification of 19xequired to increase the beam
diameter to match the diameter of the PDM. Therlagam diameter was increased to
27 mm (1/é of intensity) and the beam was incident on the P&Mn angle of 10° to
the surface normal. After the PDM a second 5x agnmfying telescope (focal lengths
400 mm and 80 mm) arrangement and a focusing fend (m) create a focused spot of
suitable size on a monochrome CCD camera placedthat focal plane of the system
for the optimisations. Neutral density filters g@a in front of the camera are used to
attenuate the intensity and prevent saturationalSrariations in the lateral position of
the focused beam on the CCD camera due to vibsataord the limited pointing
stability of the laser (amplified by comparativelgng optical path length) are
compensated by determining the centre of the lasam by a centre of mass technique

in software. The actuator voltages are contratleded-loop by means of the simulated
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annealing algorithm (SA, see section 3.2). Theupater to be minimised using this

algorithm is the root mean square error betweerctineent beam profile and a custom
defined target profile according to Equation 3-3.

v Closed loop control
Simulated Polariser & beamsplitter
anncaling el —
algorithm
- Pons 2 Lens 1
600 Flat mirror
19x telescope
Lens 5 CCD-camera
Piezoelectric 400 mm

deformable Lens3 480 mm -_
Lens 4 500 mm i

mirror 5x telescope m

Figure 3.9: Setup for closedeop beam shaping experiments using PDM and low pav Nd:YAG
laser source. Lens 1: 4x microscope objective, f=B3mm; Lens 2: f=350 mm, @=50.8m; Lens 3:
f=400 mm, @=50.8 mm; Lens 4: f=80 mm, @=25.4 mm; los 5: f=1000 mm, @=25.4 mm.

The surface profile of the PDM exhibits an intrmsurvature when the same voltage is
applied to all actuators. Hence it has been nacgss determine a set of voltages
resulting in a flat mirror surface by means of fhlease-stepping interferometer (see
section 3.1.3.1). These voltages were applieted®DM as starting conditions for the
SA optimisations. At some point during the actugke of the PDM, the device
developed a fault causing a relatively strong cuume& acting like a cylindrical lens (see
Figure 3.10). After this fault, the operating ciiwhs of the device became somewhat
limited in that around 50% of the available strakfethe actuators was required to
compensate for this curvature. Fortunately, tineaiaing actuator stroke was sufficient
for our application. In general, the voltages iegpl for a flat mirror surface varied
significantly over time with use of the device icaling a strong ageing effect of the
actuators used in this PDM device. Hence a rdthmes-intensive determination of the
actuator voltages for a flat surface had to bei@drout prior to any experiment. It is
unclear how far this is a generic characteristichafse devices or just an unfortunate
fault with this particular unit. However, it is fgmtially a severe drawback for any
application of the PDM in a ns laser machining apion to generate ‘on-the-fly’
changes of beam shapes based on pre-determinguteangtimised actuator voltages.
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Figure 3.10: Surface profile of PDM whenl47 V applied to all actuators; b) resulting beam Isape

at focus of the setup shown in Figure 3.9 (1 pixel 5.6 pm).

3.3.2 Optimisations towards different beam shapes

Doughnut shape

Figure 3.11 a) shows the Gaussian beam profileh@fbeam focused on the camera
when the deformable mirror in the setup shown igufF@ 3.9 is replaced with an
optically flat reference mirror. The first beamaplk that was attempted to be formed
was a ring focus, or “doughnut” profile. As a sitag point, a flat mirror surface was
determined by means of phase-stepping interfergn{sée section 3.1.3.1). Voltages
corresponding to a phase delayrafad were added to the central 7 actuators follgwin
Boyko et al. [94]. Ideally, a circular disc at tbentre with a phase differencemfad
changes a Gaussian beam shape into a doughnut shdpeus [153, 154]. The
dimensions of the resulting beam profile are a gualthe choice of the dimensions of
the doughnut target profile. Thus any requiremfentthe PDM to provide global
focusing or defocusing in addition to beam shapimgavoided. Good alignment
between the centre of the PDM and the centre ofntt@ming laser beam is beneficial
and particularly important when optimising towaidscular symmetric target profiles
like the doughnut profile. The target profile atite beam shaping result after
2000 iterations using SA are shown in Figure 3.Llarta c). The result has, as desired,
a higher intensity in at the outer part of the beampared to the centre. However, a
closed ring structure and an even intensity digtidm around the ring could not be
achieved. At the centre of the beam shape a tilangstructure can be observed
implying a link to the hexagonal arrangement ofdbtiators. Figure 3.11 d) shows the
development of the rms error throughout the opt@tnos. The main improvements are
achieved within the first ~200 iterations and tregtimisation appears stuck at this

solution except a minor improvement after ~670atiens.
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Figure 3.11: Beam shaping results using PDM: a) bea profile for flat reference mirror
(1 pixel = 5.6 um); b) target profile for doughnutshape; c) beam shaping rest for doughnut shape
after 1000 iterations; d) development of root measquare error throughout iterations.

Variable homogenizer

In the next step, the application of the PDM as/ariable homogenizer” was tested.
For certain surface micro-structuring applicatiandlat and homogeneous intensity
distribution at the centre of the beam might beedfieral compared to the Gaussian
shape. Optimisation towards circular flat top pesf with different target diameters
were carried out by means of the PDM and the SAthadesults are shown in Figure
3.12. There is an obvious trade-off between beaality and beam shape since the
beam quality product Rincreases from ~1.4 to ~2.7 for increased targgfiles. The
PDM enables the generation of an increased simeitdrm intensity distributions at the
centre of the beam; however, the intensity gradaethe slopes is still apparent and can

have a potential impact on the laser machining.
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Figure 3.12 Top row: Beam profile with flat reference mirror; below: Use of PDM as variabl
homogeniser with different circular flat top target profiles (left), the beam shaping result afte200(
iterations of SA (middle) and the cross-sections ahg the horizontal and vertical direction (right).

1 pixel = 5.6 um.

Square flat top
A beam shape of particular interest for laser maolgiof larger surfaces is a square flat

top profile. A uniform overlap of consecutive lagmilses can be achieved with this
beam shape compared to the Gaussian beam and tlomscgeneous machining of the
surface can be expected. As a starting condititbat anirror surface was chosen. The
target profile and the beam shaping result aft@02terations are shown in Figure 3.13.
At the centre of the beam there is an expandedvaiteauniform intensity in a square-
like shape as desired. The hexagonal shape ofother intensity region is again

implying a link to the actuator arrangement.
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Figure 3.13: Beam shaping using PDM and SA: a) squaflat top target profile; b) beam shaping
result after 2000 iterations (1 pixel = 5.6 pm).

Besides the beam shaping results presented abovariety of target profiles with
different sizes and shapes and optimisation paemaif the SA have been tested,
however, in most cases with a rather limited sueceBesides that, the laser beam
diameter incident on the PDM was changed by algette first telescope and also the
position of the second telescope and the focudemgrelative to the PDM was varied.
Nevertheless, a significant improvement of the bedaping capabilities of the PDM
compared to the results presented above could ea@tchieved. The small number of
active elements of the PDM, the crosstalk betwedjacant actuators, and the
constraints on the maximum achievable slopes ofléfiermable mirror are the limiting

factors for the beam shaping.

3.4 Beam shaping capabilities of bimorph mirror

3.4.1 Setup

For testing the bimorph mirror (BM) a very similsetup to that explained in section
3.3.1 and shown in Figure 3.9 is realized exceat the first telescope has a smaller
magnification factor, i.e. ~510 times magnification microscope objective with
f=15.8 mm and f=80 mm lens), due to the much smalbtive aperture of the mirror,
i.e. 7 mm. This also means that the second telescope a#tetaformable mirror is not
required. As before, the BM was located at theklfacal plane of the 1 m focusing

lens.
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3.4.2 Optimisations towards different beam shapes

Elliptical beams

Given the measured modal response (see secti®) 8fithe BM and in contrast to the
zonal response of the PDM, the BM may be considerete as a “deformable lens”
rather than as a phase plate. The benefits ofitbelar symmetry of the arrangement
of the electrode pattern of the mirror (see Fig@t2 b) can be observed when
optimising an incident circular Gaussian beam talwamn elliptical beam profile that is
orientated in different directions as shown in Fe&g8.14. The elliptically shaped target
profiles for this optimisation were generated basedGaussian intensity distributions
with an aspect ratio of 3:1. The different orieltias were obtained by a standard
rotation of the coordinate system. For these apétions 5000 iterations with the
simulated annealing algorithm were carried outtistguwith a fairly flat mirror surface.
The optimisation with 5000 iterations took 18 masit The biggest improvement of the
beam shape happened in all cases within the fig& iterations and just slight
improvements occurred after that. A typical depelent of the rms error throughout
the optimisation is shown in Figure 3.15 for thafneshaping result shown in Figure
3.14 e). No particular preferred orientation wdseryved which indicates that the
mirror responds equally in all elements and hagmderential mode of deformation.
As observed in 3.2.2, this is not the case folRDM.
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Figure 3.14: Target profiles (top row) and beam shping results (bottom row) using bimorpt
mirror and SA to generate elliptical beam shapes atan angle of 0°, 45° 60° and 90°

(1 pixel = 7.4 pm).
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Figure 3.15: Root mean square error for beam shapipresult shown in Figure 3.14 e).

A possible application of such beam shapes mightuieng and dicing applications

where benefits on the cutting speed are reportezhwising an elliptically shaped beam
where the long axis is aligned with the cuttingediron [2, 3]. To date, such beam
shapes have been generated using fixed optics asiclylindrical lenses. However, a
deformable mirror for beam shaping has the distatbtantage that the orientation of
the long axis of the ellipse can be changed duthegcutting process to be aligned with
the cutting direction if required. The resultsgaeted in reference [3] for dicing silicon
wavers were achieved by using such an alignmehnigae albeit using a cylindrical

lens. The work reported in [3] used a laser wawgle of 355 nm but similar benefits
can be expected at any wavelength provided the-taaterial interactions as a function
of wavelength are considered. Provided an appatgorigh-reflectivity coating is

applied to the BM, the unit could equally well bged with a wavelength of 355 nm.
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Figure 3.18 a) beam shape for flat reference mirror; b) squae flat top target profile; c) bean
shaping result after 5000 iterations using BM and &; d) crosssections along horizontal an

vertical direction of beam shaping result and of teget profile (1 pixel = 7.4 um).

Square flat top
As described earlier, flat top target profiles bemeficial for a range of machining tasks

and experiments were carried out to demonstrategémeration of a square flat top
beam profile. Figure 3.16 a) shows the initialrhgarofile at focus for a flat reference
mirror instead of the BM. Some aberrations of @aissian shape are apparent which
are most probably due to misalignment of one oftéhescope arrangements. Part b) of
Figure 3.16 presents the target profile and parthe) beam shaping result after
5000 iterations using the BM and SA. The resulbe@m shape has an increased area
with a close to uniform intensity distribution dtet centre. Although a square-like
intensity distribution can be observed, the beampshdiffers significantly from the
desired target profile and it appears not to besiptes to achieve a more optimised,
square shaped beam pattern using the BM in comdmuaitith the simulated annealing

algorithm.

Conclusions

There are a range of possible applications ofdbisce to laser machining, for example
in cutting, where elliptically shaped beams havenbshown to be more efficient and

enable higher cutting speeds compared to usingus<tm beam shape [2, 3]. Also,

tailoring the ellipticity of the beam to compens#éie changes in the scanning speed of

the galvo scanner would be a possible applicatibmthis context, pre-optimised and
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pre-determined voltage values for the desired bshape would be used being much

more repeatable due to the reduced hysteresie @dNhcompared to the PDM.

For optimisation towards more complex beam shaped) as a square flat top profile,
the small number of active elements, the stiffridsbe device and the strong cross-talk
between adjacent actuators are the limiting factbétewever, an optimisation by means
of probabilistic algorithms such as the SA might be ideal, because of the zonal
response of the device, which is caused by thengtinteraction between adjacent
electrodes and the design based on piezoelectritilagers. However, a more

deterministic approach for example using a Shacdkrnn wavefront sensor (see
section 2.3.1.2) or using an interferometric chiagation method, e.g. according to
[70, 79], to analyse the response of each individatuator might be beneficial in this

context.

3.5 Application of piezoelectric deformable mirror to nanosecond laser

machining

3.5.1 Setup

The piezoelectric deformable mirror (PDM) was endssd into a high power
nanosecond (ns) laser machining workstation. H diode pumped and Q-switched
Neodymium Ytterbium Vanadate (Nd:Y\D system operating at a fundamental
wavelength of 1064 nm with a beam quality produét M1.3. The pulse length is
~65 ns, the maximum average power 30 W and the tapetition rate can be varied in
the range 15 — 100 kHz. The overall setup withRB#M is shown in Figure 3.17. In
order to match the beam diameter of the laser &eddeformable mirror a 10x
magnification Galilean telescope is required (nobven in Figure 3.17). The focal
lengths of the lenses used are -30 mm and 300 ndnbeeim diameter was increased to
25 mm (1/8 of intensity). The angle of incidence of the tase the PDM is 10° to the
surface normal. After the PDM a second telescapeequired to reduce the beam
diameter to match the input aperture diameter omt® of a galvanometer laser scan
head system. The telescope is a Keplerian arramggewith focal lengths of the lenses
of f; = 400 mm and,f= 150 mm. The galvo scanhead is equipped witfithata lens
with f;= 125.1 mm. Using a planar reference mirror irstethe PDM, the beam

diameter in the focal plane of the scanhead isp21/€ of intensity).
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Expanded laser beam Galvo scan head

Deformable using telescope
mirror ¥ ; ?
Flip mirror Lens 2

f Lens 1 f1 oLlek 4 2? g?’

Simulated Lens 3
annealing . O / f3

CCD camera Lens 5

Workpiece I

Figure 3.17: Setup for nanosecond laser machiningxperiments (Lens 1: {=400 mm, diameter
(2)=50.8 mm, Lens 1: =150 mm, @ =25.4 mm, Lens 3:3£125.1mm, & =127 mm, Lens ¢
f=30 mm, &=25.4 mm, and Lens 5: f=500 mm, @#=25.4 m)m

Using a flip mirror and two lenses (f = 30 mm and 500 mm) the laser beam can be
focussed, as before in a 6-f arrangement, onto aontwome CCD camera for the
closed loop beam shaping. The final lens befoee dmera with a focal length of
500 mm ensures a sufficiently large laser spothen@CD array. Additional neutral
density filters are applied to attenuate the lastemsity. The measured beam shape is
fed back to the simulated annealing algorithm (8A&)controlling the actuator voltages
of the PDM. For the initial proof of concept exipeent, the first step was to determine
the actuator voltages for a desired beam shap®dus$ing the laser onto the camera
and using the SA for the closed-loop control. he second step, the flip mirror is
removed and the previously determined shape of RB& is used for the laser
machining using the galvo scanhead. With regasdmtindustrial application of such
an extracavity beam shaping technique, the flipranivould be replaced with beam
splitter reflecting a small part of the light orttee camera to monitor and if required to

modify the beam shape as the laser processing plkes.

3.5.2 Laser machining results

Figure 3.18 a) shows the initial beam profile of taser beam focussed onto the CCD
camera when using an optically flat reference mimstead of the PDM. Using the
PDM, the initial Gaussian beam shape is then alteveards a square flat top profile
(target profile, see Figure 3.18 b). After 20@0ations of the simulated annealing
algorithm a beam shape with an increased unifotensity distribution was achieved
(Figure 3.18 c).
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Figure 3.18: a) Beam profile at focus when using aaptically flat r eference mirror instead of the
PDM (1 pixel = 7.4 um); b) target profile for the gtimisation; c) beam shaping result at focus wit
PDM after 2000 iterations of SA.

U RUTITT

Figure 3.19: Laser marking result on staimess steel operating the laser at a repetition ratef 10(

kHz and an average power of 20W whilst scanning théeam from left to right at a speed ¢
2500 mm/s: a) using optically flat reference mirror b) using PDM to create the flat top beam shag

as shown in Figure 3.18 c).

Both the initial Gaussian beam shape using a flabmand the modified square flat top
beam shape using the PDM have been applied to tageing of bulk stainless steel.
The work piece was located with the top surfaceéhatfocus of the optical system
underneath the galvo scanhead (see Figure 3.1¥.laBer was operated at a repetition
rate of 100 kHz and the average power was 20 We |a¥er beam was scanned across
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the work piece at a speed of 258@/s with the scanhead. At this speed, the laser

repetition rate and spot size of individual laseisps provide only a very small overlap
between consecutive laser pulses on the surfateeafork piece. The laser machining
results are shown in Figure 3.19: For the unmedifbaussian beam shape (Figure 3.19
a) the area affected by melt and particulates, rieesolidified melt and possibly
condensed material, is significantly larger tham tbhe square flat top intensity
distribution (Figure 3.19 b), whilst all other pess parameters are the same. The high
peak intensity at the centre of the Gaussian bemmmast likely causing some
vaporisation in the centre of the laser mark whgtriving the melt out further and is
resulting in spatter, whereas the square flat mognsity distribution with a much lower
peak intensity is causing more uniform melting &tild or no vaporisation. The marks

in Figure 3.19 b) have a slightly square shapexpeaed due to the laser beam shape.

3.5.3 Conclusion

This initial laser machining experiment clearly eals that modifying the beam shape,
whilst all other laser parameters remain the sdrag,a strong impact on the achievable
quality of laser generated markings. The bendftamverting a Gaussian beam shape
to a top hat profile was demonstrated for markitgintess steel with a ns laser
machining workstation. The resulting laser marmsthe square flat top beam shape
exhibit a smaller area with deposited material tttemarks made with the Gaussian
beam despite the modified laser beam diameter Isdigigtly larger. The high intensity
at the centre of the Gaussian beam results in er@ased melt ejection which is in
marked contrast to the uniform flat top intensitgtidbution with lower peak intensity.
However, further work is required to investigatestharticular machining process and

the melt ejection mechanisms forming the spattethfe Gaussian intensity distribution.

3.6 Application of piezoelectric deformable mirror to millisecond laser

machining
This section including the subsections presentaloofative work carried out with Dr
Jonathan Parry. For the work described so far in this chapter, piezoelectric
deformable mirror (PDM) was applied to laser systeith a good beam quality (v~
1.3 to 1.4), i.e. where the initial beam had a Geumsintensity distribution or at least a
close approximation towards the Gaussian shapethEexperiments described later in

this section using a millisecond (ms) pulsed ldseroutput beam is multimode and the

63



Chapter 3 - Experimental results
using deformable mirrors

beam quality product fis significantly worse at ~10 (see Figure 3.2Nevertheless,

the PDM was applied in order to alter the beam shawards custom designed target
profiles controlled closed-loop using the SA. Heam shape was optimised towards a
circular flat top and a doughnut profile and thebapes were used to drill holes in 3
mm thick steel. Adaptive beam shaping enables botimprovement in the intensity

distribution and also the drilling results as prasd below.

3.6.1 Setup

The laser used in for this experiment is a JK Las#705 with a fundamental
wavelength of 1064 nm. It is a neodymium-dopeduytt aluminium garnet (Nd:YAG)
laser, pumped using xenon filled flashlamps. & éxperiments described here, the
laser was operated at a repetition rate of 6 Hh wipulse length of 1 ms and a pulse
energy of 8 Joules (measured using the internalepaweter). The beam quality
product M is ~10. The beam diameter from the laser wasredgmto approximately
22 mm by adjusting an internal beam expanding d¢ejes of the laser unit. The laser
beam was incident onto the deformable mirror ahrgle of ~5° to the surface normal
(see setup in Figure 3.20). Using a 45° turningromiit was directed into the
machining head which includes a 120 mm focal lehgitis, a protective cover slip, and
a co-axial gas nozzle. The distance between the RIDM the machining lens was
1.3 m. Compressed air at a pressure of 4 bar s&s as an assist gas to protect to the
enclosed optics. The surface of the work piece lweated at focus of the optical

system and the distance between the gas nozzlgandbrk piece was 2 mm.

A beam splitter was located between the PDM andhthehining head to use a small
part of the light for the closed-loop optimisatioh the PDM. The laser beam is
focussed onto a CCD camera with a 1000 mm focajttetens which is located at a
distance of 1 m away from the deformable mirrohisTresults in an image of the beam
profile being around 8.3 times larger than the bediameter at the focus of the
machining head.
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Figure 3.20: Experimental setup of PDM embedded imt ms laser machining workstation.

Machining lens: f=120 mm, diameter=20 mm, Focusintgns: f=1000 mm, diameter=25.4 mm.

3.6.2 Beam shaping results

Initially, an optically flat reference mirror wased in the setup described above and
shown in Figure 3.20 instead of the PDM. The ahiind unmodified beam shape of
the ms laser system is shown in Figure 3.21. Eaco#l of this normalized intensity
distribution corresponds to a pixel size of 7.4 pfrthe monochrome CCD camera.
The initial beam shape exhibits an uneven intergiribution with an overall diameter

of approximately 740 um & diameter). This corresponds to a beam diameter of
around 90 um at the focus of the machining headtadiee different lenses applied for

imaging and machining.

<>

= N W R ®m N W
normalised Intensity

50 100 150 200 250 300
Figure 3.21: Initial beam profile of millisecond (ms) laser using flat referene mirror

(1 pixel = 7.4 um).
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After integrating the PDM into the setup, beam shgas carried out using the SA
(see section 3.2). Due to mechanical vibrations #we long optical path length the
position of the beam on the CCD camera fluctudtghtly. In order to compensate for

this, the “centre of mass” of the beam profile &edmined before calculating the root
mean square error between the measured intensitybdtion and the desired target
profile. At the beginning of the optimisation tdeformable mirror was set close to
optically flat based on a previous measurement tighphase stepping interferometer
(see section 3.1.3.1). The optimisation has beened out towards a circular flat top
profile with a target diameter of 100 pixels whiobrresponds to 740 um on the CCD
camera (see Figure 3.22 a). The normalised beapirghresult after 2500 iterations is
shown in Figure 3.22 b. The uniformity of the mgay distribution is significantly

improved compared to the unmodified beam shape slaove in Figure 3.21.
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Figure 3.22: Beam shaping towards cinglar flat top profile: a) target profile with 100 pixels

diameter; b) beam shaping result after 2500 iteratins (1 pixel = 7.4 um).
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Figure 3.23: Beam shaping towards doughnut profilea) target profile; b) beam shaping resul

after 2500 iterations (1 pixel = 7.4 um).
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In the next step, an optimisation towards a douglshape or ring focus was carried

out. Unlike the previous case with the flat topfpe, the deformable mirror was not
nominally flat at the start of the optimisationBased on measurements of the surface
profile with the phase stepping interferometer Wodtages of the central 7 actuators
have been altered corresponding to a phase delay rafli for the central area as
recommended by [94, 154]. Based on the resulteagrbshape and the dimensions of
the unmodified beam, a ring shape with an outemdtar of 200 pixels and an inner
diameter of 100 pixels was chosen as target prfilgure 3.23 a). The beam shaping
result (Figure 3.23 b) gives a slightly uneven msity distribution although the beam
profile is clearly ring shaped, showing a low irdigy region at the centre of the beam.
The doughnut shape has an outer diameter of appabaly 240 pixels (i.e. 1800 pum)
and an inner diameter of approximately 100 pixels. (740 um). This relates to

210 um outer and 90 um inner diameters at the fottlee machining head.

3.6.3 Laser machining results

Using the unmodified beam shape based on the dptit reference mirror, and both
the circular flat top and the doughnut beams geeeérhy the piezoelectric deformable
mirror, holes were drilled into 3 mm thick steelragrmal incidence. For each beam
profile identical laser parameters, i.e. 8 Hz ritjoet rate, 1 ms pulse length and 8 J
pulse energy, were used. The top surface of th&-piece was placed at focus with a
standoff from the gas nozzle of 2 mm. The crosdi@es of the single laser pulse
drilled holes are shown in Figure 3.24. Both timenodified and the circular flat top
beam profiles did not consistently penetrate thieliickness of the steel. However, the
doughnut profile did penetrate across the full 3 mmickness in all cases. The hole
drilled with the unmodified beam is somewhat uneaed deviates slightly to one side.
The deviation may result from the uneven and offtaeintensity distribution as shown
in Figure 3.21; however such a shape is not atypocaa multimode beam. The hole
arising from the top hat profile has an even shadlodepth although it is of a more
uniform shape. The slightly bulbous profile of tr@ss-section towards the bottom of
the hole indicates that the melt expulsion fromtibke is becoming less efficient. The
holes drilled using the doughnut profile, meanwhdensistently penetrate through the
full thickness of the sample. The resulting haktketer is much narrower compared to

the previously used beam shapes. This indicataes the doughnut beam shape is
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conducive to a more efficient drilling process whis likely to be caused by a more

effective melt eject mechanism.

Figure 3.24 Cross section of holes drilled with a single laseulse into 3 mm thick steel with a

unmaodified, b) circular flat top and ¢) doughnut beam profile.

For drilling with two consecutive pulses the unnimdi and the flat top beam profiles
penetrated the full thickness of the 3 mm thick gl@mn some cases, however not
consistently. This implies that there is some mnalement associated with this type
of drilling process. In order to achieve consistinough-holes with these beam shapes
three pulses were required and example cross seadiothe holes are shown in Figure
3.25. The hole diameters were measured at thartdgottom surfaces for 10 holes of
each beam profiles the average values are showrale 3-2. For the case of the
unmodified beam (Figure 3.25 a) the uneven shapgbheohole has been smoothed out
by the additional pulses compared to the previessilt. As result, the hole is roughly
constant in diameter for its entire depth. Theotlgh-hole drilled using the top hat
profile (Figure 3.25 b) exhibits a conical shapd anslightly flared towards the bottom.
This is consistent with the slightly bulbous shabehe cross section resulting from a
single pulse (Figure 3.24 b). As the expulsiomelt becomes less efficient the drilling
rate becomes slower. Hence this gives more timeh&at to propagate and melt
material at a greater radius. The hole drillechwite doughnut profile (Figure 3.25 c)
shows a very similar shape to that drilled withregke pulse (Figure 3.24 c) except for a
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hole already results from a single pulse, thisoissurprising.

using deformable mirrors

slightly wider diameter, particularly at the toConsidering that a consistent through

Figure 3.25: Cross section of holes with three pws into 3 mm thick steel with & unmodified,

b) circular flat top and ¢) doughnu

t beam profile.

Unmodified beam Cwu:(l)z?.r flat Doughnut profile

; : - N ~1800 &
Beam diameter on CCD: 740 pm 740 pm ~740 um
Corresponding beam diametgr N N N N
at focus of machining head: 90 um 90 um 210 & ~90 pn)
Hole dl_ame_ter at top surface pf ~450 um ~360 um 340 um
work piece:
Hole diameter at _bottt_)m ~350 um ~340 um 230 um
surface of work piece:

Table 3-2: Overview of beam diameters and resultindpole diameters for drilling with three pulses

(average of 10 measurements)

3.6.4 Discussion and conclusion

The diameters of the laser drilled holes vary d$igaintly for the different spatial

intensity distributions. For an unmodified multide@beam incident on the surface the
resultant holes have a diameter which is more thé&actor of 7 larger than the actual

beam diameter, and similarly for a flat top beawfif# this factor is 6. This is normal
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for a ms process where the material is removed bgixdure of vaporisation and
thermal melt-eject mechanism. The energy fromldker pulse is absorbed as heat and
conducted a significant distance into the matemadr the duration of the pulse (see
[14]). In marked contrast, holes produced withdlbeghnut profile are a factor of only
2.5 larger than the outer diameter of the incideam. This means that the doughnut
beam, which has the largest diameter of the thifereht beam shapes actually
produced the smallest diameter holes. Furtherntbeedoughnut beam profile results
in the largest penetration depth for single pulsérdy indicating a much more efficient
drilling and melt removal process. Further expenis are required in this context to
determine whether the benefits of using a douglshajpe are purely caused by the
modified intensity distribution or also by a potehtchange of the focus position and

the depth of focus.

The beam shaping result for the optimisation towardop hat profile exhibits a much
more uniform intensity distribution compared to thexmodified beam with
approximately the same overall diameter ofu@® at the work piece. The slightly
bulbous or flared nature of the holes producedaleith the reduced penetration depth
achieved for the single pulse hole indicate a fljgless efficient material removal
mechanism compared to the initial and unmodifiednbeshape. The unmodified and
non-uniform beam has a higher local intensity dngstpotentially generates a higher
local pressure of the molten material at the bottdrthe hole. This causes the melt to
be ejected at a faster rate. There is a tradbetffeen uniformity of the hole shape and

depth when comparing the unmodified and the toghatn shape.

Although the beam shaping capabilities of the PDMIemited by the small number of
active elements and the stiffness of the reflectiwdace, beam shapes can be produced
that have a significant and beneficial impact oa tutcome of the laser machining.
Even though flat top or doughnut beam shapes dmilgenerated by other static optical
components the dynamic nature of the deformableomprovides the possibility of
modifying the beam shape on-line with changes @niticident beam profile potentially
arising from variations in laser parameters. Iditoh, the rapid response time of the
device (~1 kHz), compared to the slow repetitiote @& the ms laser enables the beam
shape to be changed between pulses. As an exaangteighnut profile could be used
to generate a through-hole with the first pulse #redsuccessive pulse could be altered

towards a top hat beam profile in order to expddhole diameter. It should be noted
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however, that the inherent hysteresis of the PDM10% potentially affects the

reproducibility of these shapes and hence a ragetti the actuator voltages to zero is

required prior to the addressing of a new set tfador voltages.

In conclusion, the PDM has enabled adaptive beapish of a ms pulsed laser. The
multimode intensity distribution can be altered aoptimised towards a more
homogeneous intensity distribution. It has beeswshthat by controlling the spatial
intensity distribution, the ability to drill deephigh aspect ratio holes can be
significantly improved. The doughnut beam profila particular resulted in a
significantly improved drill depth and a smallerldn@liameter in comparison with the
unmodified beam profile. This device has the cdjpplbto compensate for changes in
the beam profile caused by changing laser paramatet to respond quickly enough to

change the beam shape between pulses.

3.7 Summary

Extracavity laser beam shaping using two differtgpes of deformable mirrors, i.e. a
piezoelectric deformable mirror (PDM) and a bimompirror (BM), and closed-loop
control by means of a stochastic simulated anngaligorithm has been demonstrated.
Both devices are capable of supporting sufficiaset powers with regards to laser
materials processing using ns and ms lasers. Howéve small number of active
elements, the crosstalk between adjacent actuataisthe stiffness of the reflective
surface are the limiting factor for the beam shgpiapabilities of the BM and the
PDM.

The circular symmetry of the electrode patternhef BM is particularly suitable for

optimisations towards elliptical beam shapes wigogential application to laser dicing.

Benefits when altering the initial Gaussian bearpghtowards a square flat top profile
using the PDM have been demonstrated for ns surfecking. For laser drilling with
a multimode ms laser, creating a doughnut beami@imy means of the PDM has been

demonstrated to significantly improve the qualityf dhe drilled holes.
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Experimental results using spatial light modulators(SLM)

This chapter describes the application of severférdnt liquid crystal on silicon
spatial light modulators (SLMs) for beam shapinglaser micromachining. SLMs
based on liquid crystal microdisplays are powedalices for beam shaping due to
their very high spatial resolution, their directogrammability, and their speed.
Consequently, they been applied to a variety oflieggoons such as programmable
lenses [112], optical tweezers [122, 123, 155] daptive optics [156]. Further
applications are described in section 2.3.4. Wetomparison to deformable mirrors
SLMs have a marked disadvantage as they are ofdyt@lhandle a significantly lower
average power optical density. The power handiaqgabilities of the SLM LC-R 2500
are stated by the manufacturer Holoeye to be 1-2m/limiting the total average
power to about 3 W. However, for the majority darglard nanosecond laser
machining processes somewhat higher laser powersequired. As a result, research
into the application of this SLM for micromachininfymetals, polymers and silicon has
been limited to femtosecond (fs) [9, 10, 23] antbpecond (ps) [11] laser pulses. In all
these cases the average powers used were reldovelglthough they demonstrate that
the display can cope with very high peak powersindlustry, nanosecond pulsed laser
machining is much more common, a significant drifgarthe work presented in this
chapter particularly if SLMs are to be considered development of practical laser

machining applications.

The major part of the work described in this chapises the SLM LC-R 2500

manufactured by Holoeye. This is a conventiongliti crystal device originally

developed for visual applications. In order t@al@de the application of this device to
high average power laser machining several modiifica are explained and discussed
in sections 4.1.2 - 4.1.5. Example laser machinith complex beam shapes is
presented in 4.1.6. Potential limitations of therfprmance due to the electronic
addressing of the device are analysed in sectibry 4nd a process synchronisation
technique to overcome this issue is presenteddtiose4.1.8. The dynamic nature of
the SLM can be used to overcome the inherent amdrsel impact of speckle and the

spread of heat, and to improve the quality of lasarking (section 4.1.9 - 4.1.10). The
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work described in sections 4.1.9, 4.1.10 and 4x88 carried out in collaboration with

Dr Jonathan Parry, but based on fundamental firsdamgl previous results by the author
as described in sections 4.1.2 — 4.1.8. The ewnudte published in a joint paper (see 2)
below). Using adaptive feedback in combinationhwét modified iterative Fourier
transform algorithm (MIFTA) results in a further pmovement of the quality of the
laser machining and results are presented in sedtinl1.

Besides the conventional liquid crystal displayuaed in the LC-R 2500, two other
SLMs have been investigated which were developegarticular for laser beam

shaping:

The X10468-04 SLM from Hamamatsu is analysed inticect.2 in terms of response
and an example of laser machining using this deiscdemonstrated. The process
synchronisation technique is applied to improvel#ser marking result for changes in
the beam shape during the laser machining prosesti¢n 4.2.3).

The device A512-0532 from Boulder Nonlinear Systevas tested in section 4.3. This

unit has the fastest response of any commerciaditable liquid crystal device to date.

The chapter concludes with a summary comparingrtree different devices in terms
of efficiency and response and finally, the suiibof the different SLM devices for

beam control of nanosecond pulsed high power laseliscussed.

The results described in this chapter were puldishéhe following journal articles:

1) R. J. Beck, J. P. Parry, J. D. Shephard, and DHad: “Compensation for time
fluctuations of phase modulation in a liquid-crysia-silicon display by process
synchronization in laser materials processing”, ligghOptics 50(18), 2899-2905
(2011).

2) J. P. Parry, R. J. Beck, J. D. Shephard, and DHdnd: “Application of a liquid
crystal spatial light modulator to laser markingpplied Optics 50(12), 1779-1785
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4.1 LC-R2500 from Holoeye

4.1.1 Device

The spatial light modulator LC-R 2500 [157] from |Bleye operates in reflection and
has a resolution of 1024 x 768 pixels in a dimemsb19.5 x 14.6 mm (Figure 4.1).
The maximum image frame rate is 75 Hz with 256 lalée grey values for each pixel.
According to the manufacturer, the pixel pitch &sIm and the fill factor is >93%. The
display itself is produced by Philips (model X97€8M00]) and contains 45° twisted
nematic liquid crystals (see section 2.3.4). Taeiak is addressed via a DVI interface
as an extended screen directly from the graphicd ¢&bit driver for the 256 grey
levels). Considering a look-up table (LUT) thigrgl is transformed to a 9-bit signal
for controlling the voltage across the liquid catdayer. The display provides a phase
change of at leastr2rad in the visible spectrum between 400 and 700 nkh the
fundamental wavelength of our ns laser system, 1d64the maximum phase change is
just ~1.3 rad [158]. Below a wavelength of 400 nm the ldjarystal layer becomes
absorbing [159]; thus the third harmonic frequen€yhe laser at a wavelength of 355
nm is not suitable for modulation with this devicAs a result, the second harmonic
frequency of the laser system at a wavelength 2afr68 was chosen to be modulated by
means of the SLM. According to Holoeye the maximm@mommended average laser
power is 1-2 W/crh This limits the total average power to arountlV3assuming a
circular laser beam with a diameter of 14 mm atmarincidence on the display.
However, for the majority of standard nanosecoséranachining processes somewhat

higher laser average powers are required.

Figure 4.1: Control unit and display of SLM LC-R 2500 from Holoeye
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4.1.2 Curvature of display and copper mount

As mentioned before, the SLM display can cope whthhigh laser peak powers in the
fs and ps regime where the average powers reqganedelatively low, demonstrating
that the much higher peak intensities in the udsafegime did not cause damage to the
display. However, a fraction of the incident lapewer is absorbed in the liquid crystal
material and the interface layers and this absodestgy can, over time, adversely
affect the phase response of the display and fumitvee potentially damage the liquid
crystals, the alignment layer of the liquid crystak the electronic driving circuitry.
The display itself is manufactured by Philips, mod87c3A0, and is stated to have a
reflectivity of ~75% at a 12.5° angle of incideregd an ambient temperature of 25 °C
[100]. The SLM operates in reflection and has aamgate at the back of the display.
This makes it straight forward to introduce heaksig to remove the heat due to the
absorbed and non-reflected light. A copper mouas wesigned to act as a heat sink
with additional optional additional water coolingeé Figure 4.2). Good thermal
conductivity between the metal plate at the backhef SLM display and the copper
mount was attained by grinding and polishing th@pes surface close to optical
flathess. The metal plate at the back of the Slispley is not polished. No further
reduction of the surface roughness was possibldaltiee plastic housing covering the
metal plate at the corners of the display. Howetres was alleviated by applying a
slide of Liquid Metal™ [160] from Coollaboratory (often used in CPU cagliunits)

between the display and the copper block.

Flex cable

Copper mount with
optional water cooling

R <
SLM display

p <— Adjustment screws

Liquid Metal™

Figure 4.2: SLM display attached to copper mount wth optional water cooling.

75



Chapter 4 - Experimental results
using spatial light modulators =————

The display of the SLM exhibits an intrinsic cunweg causing optical aberrations of the

beam. The manufacturing process of the siliconkplace including the driving
circuitry is based on standard CMOS processes[{&3}) which are not optimised for
high optical flathess. This is a well known prabléor this type of device. In [123] a
Fresnel lens phase map is successfully appliededtM in order to compensate for
the curvature and a similar approach would be heakfhere. The desired phase
profile must be superimposed onto this compensaigttern with periodic boundary
conditions between the grey values of the SLM spoading to a phase change af 2
Figure 4.3 a) shows the initial surface height réphe SLM display obtained using
phase-stepping interferometry as described in @eil.3.1, but with a frequency-
doubled Nd:YAG laser source operating at a wavelenfi 532 nm. The display was
attached to the mount supplied by the manufactaner was switched off during the
measurement. Since the display is relatively #md quite flexible, the curvature varied
significantly even for small changes in the waisitnounted. Furthermore, significant
changes in the display shape using this mount wieserved over a timescale of weeks
requiring further measurements of the surface shepeorder to determine a
compensational Fresnel lens. These changes west probably introduced by
temperature variation in the laboratory. In gehdre manufacturer supplied mount
does not seem appropriate and suitable for thadett application.

a) V b) |

10.0F

75}

size /mm
height / um
size / mm

50

25 25k

0 R |
0 25 650 75 100 125 150 176 00 25 50 75 100 125 150 175

size / mm size / mm

Figure 4.3: Curvature of SLM display: a) initially; b) after mounting onto copper mount; both
height profiles determined experimentally using 5#p phase-stepping interferometry (small phase

noise can result in vertical lines due to spatiallpase unwrapping)

In all further experiments, the display was attache the custom designed copper
mount having a polished and flat surface profiledascribed earlier. The display is
mounted to the copper block using four screws kxtait the corners of the housing of
the display (see Figure 4.2). By adjusting thegevss carefully and monitoring the

shape of the display by means of the phase-steppiatferometer it was possible to
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eliminate most of the unevenness of the device ksgae 4.3 b). Based on the height

data of the remaining surface deformation, a wrdppease map could be calculated
and when sent to the SLM this would compensatettier small remaining residual
distortion. However, our application uses a ciaclleam with a diameter of 14 mm,
incident on the central region of the “flattened$mlay, and the mounting method
resulted in an optical flatness sufficient for omeeds over this region without
compensation. The root mean square deviationi@ftlea was reduced by a factor of 3

using the copper mount compared to the previous. cas

4.1.3 Calibration of phase response

Due to the strain introduced by the four adjustnsanéws, the relationship between the
numerical value sent to a pixel and the resultihgse change needs to be recalibrated
in order to ensure a linear response for the phastulation between 0 and.2 The 8-

bit signal from graphics card, defining the greyueaof each pixel, is translated into a
9-bit signal by means of a look-up table (LUT) g@mma correction. The LUT of the
SLM determines the relationship between addresseg galue and the resulting

electric field across the liquid crystal.

The calibration of the response of the SLM disptagarried out based on phase shift
interferometry as described in [161]. An imagingichMelson interferometer
arrangement (see Figure 4.4) is used with a lowepdnequency doubled Nd:YAG
laser source having a wavelength of 532 nm. Thrsesponds to wavelength of the
laser machining workstation. A polarising beamitspl is added to the setup to
generate linearly polarised light. The orientatioh the polarisation direction is
controlled using a half wave plate. The lightnsident on the SLM display at an angle
of 20° (rotation in mathematically positive direxti see Figure 4.5) to the short axis of
the display resulting of a phase-mostly operatioh tiee display. Different
configurations regarding the polarisation state amgle of the incident light are
suggested in the literature in order to achieve hasp-only or phase-mostly
configuration of this device (see sections 2.3.4 arB.4.2). These normally use a
polarising element as an analyzer after the SLMan&rd nanosecond laser machining
applications require a relatively high average poatethe work piece. Consequently
the system was configured to have linearly poldrigght incident on the SLM but no

analyzer after the SLM in order to avoid a furthess of laser intensity on the work
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piece. As a consequence, the possibility of sahdiations from an ideal phase-only

operation of the device has to be accepted.

Liquid SLM
Metal  display

Mirror
Copper \‘ 5
mount
Camera
Reference mirror ~
r / Screen
Laser

beam splitter Vom Y
'\Polarising

Mirror Telescope A2

plate beam splitter

Figure 4.4: Setup for phase calibration of SLM bas# on Michelson interferometer.

Polarisation
direction: 20°

Figure 4.5: Alignment of polarisation direction relative to SLM display (front view).

The laser diameter is expanded by ~37 times usit@escope arrangement, consisting
of a 20x magnification microscope objective andaahromatic doublet lens with a
focal length of f=300 mm, to illuminate the fulksi of the SLM display. In contrast to
the phase-stepping technique (see section 3.1tBd ¥|at reference mirror in one arm
of the interferometer stays fixed for these measerds. Also, the display of the SLM
is tilted resulting in a higher number of interfece fringes on the screen. The fringe
pattern is measured using a monochrome CCD camereombination with an

objective. Initially, the LUT of the SLM is set ®linear trend between the minimum
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and the maximum values for the available index eslu.e. 0 to 508. The picture

addressed to the SLM is divided into four secti(se® Figure 4.6 left column) with two
of them remain at a constant grey value (Ref).thkrcase of these measurements the
grey level was set to the maximum index valuesQ#, 3.e. white. The grey value of
the second half of the picture is varied betwedrawailable grey values (Var). The
relative change of the fringe patterns at the fater between the fixed and the
alternating grey value is measured (example fripggerns are shown in Figure 4.6
middle column). The captured intensity image ismalized by a reference image taken
with one arm of the Michelson interferometer beblgcked to compensate for the

impact of the Gaussian intensity distribution oé inequency-doubled Nd:YAG laser

source.
Image on SLM Interference pattern  Cr0SS sections of
interference pattern
a) & Yo
:ZZ S 316 TpeeakR
% ZZZ Var Ref Var Ref . ;S;‘ %‘::
200 S) FC-‘) 1
100 50 £ ‘
200 AOOpixeﬁlUO 800 1000 50 ,‘OUpOSI{T(O)n / ioao'u.] 250
b) . Tl
EWB * PeakR
5 s
3 G 1
sz \‘ \
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c)

pixel
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Figure 4.6: Image addressed to SLM divided in sects with reference grey value (Ref) and varying
grey value (Var); resulting interference pattern measured with CCD camera and vertical cross

sections (along red and blue line as indicated onterference pattern).
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Cross sections close to the interface betweendleeence and the variable section are

obtained in software. To obtain sharply definediseof the cross-sections of the
interference patterns a two dimensional ordersttatifiltering method (ordfilt2) in
Matlab is applied with the order of the filter valget to 9, corresponding to a maximum
filter, and the domain was 9 by 9 pixels. For pleak detection, an open source Matlab
code by Eli Billauer [162] is applied. The resndtiresponse curve for the linear LUT is
shown in Figure 4.7. The maximum phase delay3s tad at a wavelength of 532 nm.
The response curve shows two phase jumps of arduadad for the grey value 60 —
61 and 92 — 93. These grey values correspond tontlex values 125 - 127 and 188 -
190 respectively of the LUT. According to the miamurer these phase jumps are
probably due to conversion problem within the elmuts when changing the 8-bit
signal for the grey value to a 9-bit signal coningl the voltage across the liquid crystal
layer [158]. Based on the measured response ¢ortbe linear LUT, a new LUT can
be calculated using polynomial fittings for the i without the jumps in the phase
response. A segmented LUT has been calculatedhwdoes not include the index
values where the phase jump appears (see Figure & resulting phase response
after the calibration is shown in Figure 4.9. sliclose to a linear trend; however, there

are deviations especially for grey values betwdeanrtl 60.

relative phase change / 2pi

0 25 50 75 100 125 150 175 200 225 250

grey value

Figure 4.7: Phase response for linear look-up table
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Figure 4.8: Look-up table (LUT) for calibration aft er mounting display onto copper mount.
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Figure 4.9: Phase response after calibration.

In [161], for a different kind of liquid crystal siplay, varying responses depending on
the position on the display are reported and d Ilodd in addition to the global LUT is
suggested to overcome this issue. This is theoret®at the experiment as described
above was repeated for different interfaces ordibglay (see Figure 4.10 a). However,
for the Holoeye LC-R 2500 no significant variations the response for different
locations on the display were observed (Figure 4)0so no additional LUT is

required.
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Figure 4.10: a) Phase response after calibration faifferent interfaces as indicated on b) example

phase map addressed to SLM.

4.1.4 Laser machining setup

In order to study the suitability of the SLM forskxr based machining techniques, the
SLM was embedded into our nanosecond laser machimorkstation. The laser is a
Nd:YVO, system (Spectra-Physics Inazuma) operating atvelegth of 532 nm with

a pulse length of ~65 ns and a repetition rate éetwl5 and 100 kHz. A half wave
plate and a polarising beam splitter are used temaate the laser beam intensity and
also ensure linear polarised light for the furte&periments. The orientation of the
linear polarised light incident on the SLM is catiied by an additional half wave plate
following the beam splitter. The polarisation etas aligned at an angle of 20°
relatively to the short side of the display, astfug calibration in section 4.1.3 (Figure
4.5). The laser beam diameter is increased by snefma telescope arrangement to
match the dimensions of the SLM display. The fdeaigths of the lenses of the
Galilean telescope are f=-9 mm and =125 mm. Tkgaeded beam diameter (i/e
value of intensity) is 14 mm. An aperture withiandeter of 14 mm is placed between
the telescope and SLM to avoid damage of the didpdausing by the laser light. This
aperture also eliminates potential artefacts agisfrom beam clipping by the
rectangular shape of the display. The incomingrlagam is incident on the SLM at an
angle of 10°. After the SLM, a second telescope thedflat field lens (f-theta lens) of
the galvanometer (galvo) scanhead are used in arhgement to reduce the beam
diameter and to focus the laser beam onto the woeke (see Figure 4.11). The
telescope was aligned to reduce the beam diamet&é0.6 mm to match the input

aperture of the scanhead. The focal lengths oplaw@o-convex achromatic lenses are
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f1=400 mm and£300 mm for the Keplerian telescope agdlfl5 mm for the f-theta

lens (Figure 4.11). All lenses of the setup havwaadband antireflection coating for

wavelengths in the visible spectrum.

The SLM is used as a diffractive optical elementhwdomputer generated holograms
based on the iterative Fourier transform algorilhiTA, see section 2.2.3.1). For this
approach, the SLM is located at the Fourier plaha tens and the desired intensity
distribution is generated at the focal or imagenelaf the first lens (2f-plane). At the
back focal plane (4-f) of the second lens, thensity distribution of the beam reverts to
its spatial frequency distribution. The final lenghe system is the flat-field lens of the
scanhead and at the focus of this lens (6-f) thal fimage is produced. The scanhead

enables the image to be easily positioned or schaa®ss the work piece.

Half wave Polarizing
plate beam splitter

Spectra-Physics Inazuma
(wavelength 532 nm)

u-m <—Half wave

plate
=2
Telescope &

SLM Aperture Galvo scan head

\?splay \ Q

Y
A

C

Optional
water cooling

Work piece _

Figure 4.11: Setup for nanosecond (ns) laser maching experiments. Details of the setup are given

in the text above.

4.1.5 Damage tests
As stated before, Holoeye recommends a maximunagedaser power of 1-2 W/ém
for the LC-R 2500. Assuming a circular laser beaith a diameter of 14 mm at

normal or close to normal incidence on the dispiay limits the total average power to
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about 3 W. However, the majority of nanoseconerasachining processes require a

somewhat higher average power. Successful applsatof this device for
femtosecond processes as reported by [9, 10] deérateshat the high peak intensities
in the ultrafast regime did not cause damage taigi@ay. However, the absorbed heat
over time can adversely affect the response oflifiglay and potentially damage both
the liquid crystal layer and the electronic drivingcuitry on the silicon layer. The
reflectivity of the display in this case is ~75%caing to the display manufacturer
Philips [100], therefore some incident light is atsed by the device.

The damage tests have been carried out in consualtatith Mr. Stefan Osten from
Holoeye Photonics AG. Previous tests accordingitdoeye have shown that the
diffraction efficiency of the device drops signdiatly once the laser power is getting
too high and the device is getting too hot. Ineortb avoid permanent damage to the
SLM, it is necessary to switch off the laser imnagelly once a reduction in diffraction
efficiency is noticed. After the device has cootldvn it can be restarted and provided
the deterioration in efficiency has been spottetinre, this is a reversible change and

the display does not suffer from permanent damage.

The SLM was incorporated into our nanosecond lasachining workstation as
described in section 4.1.4. In the first experimeith the setup shown in Figure 4.11,
the laser beam is imaged directly onto a CCD caméfhe laser beam is severely
attenuated using a beam tap after the focussing ¢énthe scanhead. In order to
monitor the diffraction efficiency of the SLM ovéime a binary grating with a phase
difference of 0.7brad is addressed constantly to the display regulin the first
diffraction orders and the zero order beam havinglar intensities (see illustration in
Figure 4.12).
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Figure 4.12: Schematic of phase profile of binary grating addresed to SLM and resulting

diffraction spots.
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Figure 4.13: a) temporal variation of intensity disribution in zero order (black line) and the first
diffraction orders (blue and red line) with 14.7Waverage power being incident on the SLM display
(~65ns pulse length; 30kHz repetition rate); b) irgnsity in the first diffraction orders divided by

intensity of zero order.

For each spot of the zero and the first diffractamders the average intensity was
determined in Matlab and monitored over time facr@asing laser powers. For the
initial experiments, the copper mount acted as ssipa heat sink and no additional
water cooling was used. It was demonstrated tl@tSL.M can withstand nanosecond
laser pulses of 14.7 W average power at a repetrite of 30 kHz over a timescale of
24 minutes without significant changes of the zamd first diffraction order intensities

(see Figure 4.13 a). The fluctuation of the ddfian efficiency, i.e. intensity ratio

between the first diffraction orders and the zembeo over several minutes (as shown
in Figure 4.13 b) is associated with variation mbgent air temperature in the lab. This
is caused by the air conditioning system switclongand off. The temperature of the
front surface of the display, measured using amgter, increased to 48°C during the

experiment. The drift of the diffraction efficien@s shown in Figure 4.13 b) from
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~1.25 to ~1.15 can be associated to this heatingf tipe device. The intensity values

for the +1 and -1 diffraction orders are slightiffetent to each other. This is caused
by a consistent experimental error due to takimgeasurement within a finite size area
on the CCD camera. In a further experiment, tispldy of the SLM was exposed to
the maximum average power of our laser, i.e. 14, 0Vér a timescale of 60 minutes
without damage to the device and without significahmange in the diffraction

efficiency. These tests were successfully repeateal laser repetition rate of 15 kHz
and an average power of 11.8 W, i.e. the maximuailahle pulse energy of the laser

system, over a timescale of 24 minutes.

The data shown in Figure 4.13 captured with a stah@CD camera appear fairly
noisy despite the binary grating being addressadiramusly to the SLM. Indeed, it is
the pulse width modulated signal from the conttet&onics used to drive the pixels of
the SLM display which gives rise to these fluctoas as reported by [163] and [164].
These fluctuations and potential disadvantagesheilliscussed in section 4.1.7.

4.1.6 Example laser machining

The SLM in the optical arrangement described intisec4.1.4 is working as a
programmable and dynamic diffractive optical eletnand as such can generate a huge
range of complex beam shapes. The iterative Fotraasform algorithm (IFTA) [28]

or the Gerchberg-Saxton algorithm (GS) [27] are @dw techniques to determine the
phase changes required for the beam shaping. HAOAGS are iterative algorithms to
retrieve the phase for two known intensity disttibos, i.e. the initial Gaussian beam
shape and the desired target beam shape, and ¢l kropagation, i.e. the Fourier
transform due to propagation through lens. A mae&iled description of both the
IFTA and GS can be found in section 2.2.3.1.

For the experiments described here two versiorikeofFTA, one supplied by Holoeye
with the SLM device and one kindly supplied by dndrew Waddie from the
Diffractive Optics Group at Heriot-Watt Universityere used. For the latter software a
custom 128 x 128 pixel target profile was used badged on this a 256 x 256 pixel
computer generated hologram, also referred to agfdim, was determined (Figure
4.14 a) and b). This phase distribution was titedoftware on a 3 x 4 pattern resulting
in a 768 x 1024 pixel phase map and addressededStiM (Figure 4.14 c). A
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periodicity of at least 3 for the pattern addressedhe SLM is beneficial for the

diffraction efficiency and the uniformity of theswting intensity distribution [165].

xd ggT ~

128 px

Figure 4.14: a) intensity distribution of target profile for IFTA; b) phase distribution of resulting
kinoform; c) phase map with tiled kinoforms in 3x4 pattern for addressing to SLM. Boundaries

between kinoforms are indicated with red dashed lies.

These beam shapes can then be used for directnfessdrining of arbitrary shapes and
patterns without the need for beam scanning equipmeghe increased power handling
capabilities of this device when mounted onto theper block enable nanosecond laser
machining with complex intensity distributions. As example a computer generated
hologram of a “smiley face” was calculated using lanerse Fourier Transform
Algorithm (IFTA) [28] and addressed to the SLM. géie 4.15 a) shows the laser
machining result (repetition rate 30 kHz, averagevgr 14.7 W, machining time
100 ms) for a laser ablation process of a metaiecbglass slide. In terms of industrial
relevance, a “smiley face” is arguably not the mes¢vant beam shape; however, it
demonstrated the huge finesse of beam control npadsible by the high spatial
resolution of the SLM, e.g. compared to the smalmbher of actuators for the

deformable mirrors as reported in chapter 3.

The target for the IFTA was set off-axis in order deparate between the intended
diffraction pattern and the zero order as seeherbbttom right corner of Figure 4.15 a.
The prominence of the zero order is a well knowmnitiation of diffraction holograms

[97]. The simplest way to avoid the effects of #ezo diffraction order is to produce

the diffraction pattern slightly off axis and blockf the zero order beam before the
target or use spatial filtering. Alternatively,het techniques exist to minimise the
impact of the zero order light. One possibility Bsxample is to introduce a divergence

such that the zero order gives only backgroundnilhation in the image plane, either
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by including a physical diverging lens in the systR3], or by calculating a hologram

phase map that achieves the same result [155].cuf@aghg a kinoform to give
destructive interference has also been demonstaatedsolution [166].

Figure 4.15: Example of laser machining using SLM & DOE: a) laser ablation of metal from a
metal coated glass slide using single diffractiongttern addressed to SLM based on Inverse Fourier
Transform Algorithm (IFTA); b) laser ablation of po lymer (purple) from a polymer coated metal

using a sequence of six individual IFTA generatediRoforms. Local positioning is achieved by the
kinoform addressed to the SLM rather than a mechardal motion system. The ablated area at the

bottom right of a) and the centre of the middle sqare are due to the inherent zero order beam.

The approach of using the SLM as a diffractive agitielement enables both beam
shaping and also beam steering as demonstratedgureF4.15 b): six individual
kinoforms for a circular, a triangular, a doughaat square target profiles at different
locations were generated using the IFTA and lasachined sequentially (repetition
rate 30 kHz, average power 14.7 W, machining tin2en3s each) as an ablation process
on a polymer coated metal. The different positiese achieved by means of the SLM
rather than a mechanical beam scanning systemdacegoto the optical arrangement
shown in Figure 4.16. Based on the IFTA the haagifor the desired target profile
was initially generated on axis, as shown in Figdrg7 a) for the square intensity
distribution. This hologram was used to laser t@bthe square mark at the top middle
of Figure 4.15 b). A strong phase gradient (Figuder b), wrapped between 0 and 2
is added to the initial kinoform and then wrappeithweriodic boundary conditions
between 0 and®2 The resulting phase profile (Figure 4.17 c)ddrassed to the SLM
and used to laser machine the square mark atpheftaof Figure 4.15 b. Accordingly,
the phase profiles for the doughnut, the circufad the triangular intensity distribution
were generated on axis and shifted by means ohgduhase gradients and wrapping
the resulting phase map between 0 and Zime efficient wrapping of the phase map

can be achieved for example in Matlab using treofiflfunction (see Equation 4-1).
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phase _
PhaSE,, apes = PNASE,yrappes — 277CKl0OF (2—’“"““)"9"); Equation 4-1
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Figure 4.16: Setup for laser machining experiment&ith SLM used for beam shaping and steering.
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Figure 4.17: Schematic of beam steering: a) initighhasemap to generate beam shape for markir
sqaure shape in top middle in Figure 4.15)h b) wrapped phase gradient, c) resulting phase pfile
when combining a) and b) with periodic boundary coditions to generate beam shape for top le
mark in Figure 4.15 b).

The limiting factor regarding the overall processd in this context is not the
computational time for adding a phase gradientwaragpping, but the refresh rate of the
SLM which is 75Hz in this case. However, for las&chining applications requiring a
comparatively small and slow movement of the ld®am or the beam shape relative to
the work piece, the beam steering capabilitieshef $LM may be sufficient and no
additional motion system, e.g. a galvo scanhead; bearequired. With prices for
SLMs and scanhead systems typically being arouri@k fiiis may well be worth

considering.

There is a strong mark at the centre of the toplhaidquare of Figure 4.15 b) caused by
the zero order beam, which could be removed asiomsdt above if required. Both
laser machining results suffer from some speckig, & speckle may be around 1/6 of

the size of a square, i.e. around 60 um, as shavkigure 4.15 b. This is a known
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problem with the IFTA approach due to the disciate finite pixel grid of the SLM

display and hence limits the resolution on the uesgt that can be produced. The
dynamic nature of the SLM in combination with tleéatively long dwell time required

for machining enables the minimisation of the aBeof the speckled intensity

distribution using a speckle reduction techniqud #ms will be discussed in section
4.1.9.

4.1.7 Temporal fluctuations of phase modulation

The SLM LC-R 2500 from Holoeye has the advantagbeshg based on a standard
SLM display which was initially developed for viduapplications. The phase
modulation of this device exhibits inherent timectuations as analyzed by Lizana et
al. [163, 167]. This is due to the electrical afding of the display. Such standard
SLM display devices are typically addressed by dsewidth modulated signal
resulting in a temporal variation of the voltagelégx to each pixel of the display [164,
168]. The fluctuations that result are not visitdethe human eye and so this is not a
problem when used as a display. However, when apmplySLMs to laser
micromachining with pulse repetition rates a fewlass of magnitude higher than the
flicker frequency, these fluctuations can adversafgct the machining outcome as

demonstrated in this section.

In order to determine the temporal beam shapingorese of the SLM, a high speed
camera (Kodak 4502m) was placed close to the fo€tise optical system to monitor
the spatial intensity distribution of the lasergmd. For this purpose the laser beam was
highly attenuated by means of a beam splitter aigplitting ratio independent of the
orientation of the polarised light, and additionautral-density filters. The maximum
frame rate of the high speed camera is 40.5 kHh @it image resolution of 64 x 64
pixels. The shutter time at this frame rate is 84 The laser repetition rate was set to
40.5 kHz, i.e. the same frequency as the maximamdrrate of camera. The shutter
time is much longer than the pulse length of tlsedai.e. ~65 ns, allowing the spatial
intensity distribution of single laser pulses toibeestigated. For the measurement a
binary grating with a phase difference of/Or@d was addressed constantly to the SLM.
This phase difference results in similar intensitier the zero order and the first
diffraction orders of the laser beam and was chos@mphasize the impact of the zero

order flickering. These spots were positioned hghg off focus at the high speed
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camera, giving a diameter of ~15 pixels. The ayeratensity of a 20 pixel diameter

area for each spot was calculated in software gleroto determine their relative
intensities. As shown in Figure 4.18, the intaasiof the zero order and of the first
diffraction orders vary significantly with time, slgite the binary grating being
addressed continuously to the SLM. The temperattithe SLM display was 24° C
measured using a pyrometer. The period of théuhtmon is determined to be ~13.3 ms
which corresponds to a frequency of 75 Hz. Thisches the frequency of the graphics
card controlling the SLM. In addition to the 75 Ri@in component a higher order sub-
fluctuation with a period of ~7.8 ms and ~5.5 msigble. These fluctuations are also
referred to as flickering, as reported by Lizanale{163, 167] and Hermerschmidt et
al. [164]. This flickering can be a significantoptem for the application of such an
SLM for beam shaping in laser machining, in patdcuwvith laser repetition rates
typically being a few orders of magnitude higheartithe frequency of the flickering.
The narrow peaks appearing in the intensity ploFigure 4.18 are probably artefacts
due to the laser and the high speed camera usffegedit clocks resulting in slight
differences in the operating frequency of 40.5 kHhe intensity values for the +1 and
-1 diffraction order are slightly different sindeet plotted intensity values are obtained
by averaging a finite, but discrete area of theensity image from the high speed

camera.

average intensity / [a.u.]

|—-1 order ===0order +1 order|

5 10 15 20 25 30 35 40 45 50 55 B0 65
time i ms

Figure 4.18: Fluctuations of intensities of zero ashfirst diffraction orders due to flickering of the
SLM (temperature of display 24°C).

In Lizana et al. [163, 167] it is reported that tleenporal fluctuations depend on the
addressed grey levels to the SLM and on the palois devices before and after the

display. For their measurements a different oatom of polarisation of the light
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incident on the SLM and polariser behind the SLMevwesed. Hence, the experiments

as described above, with linearly polarised ligitident onto the SLM with an angle of
20° to the short axis of the display (see FiguBg,&nd no additional polarising element
after the display were repeated for different gieyels. Two sets of binary gratings
where addressed constantly to the SLM while thepteal course of the intensities of
the zero order and the first diffraction orders measured using the high speed camera
as before. The period of the gratings was 40 pix€&lor one set of the binary gratings,
one phase level was set to “white” with a grey levk 255, corresponding to the
maximum index value of the LUT, i.e. 508. The gva@jues of the second level were
chosen to be 192, 128 and 64, resulting in a pl$erent of /2, = and 3u/2
respectively. The results are shown in Figure 4.For the second set of binary
gratings, one phase level was set to “black” whik grey value 0. As before, the grey
values of the second level were 64, 128 and 1%2jJtreg in phase differences of2, ©
and 3u/2 respectively (results shown in Figure 4.20). dih cases the temporal
fluctuations have a period of ~13.3 ms correspando a frequency of 75 Hz. The
individual traces of the flickering behaviour, howge, strongly depend on value of the
grey levels sent to the SLM, confirming the resbliqd163, 167].
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Figure 4.19 Fluctuations of the first diffraction order when addressing binary gratings with gre)

levels (255/192), (255/128) and (255/192) constgntb the SLM. The period of the flickering is

~13.3 ms in all cases, though the individual coursef the flickering severdy depends on the gre

grat 255/192 grat 255/128 grat 255/64 ‘

values.
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Figure 4.2Q Fluctuations of the first diffraction order when addressing binary gratings with gre)
levels (0/64), (0/128) and (0/192) constantly toetSLM. The peiod of the flickering is ~13.3 ms ir

all cases, though the individual course of the flugations severely depends on the grey values.

In a further experiment, a hologram to generate wlchmmore complex intensity
distribution was addressed constantly to the SLMenthe beam shape was monitored
by means of the high speed camera as describece.abAvkinoform to generate a
“smiley face” was chosen as an example utilizing2&6 phase levels of display as
opposed to the two phase levels for the binaryirggatbefore. The target profile was
created on axis and the zero order beam was remaveoftware for the evaluation.
Due to the increased beam shape the settings dighespeed camera had to be altered
to an image size of 256 x 256 pixels which is gmbgsible for a reduced frame rate of
4500 fps. The shutter time of the camera changet2tms accordingly. The ns laser
was operated as before at a repetition rate of 4825 The temperature of the SLM
display was 27.1°C measured with a pyrometer. réhelts are shown in Figure 4.21 b.
As before, the period of the fluctuation is detered to be 13.3 ms and accordingly the
frequency of the flickering is 75 Hz. This corresds to the frame rate of the graphics
card controlling the SLM. In addition to the flekng at 75 Hz there is again a strong
higher frequency fluctuation.

For the results shown in Figure 4.18 and Figurd 4tRe temporal fluctuations of the
phase modulation of the SLM display can be cledilyded into two sections, i.e. one
with a period time of approximately 7.8 ms and onth approximately 5.5 ms. This
can be attributed to an inversion of both the pulg#h-modulated signal and the

potential of the ITO ground electrode in order tevent a physical deterioration of the
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LC molecules by a DC electric field (see sectioBif21 and Figure 2.15). The display

manufacturer Philips Components states a timesddigically 5.5 ms for one cycle of
the electronic addressing pattern [100] which spomads very well to the experimental

data.
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Figure 4.21: a) Example beam shape of "smiley faceWwith zero order beam blocked off;

b) Temporal course of average intensity of smileyate. The period of the flickering is ~13.3 ms.

In order to investigate the impact of the tempdtadtuations of the phase response on
the outcome of laser machining processes a binatyng with a phase difference of
0.8t rad (see Figure 4.18 for response) was addressgohgously to the SLM. Using
a galvo scan head system (see Figure 4.11) th#ingstihree spots for zero order and
first diffraction orders are scanned perpendicylatl a speed of 12.5 mm/s across the
surface of a work piece, in this case a metal cbgtass slide. The laser power was
adjusted to be just above the ablation thresholthefmetal. The machining result
(Figure 4.22 a) clearly exhibits periodic variasonith a spatial periodicity that can be
associated with the flickering of the SLM at 75 HEhe quality of the laser machining
process is hence clearly affected by the flickeraigthe display. Comparing the
machining result in Figure 4.22 a) with the intépnglata in Figure 4.16, an ablation
threshold of 22 [a.u.] can be estimated. This @akithen used, together with the
intensity data, to simulate the expected machifseg Figure 4.22 b). The predictions

are a close approximation to the experimental tesul
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Figure 4.22: a) Laser machining using scan head @ening direction left to right, speed 12.5mm/s)
of metal coated glass slide with binary grating adetssed to SLM; b) modelled machining results

based on intensity data shown in Figure 4.18.

With the results presented in Figure 4.18, the eoppount to which the SLM is
attached was simply acting as a passive heat sidkna additional water cooling was
used. However, additional cooling can be usefurater to reduce the amplitude of the
inherent flickering of the SLM. In order to expdoithis aspect, the experiments
described above were repeated while varying th@éeature of the SLM display. The
intensity distribution when using the same binargtigg as before, with a phase
difference of 0.8 rad, was measured again by means of the high speedra (frame
rate 40.5 kHz) with a laser repetition rate of 4. The display temperature was
controlled by a closed-loop water cooling and heatinit and monitored by means of a
pyrometer. The top graph plotted in Figure 4.23%wvah the dependence of the
maximum and the minimum intensity values of theozamd the first diffraction orders
on the display temperature. The lower graph shihesamplitude of the flickering, i.e.
the difference between the maximum and minimunmsitg values for the zero and the
first diffraction orders. It can be seen that coglthe device to a temperature of 17 °C
significantly reduces the amplitude of the flickeyicompared to a temperature of
39 °C. The amplitude of the flickering of the zevaler for example is reduced by
~50% from ~25 [a.u.] to ~13 [a.u.]. Display temgeres of around 40 °C are typically
reached when operating the laser at full power {4e7 W) incident on the SLM over a
timescale of tens of minutes with the copper maating as a passive heat sink without

water cooling.
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Figure 4.23: Temperature dependence of flickeringdr zero and first diffraction order intensities:
maximum and minimum intensity values for flickering (top section); difference between maximum

and minimum values (bottom section).

This temperature dependence of the flickering @amxplained by temperature-induced
changes in the viscosity of the liquid crystaldie Viscosity determines the response of
the liquid crystals to changes of the applied eledteld, driven by the pulse-width
modulated signal. Clearly at lower temperaturhs, speed of response of the liquid
crystal layer to changes due to the electronic esfiling of the display is reduced. The
liquid crystal on silicon (LCoS) display used instfSLM is manufactured by Philips
(model X97¢3A0) and uses 45° twisted nematic liqurgstals. Information regarding
the exact type of liquid crystal and also inforroatiabout the viscosity and especially
the rotational viscosity coefficient of this patiar liquid crystal were not available
from the manufacturer. This prevents a more dmtaéxplanation of the measured
linear dependence of the amplitude of the flickgron the temperature as shown in
Figure 4.23 aside of some more general commentgeneral, the viscosity increases at
lower temperatures due to the lower molecular kinenergy [101]. In [102] an
empirical rule is given which states that the rotal viscosity increases by a factor of
two for every temperature drop of around 10 — 15 Farther cooling of the device has
been limited by the dew point of ambient air sitfeese experiments were carried out in
the normal lab environment. For lower temperatuvater condensation at the cover
glass of the display will occur and in combinatieith a high power laser beam could

potentially damage the SLM display.
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The big advantage of SLM devices, compared to figptics, such as conventional

gratings or diffractive optical elements, for beashaping applications in laser
machining is the potential to change between diffephase profiles ‘on-the-fly’, i.e.
during the actual machining process. In orderdteignine the response for varying or
alternating phase distributions the experimentdessribed above were repeated using
the high speed camera with a frame rate of 40.5 &Hd operating the laser at a
repetition rate of 40.5 kHz. For simplicity, twanbry gratings were chosen, having the
same periodicity, i.e. 40 pixels, and phase difieesofn rad (grey levels 128 and 0) but
shifted by half the periodicity relatively to eadther. These gratings, although
different, generate identical spatial intensitytaisitions at the focus of the system and
thus facilitate an easier analysis and compari$dheodata from the high-speed camera.
The results are shown in Figure 4.24: When thegbaf the addressed grating occurs,
i.e. after ~26 ms in Figure 4.24, the intensitieéshe first diffraction order drop almost
to zero over a timescale of ~16 ms and the zererandensity rises accordingly. Over
a timescale of ~34 ms the intensity values tragek lta the initial levels prior to the
change. This behaviour can be attributed to thigefresponse time of the liquid crystal
layer due to its viscosity. As mentioned beforetaded information about the used
liquid crystal and the geometry of this displaynist available, preventing a further
analysis. The fine structure of the transition banagain associated to the pulse width
modulated signal used for driving the display. btween the changes, e.g. between
75 and 135 ms in Figure 4.24, the normal flickerbehaviour as shown Figure 4.20
(blue curve) can be observed. The binary gratimg®e addressed to the SLM by means
of a slide show using IrfanView software based dak#map files of the gratings.
Although the delay time for each frame of the slgleow was set to 100 ms, the
measured response shown in Figure 4.24 exhibitelay df ~110 ms between the
changes, most likely caused by a synchronisatisueivetween the software and the

graphics card.
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Figure 4.24: Average intensities of zero order andirst diffraction ord ers when addressing tw

similar but shifted binary gratings with phase difference ofr alternating to SLM with a delay of
100 ms.

4.1.8 Process synchronisation technique for flicker commsation

As presented above, cooling can be used to signilic reduce the amplitude of the
flickering for a SLM with a pulse width modulatedrdrol signal; although it cannot be
eliminated fully. Thus, a process synchronizateehnique was developed between the
graphics card controlling the SLM and the nanosddaser machining workstation in
order to block the laser beam and stop the galvdomaluring the flicker and thus
prevent unwanted machining. The basic idea igdgger the shutter of the laser and the
galvo scanhead system with a delayed signal frargtaphics card based on previous
measurement and analysis of the flickering procéss. this purpose, the vertical sync
pulse of the graphics card, defining the start afesv frame, is extracted from the
graphics card and used as trigger signal for eepggserator. The custom output signal
from the pulse generator is connected to an opticsdlated I/O input of the control
unit of the scan head system in order to externailyger the laser machining
workstation. The results when machining stainkge®l at a scan speed of 40 mm/s
having again a binary grating with a phase diffeeeof 0.& rad addressed to the SLM
are shown in Figure 4.25 a) for the normal and ymelsronized process and b) using
the process synchronization technique. For therlatsult (Figure 4.25 b), the laser
machined lines arising from the first diffractiorders are continuously black implying
similar beam intensities when scanning the beamsadhe work piece. The impact of
the zero order can therefore be significantly reducThe remaining energy in the zero
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order is causing some visible melting at the sarfatthe work piece. It should be

noted, however, that for this experiment, the snutf the laser was open and the scan
head system moving for only 40% of every framehaf graphics card and respectively
the SLM, so the removal of the flickering in orderimprove the quality of the laser
machining for this particular case is associateith \&n increased processing time by a
factor of 2.5.

Figure 4.25: Machining result after scanning a lasebeam modulated by a constant binary grating
at a speed of 40 mm/s across stainless steel: ajhwut and b) with flickering compensation using

process synchronization.

Such a synchronisation technique is not restritbedinary phase gratings. It should
also be possible to eliminate the flickering of gmter generated holograms utilising
the full 256 available phase levels by using syastsation, e.g. based on the data
shown in Figure 4.21, although this has not begreementally demonstrated to date.
For laser machining applications utilising 256 ghéesvel holograms and consequently
beam shapes much bigger than the initial Gauss$iapes the dwell times are typically
much longer than the flickering period. Conseqglyerthe impact of the flickering of

the created intensity distribution on the outcorhéhe laser machining is less obvious

compared to scanning multiple spots created usiirgction gratings.
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4.1.9 Speckle reduction technique

This section is based on collaborative work togethigh Dr. Jonathan Parry. When
using the SLM as a diffractive optical element,cibe can affect the quality of the laser
machining, as shown in Figure 4.15, and hence lih@tresolution on the features that
can be produced.The speckled intensity distribution is an inherpriblem of phase
only holograms determined using the Gerchberg-Sasgorithm [27] or iterative
Fourier transform algorithm [28]. Speckle is hiffequency noise that arises from
random interference between the overlapping pgregad functions of adjacent spots in
the image plane (see [169] for more details). TPineblem can be bypassed by
generating sparse and non-overlapping diffractiontéd spots [170], with potential
application in optical trapping or for parallel pessing. However, for laser beam
shaping typically requiring continuous intensitytdbutions more direct solutions are

required.

One approach is to introduce a smoothing consttairihe resulting image plane to
avoid sudden phase changes between adjacent &&8)ts This approach eliminates
most of the speckle, however, it demands signifigadrigher computational efforts and
still cannot eliminate speckle arising from so edlbptical vortices which are isolated

zeros of the phase distribution [169].

The second, much more common approach to the redusftthe speckle problem is to
temporally modulate the speckle distribution atate rwhich faster than the temporal
response of the detector [171]. Such a time-auegagchnique is for example used for
laser projectors where multiple images having idahtamplitude but different phase
distributions are displayed faster than the respdime of the eye. As result a single
time averaged image with reduced speckle contgagierceived by the observer. A
further reduction of the speckle can be achievethtagrating some kind of mechanical
modulation such as a moving diffuser to the systen2]. With respect to nanosecond
laser machining applications that typically requmelltiple laser pulses such a time

averaging technique can be easily applied.

In order to obtain images of identical amplitudat Hifferent phase, based on phase-
only holograms, random and statistically indepemngéase distributions can be used as
a starting condition for calculating the holograh7]]. The combination of a number

of N different holograms all creating images with ideait amplitude, but different
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phase, results in a reduction of the speckle csinlraa factor of/N [173]. Golan and
Shoham presented a less computationally intengipeoach to generate these phase
patterns for application with phase-only SLMs [17# single hologram, also referred
to as kinoform, is calculated and then a seriesopies that are cyclically shifted in
horizontal and vertical direction are produced (destration in Figure 4.26). Shifting
the pixels of the computed hologram changes thenstucted phase pattern of the
image, but does not affect the reconstructed angdit Random phase shifts to create,
for example, 16 kinoforms result in a time averagethbination with reduced speckle
contrast by a factor of 4 according to the theoty3]. Golan and Shoham
demonstrated mathematically that a deterministacehof the shift distance will meet
the requirements that summation of the individpackle patterns cancel exactly [174].
In practice, a series of periodic shifts in orthogloplanes is recommended and in
principle this approach can completely eliminate ¢ffect of speckle on the combined

image.

Original kinoform Shifted kinoform

—_> ———

shifted by 2'm shifted by 3'm
Figure 4.26: Demonstration of periodic shift of habgram respectively kinoform in horizontal and
vertical direction with increments m of a quarter o the size of the initial kinoform. The red circle

tracks a single feature.

The practical implementation of the shifted kinaofaris simple and effective. Both
approaches of random shift distances and of detéstimally selected shift distances
have been carried out. For the deterministic neethccording to [174] 16 shifted
kinoforms shifted by an increment of a quarterted size of the original kinoform in
horizontal and vertical directions were calculatdthe initial kinoform had a dimension
of 256 x 256 pixels, so the increment was 64 pixelhe generated kinoforms were
tiled in a 3 x 4 pattern resulting in a 768 x 1@fiXels phase pattern to be addressed to
the SLM (see Figure 4.14). Repeating the individirasoform in a tiling style approach

is a common approach to improve the diffractionceghcy and the uniformity of the

101



Chapter 4 - Experimental results
using spatial light modulators =————

resulting image [165]. In addition to this perioghift approach, random shift distances

were also tested, again using 16 kinoforms.

Figure 4.27: Images of holograms formed at the endf a 6-f optical system taken using a CCD
camera: A) Result for the original calculated kinobrm (without application of speckle reduction
technique), B) 16 images taken for randomly shifteckinoforms, combined and normalised in
software, C) 16 images taken for periodically shiétd kinoforms, combined and normalised in

software.

Figure 4.27 shows camera images of the resultignbprofiles at the focus of a 6-f
optical system similar to the one described in&tth. demonstrate the effectiveness of
these techniques. There target profile was setx and the zero order beam was
blocked off. The target profile had a size of X2B?8 pixels and the total size of the
data matrix pattern was 50 x 50 pixels. A smaibfiimage size was desired in this
context and consequently pixelation is apparerthéresulting images. Figure 4.27 a)
shows the resulting image from the initial calcethkinoform which is highly speckled
in nature. Figure 4.27 b) and c) are software dgoeth images resulting from 16
randomly and respectively periodically shifted Korons. Although the pixelation is
still apparent the impact of the speckle is redusigdificantly in both cases. To further
evaluate the speckle contrast, the intensity tistion within the same section, i.e. the
L-shaped bracket, of each image was determinednalmed to a maximum intensity
value of 255, and is shown in Figure 4.28. Theaeibtine shows the case where each
pixel element within the hologram image has beguosteld to the same peak intensity
representing the best case intensity distributioth wero speckle contrast but with a
pixelated image. The dashed line illustrates tleali case where the speckle contrast is
zero and there is no pixelation. Pixelation in tiyeroduced image corresponds directly
to the pixels in the initially defined image usexd dalculate the phase profile. The
randomly shifted phase approach gives a signifiaaprovement in uniformity in the
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reproduced image compared to the single image peatlrom a single phase profile

and the periodically shifted phase approach regultsfurther small improvement.
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Figure 4.28: Plot of normalised intensity values teen from each image shown in Figure 4.27. Plots
are also shown for the ideal case and for the casdere the image is still pixelated but each pixeki

of uniform intensity.

In the following experiments the above describedc&fe reduction technique was
applied to laser marking with the nanosecond lasachining workstation. The laser
was operating at full power at a repetition ratd BkHz in order to maximise the pulse
intensity available at the work piece. Marks werade using varying dwell times at
fixed locations on the surface to achieve the pessible results. The setup is shown in
Figure 4.11. There was no relative motion betwibenlaser focus and the work piece
during the marking process. The average opticalgpancident on the SLM was
approximately 12 W, however only ~3.5 W was dekeeto the image on the work
piece. The losses are primarily due to the limidgfraction efficiency of the SLM
device for the specific pattern but also due toeotlosses in the optical system
including reflection losses from optical componeatsl the reflectivity of the SLM.
Figure 4.29 shows an initial attempt at markinghgsine SLM. Figure 4.29 a) shows
the image used as a starting point to calculategieskinoform to display on the SLM.
Figure 4.29 b) shows the result of marking thiggraton a thin aluminium film coated

on glass, using 9 exposures of 100 ms each. Hee haarked areas are visible as dark
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areas showing where the metallic film has been wetho The mark caused by the zero

diffraction order is prominent in the centre of thege.

A

400 pm
Figure 4.29: A) Star pattern used to derive kinofom for hologram. B) Star pattern marked on thin

layer of aluminium coated on glass. A kinoform wasnarked 9 times with 100 ms exposure.

In Figure 4.30 the same star pattern has been chahksvever this time the pattern is
off axis to separate the machined region from #ve nrder beam which in the case of
the experiment shown in Figure 4.29 is outsidéhefitnage area. Each image in Figure
4.30 was laser marked by 16 exposures of 200 nisleagever with varying kinoforms

in each case. In Figure 4.30 a) a single kinofoevas used and consequently the
machined area exhibits a high level of speckler tRe results shown in Figure 4.30 b)
the original kinoform was taken and shifted randpsikteen times to modulate the
speckle profile. With each of these patterns Iasarking with an exposure of 200 ms
each was carried out sequentially and the resolvsha significantly reduced speckle
contrast and a much clearer image. The same agpwas utilised to produce Figure
4.30 c), however in this case periodic shifts & Kinoform were carried out with an

increment of a quarter of the kinoform size. Ti@sults in some further improvement

in the speckle contrast in accordance with thelgsdqown in Figure 4.28.
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Figure 4.30: Marks on a thin layer of aluminium coded on glass created using an SLM to produce
an off-axis image: A) Single kinoform marked 16 tnes with 200ms exposure; B) 16 randomly
shifted kinoforms marked for 200 ms each; C) 16 p@dically shifted kinoform marked for 200 ms

each.

Laser marking with slightly more complex patteraslemonstrated in Figure 4.31. In
Figure 4.31 a) a X0 datamatrix pattern representing the letter “&"’shown. This
pattern is marked into a layer of aluminium coatedglass. The image was laser
marked sequentially using 16 periodically shiftedokorms with an exposure time of
10 ms each. For each element of the datamatrterpata 5« 5 pixel square was used
for the target profile of the IFTA with a size 028 x 128 pixels. This turned out to be
the minimum number of pixels that can be used winiéentaining a reasonable quality
reconstruction. Figure 4.31 b) shows a similatggatmarked in photo-resist based on
16 periodically shifted kinoforms for 300 ms expeseach. In the bottom right corner
the inherent mark from the zero order is apparé&at. the photo-resist, laser marking of
a larger area is possible due to the material ptigse specifically the increased optical
absorption, and the lower melting/vaporisation poend the lower thermal mass. The
metal substrate underneath the photo-resist hasca tmgher machining threshold and

consequently is unaffected by the laser markinge¢ss.
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400 pum

Figure 4.31: a) Data matrix pattern representing claracter “A” marked on thin layer of aluminium
coated on glass. 16 periodically shifted kinoformsere marked for 10 ms each. b) Data matrix
marked in photo-resist using 16 periodically shiftd kinoforms marked for 300 ms each. The

stainless steel substrate is untouched by the maaoimg process.

Both laser marking results shown in Figure 4.31 dearly well defined with sharp
edges. Some pixelation is apparent in Figure 4)3as well as a fading of the mark
towards the top of the shape. This is a resulthef slightly non-uniform intensity
gradient in the diffraction image used for markinBue to the high optical intensity
required to machine a metal combined with a highrttal conductivity it is necessary
to strike a balance between over marking the lopaetion of the image and under
marking the top. In Figure 4.31 b) the larger saalage in photo-resist does not show
this gradient; because of the lower machining tiwsand larger scale, machining can
continue until all of the resist is removed in ttesired regions without causing
noticeable thermal damage at the edges of the mark.

4.1.10 Laser machining on bulk material

This section is based on joint work together withJDnathan Parry. The ability to laser
machine photo-resists and metal films has onlyrééid number of useful applications,
whereas the ability to machine bulk materials woolden up a wider range of
applications. Thin films typically have a relatiyéow machining threshold due to their
low thermal mass. In the nanosecond regime méaisrramoved by a combination of
evaporation and melting. Since the intensity thstions created by means of the SLM
as a diffractive optical element are rather lathe, laser intensities available for the
marking reduce and consequently the machining pesse presented tend towards a
thermal melting process rather than ablation. Wheacthining bulk materials the
greater thermal mass in the component results ah Ibeing conducted away from the
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mark during the machining process and thus redtime®verall machining efficiency.

Since in most of the processes shown so far ther less already operating at the
maximum available power, the only means of incregashe laser intensity is to reduce

the size of the shapes.

To achieve this, the final lens of the system wedaced initially by a 50 mm focal
length singlet lens and was subsequently replageghleven shorter focal lens doublet
of 30 mm. For shorter focal lengths in relationth® beam diameter the use of a
doublet lens is essential to minimise aberrationthe intensity distributions at focus.
A laser marking result with a width of 370 um oaislkess steel using the 50 mm lens is
shown in Figure 4.32 A). The surface of the workcp was polished mechanically
using silicon carbide polishing papers down to 4§fi0before the mark was generated
and some lines are apparent from this polishinge machining result shows that the
individual features of the data matrix start torkilogether, but nevertheless the pattern
is readable by standard decoding software [17%lis Blurring results from the thermal
nature of the process in the nanosecond regimehendpread of heat affected zones
over the relatively long marking times. Using 8@ mm doublet lens as final lens of
the system, smaller scale marks with a width of @@® can be achieved as shown in
Figure 4.32 B). As before, the work piece was gp@d stainless steel. In order to
minimise the spread of the heat during the prodbss,mark was created sequentially
from four different patterns shown in Figure 4.3R @Vith the exception of the bracket
the data matrix pattern was split up such thatweo $quares adjacent to each other
where laser machined at the same time. In thikamee the shape was separated
manually, however this could conceivably be achdensing a computer algorithm. A
disadvantage here is the increase in computatioa to split the shape and produce
three phase profiles instead of one (the phaselg@mefquired to generate the bracket
being standard for each code). The increment efsieckle reduction process was
reduced from a quarter to a third of the holograme t reduce the number of different
phase patterns used from 16 to 9 for each franrmetothl 36 different frames were
marked with an exposure time of 1.7 ms each. Téusiction of the machining time
from 100 ms to 1.7 ms arises from the significanityreased laser intensity at the work
piece due to the smaller size of the intensityridistion and due to splitting the data
matrix into parts. Taking the thermal diffusivity stainless steel as 4@10° m%s an
estimate of the thermal diffusion length over tharking time can be made of ~20 um

in Figure 4.32 a) compared to just 3 um in Figurg24b). These numbers appear
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broadly consistent with the extent of the heataéeé region in each image. A further

reduction of the size of the mark would resultinigcreased intensity and consequently

in a further reduced marking time and heat affeatea.

370 pm 200 pm

HEEE

Figure 4.32: Data matrix representing the letters AOP” marked on stainless steel. A) Using a 50

mm single element lens and 16 periodically shiftekinoforms marked for 100ms each. B) Using a
30 mm doublet lens four overlapping patterns are mked using a total of 36 periodically shifted
kinoforms each marked for 1.7 ms. C) The four segrate patterns used to build up the mark

shown in B.

The shape in Figure 4.32 B) is well defined altHotinge edges are not perfectly sharp.
Nevertheless, the pattern can be easily decodety umppropriate software [175]
demonstrating that the mark is fit for purpose alisarete tracking mark that may be

applied to a variety of components.

A further reduction of the size of the mark is niaimmited by two factors. Firstly, the
ability of the optical system to generate an imafsufficient resolution and uniformity
and secondly the requirement for sufficient optiognsity to mark the surface without
thermal effects in the material degrading the nu&lity. In practice the size of the
image is limited by the numerical aperture (NA)tbé final lens. The 30 mm focal

108



Chapter 4 - Experimental results
using spatial light modulators =————

length doublet used here had an NA of 0.423 whieprasents the optimum for

commercially available off-the-shelf componentstéamms of focal length and lens
diameter. For a given image size the mark quatiay be improved by reducing the
machining time in order to reduce the heat affeetmie around the mark. This may be
achieved by increasing the laser intensity whichuldaequire changing to a higher
power and/or shorter pulse length laser systemjngddignificantly to cost, or
improving the efficiency of the optical system, tleast efficient component being the
SLM itself. Clearly reducing the mark area alsor@ases the intensity and can reduce

thermal effects.

Due to the limitations in intensity, the machinirggults that are possible with the SLM
are limited to small scale (sub mm) marks in bulktah surfaces or slightly larger

marks in more easily machined materials such asopfesists. Discrete small scale
marks are of value as a means to provide tracgabflihigh value components and this
is a possible application area in which the SLMIdaifer a significant advantage over
more conventional scanning techniques enablingdpi generation of distinct codes.
Alternatively, the device could be useful in deygty a process which requires a fixed
diffractive optic enabling quick realisation of rétions in a design process. In
conjunction with a scan head system the SLM coeldfplied to surface structuring or
patterning. One application of such an approachldvbe the direct writing of etching

masks in photo-resist thus avoiding the developiage.

4.1.11 Application of modified iterative Fourier transfornalgorithm (MIFTA) and
closed loop feedback
As discussed in section 4.1.9 the application ofesies of periodically shifted
holograms according to [174] significantly reduties impact of speckle and improves
the quality of the laser machining. However, theemsity distributions generated by
means of the SLM and the IFTA typically exhibit arensity gradient with lower
intensity further away from the optical axis [176As a result, the laser machining
result shows a fading of the mark further off axssseen in Figure 4.31 a) towards the

top of the shape.

In order to compensate for this, a modified itematiFourier transform algorithm
(MIFTA), as published by Liu et al. [177, 178] ahdomson et al. [32], in combination
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with a feedback loop based on the measurementeo¢tual intensity distribution is

applied in addition to the speckle reduction teghei This results in both an increased
diffraction efficiency and improved uniformity ohé generated intensity distribution,

and further improves the quality of the laser nragkas demonstrated in this section.

The modified iterative Fourier transform algorithiIFTA) was developed by the
Diffractive Optics Group at Heriot-Watt Universi{g2, 177, 178] and Dr. Andrew
Waddie kindly provided the algorithm for the expeents. This technique is based on
the Gerchberg Saxton algorithm, but with the outmristraints modified by analyzing
the (theoretical) irradiance patterns generatean fithe previous iterations of the
algorithm. The modified Fourier-domain constrdumction is based on the difference
between the output results of the Gerchberg Saotdhe output results for each new
iteration, and the desired output intensity disitilbn (see Figure 4.33, source [32,
177]). This method takes the pixelated structdrhe diffractive optical element, or in
our case the SLM, and also the quantized phaséslef@ach pixel into account. The
256 phase levels for every pixel of the SLM cancbasidered as “quasi-continuous”,
so the consideration of quantized lateral phasél@raf the SLM within the algorithm
is the main benefit of the MIFTA in this contextl]3 The MIFTA results in both

improved diffraction efficiency and an improved fanmity of the irradiance.

. 0. - 5
-04 -04 -04 -04

Figure 4.33: lllustration of the MIFTA principle: a ) Far-field intensity distribution of previous
iteration; b) modified constraint; c) desired outpu. It can be seen that the modified constraint is a

mirror image of the output from the previous iteration about the desired output.

In addition, the resulting beam shape obtained wdmduiressing the kinoform to the
SLM including the speckle reduction technique wasasured using a monochrome
CCD camera. The information obtained about thes tameraged intensity distribution
was fed back in a closed-loop control for a furtheydification of the target profile.

The measured beam shape is subtracted from theedesitput to determine the target

profile for the following iterations of the MIFTA. This enables, for example,
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compensation for potential adverse effects of mewrities of the SLM phase response.

This phase response has been calibrated with aplower laser source at room
temperature (see section 4.1.3). Using this adapieedback loop for the target
modification can also enable compensation for chkamf the phase response due to

heating up of the device during the laser machipigess.

Expanded laser beam Galvo scan head

using telescope
SLM Beam
display -~y splitter -
Copper L
mount f, fq Imaae f2
plane
Optional
water CCD camera
cooling

Work piece _

Figure 4.34: Setup of SLM embedded into laser maching workstation including CCD camera for

adaptive feedback.

Figure 4.34 shows the setup for the experiment.e ®H optical system setup is
identical to the one described in section 4.1.4e $ystem consists of two lenses and
the flat field lens of the galvo scan head is usetbcus the laser beam onto the work
piece. When using the SLM as diffractive optickneent, e.g. using the IFTA
algorithm, the desired intensity distribution isngeated at the image plane of the first
lens (2-f system) and at the focus of the scan Héaidsystem). A polarisation
independent beam splitter is added to focus a gmeatlentage of the laser light onto a
monochrome CCD camera. The camera is locatedeainthge plane of the optical
system consisting of the first lens and the bealittesp(2-f system). This enables the
measurement of the generated intensity distribusiod the value is fed back closed-
loop to the algorithm. The feature size in pixelshe measured beam shape depends
on the focal length of the first lens after the SbkNd the array size of the CCD sensor.
Typically this does not match the feature size hed target profile of the MIFTA.
Hence, a careful and reliable scaling techniquessential here to avoid systematic

errors.
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The system works as an adaptive optics setup ¢ongisft the SLM as the wavefront

modulator, the CCD camera as the sensor and th&Miiicluding the consideration of
the actual beam shape as feedback loop. Figubead.8hows the beam shape captured
with the CCD camera for a single computer generaéi@dgram using the standard
IFTA. The target profile for the IFTA was set oftia to create a separation between the
desired intensity distribution and the zero diftrae order (bottom right of Figure 4.35
a). The created pattern is a 10 x 10 data matpresenting the letters “AOP” (acronym
of Applied Optics and Photonics research grouphe Taser machined pattern suffers
strongly from speckle. Using the speckle reductiechnique described earlier in
section 4.1.9, the impact of the speckle can beifsigntly reduced. Figure 4.35 b)
shows the software calculated average intensitynvetaielressing 16 periodically shifted
kinoforms to the SLM. The increment of the shithsv64 pixels, i.e. a quarter of the
size of the initial kinoform. Using the MIFTA aral modified target based on the
feedback from the CCD camera as described aboeebeélam shape can be further
improved in terms of intensity and uniformity (dégure 4.35 c). The average intensity
of the diffraction pattern was increased by ~20%npared with the IFTA result as
shown in Figure 4.35 c). Meanwhile, the standandad®n of the intensity distribution

(used as a measure of non-uniformity) was redugeellb%.

+— 790pm — +— 790pum — +— 790pm —

Figure 4.35: Top row: Intensity distribution measured with CCD camera: a) initial kinoform; b)
software calculated average of 16 images taken fgeriodically shifted kinoform; c) calculated
average of 16 images taken for periodically shifte@inoform based on MIFTA and feedback loop;

Bottom row: Laser marks on thin metal layer coatedon glass: d) single kinoform machined 16
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times with 13.3 ms exposure time; e) IFTA generatedinoform shifted periodically 16 times and

marked for 13.3 ms each; f) kinoform based on MIFTAand feedback loop, shifted periodically 16
times and marked for 13.3 ms each. The slight coloehange in the upper one third of the images is

due to using two tiled images because of the limdeviewing area of the microscope.

The laser machining results for direct marking othan metal coating on a glass
substrate with these beam shapes are shown ineF@g35 d) — f): The laser was
operated in all three cases at a repetition rai®0fkHz and an average power of 2.7 W
which is just slightly above the ablation threshofdhe metal coating. For Figure 4.35
d), a single kinoform based on the IFTA was usedhéchine the coated glass 16 times,
each with an exposure time of 13.3 ms. The exposore of 13.3 ms for the laser
machining has been chosen according to the SLMénate of 75 Hz in order to avoid
a potential influence of the temporal fluctuatiaighe phase response of the SLM on
the laser beam shape (see section 4.1.7). Thisreégwen using the speckle reduction
technique are shown in Figure 4.35 e) with an expotime of 13.3 ms for each of the
16 positions of the periodically shifted kinoformsigure 4.35 f) shows the result based
on the MIFTA and the feedback from the CCD cameaahined in the same way as for
the previous figure. The data matrix pattern appeauch clearer in this case and the
intensity gradient from the bottom left to the toght is significantly reduced. As a
qualitative measure, the laser machined data nestriwere tested with standard
decoding software [175] and only the data matriovaiin Figure 4.35 f) is readable as
“AOP” whereas the results shown in Figure 4.35 )l @) are not sufficiently well

defined to be decoded correctly.

4.1.12 Conclusion

Despite being a conventional SLM display, initiatlgveloped for visual applications,
the SLM LC-R 2500 from Holoeye can be used as aepfuvtool for beam shaping in

laser materials processing. It was demonstrated tthe limited power handling

capabilities of the device can be overcome by cotinel cooling of the display. This

enables the display to cope with nanosecond lagsisep with 14.7 W optical average
power which is sufficient for ns laser based maidgn Using the manufacturer
supplied mounting, the display is insufficienthatflto facilitate the use of the SLM
device in its as-is state but the custom designedninallows for compensation of the
inherent curvature of the display. Utilizing thel fresolution of the display, e.g. using
an IFTA approach, complex intensity distributiorsde generated having sufficient
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intensity for direct laser ablation. Besides tlear shaping, the SLM also enables

beam steering.

The display exhibits temporal fluctuations of theape response due to the electronic
addressing which are of no concern when used asojgcpon device for visual
applications. Consequently, the flickering credigdhe electronic addressing can have
a significant adverse effect on the outcome ofrlasgchining. It was demonstrated that
active cooling of the display reduces the amplitafithe flickering, however, it cannot
fully prevent it. A process synchronisation teciud between the graphics card
controlling the SLM and the laser machining worksta was developed and

implemented to compensate for the flickering.

The speckled intensity distribution generated by 8L.M when used as a diffractive
optical element is an inherent problem and limite guality of the laser machining
result that may be achieved. The dynamic propedighe device enable the generation
of beam shapes with identical amplitude but difiénghase distributions which results
in a temporal averaging of the speckle and provaleramatic improvement of the
quality of a laser generated mark. Further impnosets in the marking quality on bulk
metals have been demonstrated for data matrix matrkemall scales by using the
dynamic nature of the device to mark groups of adjacent elements sequentially.
This process minimises the spread of heat betwdmtent elements, i.e. reduces the

heat affected zone, which would otherwise redueadlolution of the mark.

In addition to the speckle reduction technique, dpplication of a modified iterative
Fourier transform algorithm (MIFTA) in combinationith closed loop feedback by
measuring the generated intensity distribution desionstrated. This adaptive optics
arrangement results in a significant increase ith libe diffraction efficiency of the
SLM and the uniformity of the generated intensitstribution. This further improves

the quality of the marking result for laser ablatiwith complex beam shapes.
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4.2 X10468-04 from Hamamatsu

The SLM X10468-04 manufactured by Hamamatsu igj@di crystal on silicon device
particularly optimised for modulating a wavelength532 nm and also optimised for
increased optical power handling, e.g. by usingigh leflectivity dielectric mirror.

Special thanks goes to Hamamatsu Photonics, viecRBymond Livingstone, for the

loan of a demonstration unit for testing and eviuapurposes.
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Figure 4.36: LCoS SLM X10468-04 from Hamamatsu: Catnoller unit and display head.

4.2.1 Device and setup

The LCoS SLM X10468-04 microdisplay works in reflea and has a SVGA
resolution of 800 x 600 pixels on a display sizel6fx 12 mm (see Figure 4.36). The
display is controlled via a standard DVI interfaxeextended display and the frame rate
is 60 Hz. The SLM display uses parallel-alignatedér nematic liquid crystals (see
section 2.3.4). This results in a pure phase nabidul without changes of the intensity
or a rotation of the polarisation state. The digghas an anti-reflection coating at the
front surface of the display and a high reflecyiuiielectric coating at the backplane,
both designed for a wavelength of 532 nm. Theinlgicircuitry at the backplane of the
display uses CMOS design with a fill factor of 93&6control the orientation of the
liquid crystal layer. According the Hamamatsu, thdvanced CMOS technology
reduces the diffraction losses due to the pixeicsire to less than 5% [110]. The X-
10468-04 comes pre-calibrated for a linear phasgorese for a wavelength of 532 nm.
The 8-bit signal from the graphics card for theilade 256 grey values is transformed
to a 12-bit signal after the compensation for tlm-hnearity [179]. The display
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exhibits an inherent curvature, however, a Frekred for the compensation is already

available as part of the control software.

The setup for the laser machining experiments serdglly the same as described in
section 4.1.4 and is shown in Figure 4.11, howether diameter of the aperture before
the SLM display was reduced to 12 mm because o$rtadler display size compared to
the LC-R 2500 display from Holoeye. This reduckd maximum optical average

power for the tests to around 12 W. A reductionthef laser beam diameter by altering
the telescope would have been ideal, but due te tonstraints on the availability of

the device it was not possible to carry this ofitso, the second half wave plate of the
setup is rotated to align the linear polarisatidntlee laser relative to the display
resulting in a phase only modulation for this devid'he display and the controller unit
of the Hamamatsu SLM are connected by two rathert €ind stiff data cables with is

not ideal for the alignment of the display. Duehe high reflectivity dielectric coating

at the backplane of the LCoS display, it is betible to cope with higher optical

average powers as required for ns laser machinmgre additional cooling of the

display is required. The rather bulky display hesaduding the plastic housing would

not facilitate additional heat sinking. Future Sltvbdels from Hamamatsu will have
ceramic packaging allowing efficient temperaturetonl and the connection to heat
sinks and Peltier coolers [180].

4.2.2 Analysis of temporal response

The measurement and analysis of the temporal respohthe SLM is carried out
according to section 4.1.7. First a binary gratnth a phase difference afrad (grey
values 0 and 128) was addressed constantly tolthev@ile the resulting beam shape
close to the focus of the setup was monitored udiireghigh speed camera Kodak
4502m. As before, the laser repetition rate aedfthime rate of the high speed camera
were both set to 40.5 kHz. The laser beam hae teeberely attenuated by means of a
beam tap and neutral density filters. No significand periodical temporal fluctuations
of intensities of the first diffraction orders cdube measured in this case (see Figure
4.37), although high frequency noise is apparémtmarked contrast to the SLM LC-R
2500 from Holoeye described in the previous pamawathis SLM display does not
exhibit flickering (see section 4.1.7.). Additidlgyano adverse effects were found in

the outcome of laser machining when moving thealited laser beam across the work
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piece by means of the scanhead with a laser pdese to the ablation threshold of the

metal coating on glass.
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Figure 4.37: Temporal course of intensities of fifsdiffraction orders for binary grating being

addressed constantly to SLM.

According to Hamamatsu, this device is driven d\d frame rate of 60 Hz. To
prevent flickering, a refresh rate of the liquigystal layer with a frequency of 480 Hz
and an alternate refresh rate of 240 Hz are ussKgyure 4.38, source [179]). Also,
analogue driving is employed rather than the stahdaulse width modulation.
Theoretically, this should result in fluctuationstbe phase response with a frequency
of 480 Hz and a corresponding period of 2.08 msauchSbehaviour could not be
confirmed with the experimental results shown igure 4.37.

alniey
T

LC driving voltage

J e

Response of the phase modulation

Figure 4.38: Top: driving voltage for liquid crystal layer using analogue driving at refresh rate f

480 Hz and alternating refresh rate of 240 Hz; botim: Resulting response of phase modulation.
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The temporal response for a more complex interkgtyibution, in this case a “smiley

face”, based on a phase hologram utilising theZ&6 phase levels of the SLM display
is shown in Figure 4.39. The intensity distributivas generated on axis. The laser
was operated at a repetition rate of 40.5 kHz, thaet frame rate of the high speed
camera was altered to 13.5 kHz, resulting in adlaggtive area of the camera to capture
the increased beam shape. The zero order beanrenwas/ed in software for the

evaluation. The measured average intensity ofghmeley face” exhibits non-periodic

variations with a relative change of ~4% (see FRgi39 b). As before, the expected
intensity fluctuations with a frequency of 480 Hzdaa period of 2.08 ms due to the

analogue driving of the Hamamatsu display cannatdtected experimentally.
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Figure 4.39 a) example intensity distribution as measured wh high speed camera; b) tempor:

course of average intensity of "smiley face" as shn in part a).

The distinct advantage of SLM devices comparedto/entional gratings or diffractive

optical elements is the potential to change betwdHarent phase profiles during the

actual machining process. In order to determieerésponse for varying or alternating
phase distributions the experiments as describedealvere repeated using the high
speed camera with a frame rate of 40.5 kHz andatipgrthe laser at a repetition rate of
40.5 kHz. For simplicity, two binary gratings werteosen, having the same periodicity,
i.e. 40 pixels, and phase differencenafad (grey values 128 and 0) but shifted by half
the periodicity relatively to each other (see smettd.1.7). These gratings, although
different, generate identical spatial intensitytaisitions at the focus of the system and
thus facilitate an easier analysis and comparigdheodata from the high-speed camera.

Each spot for the first diffraction orders and #eeo order on the sensor had a diameter
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of ~8 pixels. As a measure of the intensities afhespot, the average intensity of a

12 pixel diameter area centred on the spot is udéidure 4.40 shows the temporal
variations of the intensities of the first diffrast order when alternating or toggling
between the two binary gratings with a delay tih&@ms. During the delay time the
intensities of the first diffraction are stableptigh they appear fairly noisy. Once the
new binary grating is addressed to the deviceritensities decrease rapidly for ~6 ms
and then recover exponentially to the previousllever a timescale of ~20 ms. Figure
4.40 a) shows an intensity drop of ~ 5 [a.u.] betwé&10 and 120 ms before the actual
feature of the changing phase profile occurs. Téimost likely due to a bug of the
IrfanView software that was used to address thargigratings as a slideshow on the
SLM. In a further experiment, the delay time oé tslideshow was reduced to zero,
resulting in alternating binary gratings addressed a single-frame basis. The
behaviour of the intensities of the first difframti order was again measured using the
high-speed camera and the results are shown inreFiggd1l. The intensities do not
reach a plateau in this case, unlike for the previcase with a longer delay time. The
finite response time of the SLM display mainly daghe viscosity of the liquid crystal
layer is the cause for this behaviour and the iimgifactor for potential applications of

this SLM at higher frame rates.
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Figure 4.40: a) Average intensities of first diffra&tion order when addressing two similar butshifted
binary gratings with phase difference ofr rad alternating to SLM with a delay of 50ms; b) zoom o

response during the change.
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Figure 4.41: Average intensities of first diffracton order when alternating two shfted binary
gratings with a phase difference of rad on a single-frame basis.

4.2.3 Process synchronisation for ‘on-the-fly’ changes béam profiles

The response time of the display when changinghtiase profile addressed to the SLM
strongly affects the intensity of the diffractiomders as discussed in the previous
section and shown in Figure 4.41. Consequent¥yjritensity of the zero order beam is
quite high during the actual change. This potdgtihas an impact on the laser
machining and limits the capabilities of SLMs whdynamically changing the beam
shape ‘on-the-fly’. In order to determine thispesse time for an actual machining
process, two binary gratings having a phase difiszeof 0.& rad (grey values 100 and
0) but different periodicities (20 and 10 pixels3r alternately sent to the SLM (frame
by frame). The angle of diffraction was thus stvd on a frame by frame basis. The
phase difference of Gif@ad was chosen to emphasize the impact of theardey beam
on the laser machining process. The resulting teadipoehaviour of the average
intensities of the zero and first diffraction orslemre shown in Figure 4.42. For
simplicity, two binary gratings were used, haviig same periodicity, i.e. 20 pixels,
and phase difference of @.8ad (grey values 100 and 0) but shifted by ha# th
periodicity relative to each other. During the @ of the addressed binary gratings,

the intensities of the diffraction orders drop wehthe zero order beam increases in
intensity.

To assess the impact of these intensity variationghe laser machining, the laser beam
is scanned perpendicular to the orientation ofdiffeaction spots at a speed of 25 mm/s
across a stainless steel sample by means of the gghnhead while addressing the two
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binary gratings with different periodicities on t&&M on a single frame basis. The

laser machining outcome (laser repetition rate546iz, average power ~11 W) is
shown in Figure 4.43 a). The outermost pairs ghle marks correspond to the 10
pixel period grating, whilst the more closely sphpairs of marks correspond to the 20
pixel period grating. However, there are a seoiemarks in the centre, in addition to
the desired marks, associated with a strong zedlerdoeam appearing periodically
whenever the grating pattern being addressed tSltiechanges.
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Figure 4.42 Periodic variations of intensities of zero and fist diffraction orders when alternating
on a single-frame basis b@veen two similar binary gratings addressed to theSLM. The intensities

of the first diffraction orders are almost identical.
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Figure 4.43: a) Machining result when alternating o binary gratings with different periodicities
on the SLM on a single-frame basis while scanninghé laser beam at a speed of 25 mmégros:
stainless steel (scanning direction from left to ght); b) schematic for process synchronizatiol

technique indicating when process is ‘on’ and ‘off’
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As presented in section 4.1.9, the process synidaiion technique can be applied in

order to block the laser beam whenever its spatiahsity distribution is inappropriate
for a particular laser machining application. Megtical sync signal from the graphics
card is extracted and a pulse based on analydiseointensity data shown in Figure
4.42 is generated in order to control the laserhimtmg workstation. In this case
machining is stopped whenever the intensity ofzée order exceeds that of the first
diffraction orders as indicated in Figure 4.43 bhe laser machining result when using
this process synchronization technique and the $asee parameters as before is shown
in Figure 4.44. The deep and blackened laser nragidting from the zero order laser
beam are no longer present. Also, all the marksiltiag from the first diffraction
orders are of roughly the same length.

Wil ! s

Figure 4.44: Machining results with settings as desibed in Figure 4.43 but utilising the proces

synchronization technique to remove deep and blacked marks from zero order.

4.2.4 Conclusion

Overall, the SLM X10468-04 from Hamamatsu workedywsell for the application to
laser beam shaping. The absence of flickeringpendisplayed image, the good overall
efficiency (see section 4.4.3) and the device $igezalibration for a wavelength of 532
nm made it well suited for application to ns micearhining. The only notable area for
improvement though would be to reduce the rathdkybpackaging of the display
which in combination with the stiff connection ceklimpedes the alignment of the
SLM.
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4.3 A512-0532 from Boulder Nonlinear Systems

Boulder Nonlinear Systems (BNS) designs and mahuwf@s custom liquid crystal on
silicon devices tailored for specific applicatioasd wavelengths. Their key features
include high speed modulation, high optical efing and optical flathess. Special
thanks goes to Boulder Nonlinear Systems, via Kelyegoriak and Anna
Linnenberger, for their visit and the demonstratddthe SLM A512-0532.

Figure 4.45; Display of SLM A512-0532 from BouldeNonlinear Systems.

4.3.1 Device and setup

The SLM A512-0532 is part of the XY Nematic Serigem Boulder Nonlinear
Systems (see Figure 4.45), has a resolution ofX6%22 pixels and a display size of
7.68 x 7.68 mm. The display contains linear nemiajiaid crystals (see section 2.3.4).
Linearly polarised light in the vertical axis releg to the display is modulated phase-
only with a maximum phase stroke af fad at a wavelength of 532 nm. The device
comes pre-calibrated with a linear phase respamsthis wavelength. The cover glass
of the display is coated with a broadband antieatibn coating for wavelengths
between 450 and 865 nm. A high-reflectivity diéieccoating for a wavelength of 532
nm is used at the backplane of the display. Thécdes controlled using a PCl-e card
to ensure a faster operation of the device. Adtwely, it could be also controlled as
extended display using a DVI signal from the graphcard similar to the earlier
described SLM device. The refresh rate of the @eis 6092 Hz to eliminate temporal
fluctuations of the phase response. The maximuygléorate when using the PCl-e
interface amounts to 1015 Hz being to date thedsghefresh rate for a liquid crystal
on silicon spatial light modulators. Another adeaye of the XY Nematic Series from
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BNS is the fill factor of 100%. Typically, the te€tive pixel structure of the driving

electronics at the LCoS backplane acts as a gradmd) gives rise to unwanted
diffraction. To prevent this, the gaps betweenahaninium pixel electrodes are filled
with dielectric layers. A planar dielectric coajirs then deposited on top to eliminate
optical path differences due to the underlying idgvelectronics (see Figure 4.46,
source [181]. The dielectric coating is still sci#ntly thin to minimise an attenuation
of the electric field. As a result, all the retied light by the SLM is modulated. The

zero-order diffraction efficiency is stated by thanufacturer to be 61.5% [111].

Reflected Wavefront

Coverglass Electrode

Liquid Crystal Modulator

Mirror £ .
Pixel Electrodes 0 Volts 2.5 Volts Avy 5 Volts 0 Volts

| |
AX
Figure 4.46: Schematic of cross section of XY NematSeries of BNS: Planar high eftiency mirror

and smoothing of the electric field eliminate mosbf the grating effects associated with pixelate
SLMs.

The setup for the experiments with the nanosecasdrlmachining workstation is
essentially the same as described in section driddhown in Figure 4.11. The display
of the A512-0532 SLM comes attached to a kinematiount facilitating easy
alignment. Due to the time restriction of the #aility of the demonstration unit of
the SLM, the diameter of the aperture shown in FEgull was just reduced to 7 mm to
avoid damage to the housing of the LCoS display.reduction of the laser beam
diameter by altering the telescope would have lbéeal but it was not possible to carry
out this alteration due to time constraints on dkaeilability of the SLM device. The
half wave plate was rotated to have vertically ps&d light incident on the display
resulting in a phase-only modulation of the lineamatic liquid crystal layer. Boulder
Nonlinear Systems does not have reference valugbdgpower handling capabilities of
the SLM A512-0532 so far and suggested the avarager of the light incident on the

display to be limited to 3 W at a repetition rafe10.5 kHz. At these power levels, no
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actual ns laser machining experiments could be ucted and the use of higher powers

was not permitted with the device on loan due  gbtential risk of damage to the
device.

4.3.2 Analysis of temporal response

For the measurement of the temporal response ofStiM, a binary grating with a
phase difference af rad (grey values 0 and 128, periodicity 20 pixelpas addressed
constantly to the SLM while the resulting beam €hajose to the focus of the setup
was monitored using the high speed camera Kodakm50 As before the laser
repetition rate and the frame rate of the high dpmsmera were both set to 40.5 kHz.
The laser beam had to be severely attenuated bypsyefaa polarising beam splitter
controlled using a half wave plate. In additiorheam tap and neutral density filters
were used. The evaluation of the captured intgmsiages when addressing the binary
grating constantly to the SLM is shown in Figuréd7Z. Only small fluctuations of the
average intensities for the first diffraction orslevith a relative change of ~9% can be
observed. The period of these fluctuations is @89which can be attributed to the
toggle rate of 1015 Hz as stated by the manufacfadel]. In the context of ns laser
machining with pulse repetition rates typically the order of 16100 kHz and
machining times of several ms these fluctuationthefresulting intensity distribution
are negligible making this device ideal for the laggtion. The average intensity of the
zero order is not shown in Figure 4.47 to emphasieesmall variations of the first

diffraction orders.
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Figure 4.47: Average intensities of first diffracton orders for binary grating with phase difference
of © addressed constantly to BNS SLMThe average intensity of the zero order is not shawto

increase the visibility of the fluctuations of thefirst diffraction orders.
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The experiment as described above was repeatedstwdiiernating between two

different binary gratings with a delay time of 2@ wn the display. For simplicity, two
binary gratings were chosen with the same peritydafi 20 pixels and the same phase
difference ofr (grey values 0 and 128) but shifted by half theqokcity relative to
each other. These gratings, although differemegme identical beam shapes at the
focus of the optical system and thus make it edasi@nalyse the data from the high-
speed camera. The results (see Figure 4.48) shaty when the binary grating is
addressed constantly, the average intensities eofitbt diffraction orders are almost
constant, apart from a small high frequency flickéth a period of ~1 ms. Once the
new phase profile is addressed a sudden drop ointeasities over ~1.3 ms can be
observed followed by an increase of the intensitegs~5 ms until the initial level.
Thus changing the phase profile by half of the labée phase stroke can be achieved at
a maximum frequency of 160 Hz.

The delay time of 20 ms was removed to alternatevd®n the shifted binary gratings
on a single frame basis (see Figure 4.49). In ¢hi&e, the periodicity of the change
amounts to 3.6 ms corresponding to a frequency76fl2z. Despite being the same
experimental configuration and evaluation, the mmaxn intensity values are lower
than the result shown in Figure 4.48. This indisathat display specific properties,
especially the viscosity of the liquid crystal layare the limiting factor for the

maximum frame rate of the SLM rather than the dgvelectronics including the PCle

controller card.
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Figure 4.48: Average intensities of first diffracton orders when addressing the SLM with two

alternating, similar but phase shifted (byr rad) binary gratings with a delay time of 20 ms.
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Figure 4.49: Average intensities of first diffracton orders when addressing two similar bushifted

binary gratings with phase difference ofr alternating to SLM on single frame basis.

4.3.3 Discussion

The SLM A512-0532 is pre-calibrated and optimisedapplications with a wavelength
of 532 nm. The display is attached to a kinematmunt for easy alignment. The
compact display size of 7.68 x 7.68 mm facilitates easy incorporation into laser
machining workstations. In our setup the galvo kead has a maximum input aperture
of 10 mm and therefore no additional telescopeetiuce to beam diameter would be
required, in contrast to the larger displays fromldéye and Hamamatsu which were
presented in sections 4.1 and 4.2. On the othed,hide resolution of the display
(number of pixels) from BNS is lower than that loé tother two SLMs. Furthermore, a
smaller display size of the device is resultindhigher optical power densities, which
potentially limits the application of the devicetlwins laser machining. The high
electronic refresh rate suppresses any signififiaitering of the display with only
small variations in the order of ~9% visible in trexorded traces (see Figure 4.47).
The biggest advantage of the device is the higmdraate and short response time
making this device particularly competitive for éasnachining process requiring ‘on-
the-fly” changes of the beam shape or for usingShk! in combination with adaptive
feedback.
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4.4 Summary and comparison of used SLM devices

4.4.1 Overview of specifications

Holoeye Hamamatsu Boulder Nonlinear
LC-R 2500 X10468-04 Systems A512-0534

Resolution: 1064 x 768 pixels 792 x 600 pixels 512% pixels
Effective display size: 19.5 x 14.6 mm 16 x 12 mm 7.6B68 mm
Pixel pitch: 19 um 20 um 15 um
Liquid crystal type: 45° twisted Parallel aligned Parallel aligned

nematic linear nematic linear nematic
Max. frame rate: 75 Hz 60 Hz 142 Hz

(using PCle card)
Refresh rate: 75 Hz 480 Hz 1015 Hz

Anti-reflection No Yes, for 532 nm Yes, for 532 nm

coating of cover glass:

Coating of reflective Al (broadband) Dielectric Dielectric
mirror: for 532 nm for 450 - 865 nm
Wavelengths: 400 — 700 nm 532 nm 532 nm
Prize (excl. VAT): £6,882 £9,50G £19,137
(£14,885 incl. white
paper)

Table 4-1: Comparison of SLM devices used in this avk.

4.4.2 Temporal response
The comparison of the response of the differenti@paodulators shown here is based
on the experimental results described in sectiohg44.2.2 and 4.3.2. In all cases the

2 Quote September 2008
% Quote June 2008
4 Quote October 2009
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laser was operated at a frequency of 40.5 kHz vehitieggh speed camera with the same

frame rate of 40.5 kHz was located close to theidaaf the optical system to measure
the intensity distribution of each laser pulse mathd by means of the SLM. Two

binary gratings with a phase differencerafad but shifted by half the periodicity were
addressed alternating with a certain delay timeach SLM. Although these patterns
represent different phase profiles, the resultiegnb shape is the same facilitating an
easier evaluation of the intensity data. The tesidr the average intensity of the

diffraction order are shown in Figure 4.50 and thange of the profiles occurs after
15 ms.

For the LC-R 2500 from Holoeye (blue line) strongripdic fluctuations of the
intensity, also referred to as flickering, can lxserved. The period of the flickering
amounts to ~13.3 ms corresponding to the pulsehwidbdulated signal to drive the
display at a frequency of 75 Hz. Once the new glmasefile is addressed to the SLM,
l.e. after 15 ms, the intensity decreases ovemadtale of ~16 ms and recovers to the
initial value after an additional ~34 ms. Thispesse time is caused by the viscosity of

the liquid crystal layer which limits the speedrebrientation of the molecular structure.
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Figure 4.50: Comparison of response when alternatqbetween similar, lut shifted binary gratings
with a phase difference ofr rad on the SLMs. The average intensities of the firstiffraction orders
are displayed normalised, but with additional offsé
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For the SLM X10468-4 from Hamamatsu no significpetriodic flickering can be

observed (see black line in Figure 4.50). Analodueing with a frequency of 480 Hz
is applied for this device to prevent the flickerin During the change of the binary
gratings, the average intensity of the first diffran order decreases for ~6 ms and

increases after that for ~20 ms.

The SLM A512-0532 from Boulder Nonlinear System8I@ exhibits very little flicker
with a relative amplitude of ~9% and a period ofm4 as shown with the red line in
Figure 4.50. This corresponds to the toggling desgpy of 1015 Hz used for the
electronic addressing of the display. The charfghe phase profile occurs over ~6.3
ms, consisting of an intensity drop for ~1.3 ms ansubsequent increase for ~5 ms.
This fast response with a frequency of ~160 Hzlseved by using liquid crystals with
a higher refractive index compared to convention&rodisplays [182]. Consequently
the required thickness of the LC layer for thepghase modulation in reflection can be
reduced. This results in an increased electrild feeross the LC layer for the same
driving voltage. Hence, an increased force caubes reorientation of the LC
molecules. For the BNS SLM, the delay time betwibenchanges of the phase profiles
was set to just 20 ms resulting in three changesglthe observation time as shown in
Figure 4.50.

4.4.3 Efficiency

The results presented in section are based onboo#lave work with Dr. Jonathan

Parry. In order to determine the efficiency of thewee SLM displays, three

measurements using a digital power meter wereethaut in the setup shown in Figure
4.11:

i) after the aperture to measure the power incidarthe SLM: i cigens

ii) to measure the full laser power coming outhef galvo scanhead;ho,

iii) to measure the power in the desired diffrastimage: 4 (using a sheet of metal

with a square aperture slightly larger than theasds image and aligned to allow the

image through while blocking the rest of the light)

The beam shape was chosen to be a two dimensiatainthtrix pattern representing

the letters “AOP” as before based on a kinoformhvidb6 phase levels. The intensity
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distribution was generated off-axis to separatdraotn the zero order beam. The

diffraction efficiencyngi was defined as:

_ e E . 2
Nar = | ™ quation 4-

galvo

The overall efficiency)overan Was defined as:

|
7] overal =|$; Equation 4-3

incident

The overall efficiency considers intensity losse® do the display, such as reflection
losses from the cover glass or absorption of lighthin the display, and due to
additional optics like the required telescope tdume the beam diameter. The results
are shown in Table 4-2. For the Holoeye displgyhase profile with a resolution of
256 x 256 pixels has been calculated using the IERA tiled in a 3 x 4 pattern for
addressing it to the SLM as recommended for goodommity and diffraction
efficiency [165]. The resulting diffraction effemcy is 54.7% and the overall efficiency
29.3%.

In the next step, the diameter of the aperture redsiced to 11.4 mm and a phase
profile with 200 x 200 pixels was determined anédtiin a 3 x 4 pattern and addressed
to the Holoeye SLM. These settings mimic the reduesolution of the Hamamatsu
SLM. As a consequence, the diffraction efficiemeguces to 50.6% and the overall
efficiency stays almost the same at 28.7%. Aftext,tthe Hamamatsu display was
integrated into the setup according to section14.2In this case, the diffraction
efficiency increases to 55% and the overall efficie increases to 36.7%. The
diffraction efficiency is very similar to the caf® the Holoeye display operated at full
resolution. The overall efficiency, however, isehthigher for the Hamamatsu display.
This can be attributed to the anti-reflection cogitof the cover glass and the increased

reflectivity due to the dielectric coating for thack reflector of the display.

For the SLM from Boulder Nonlinear Systems therdidtion efficiency amounts to
60% and the overall efficiency is 39.3%. This ferthncrease can most likely be
associated with the increased fill factor of thepthy (see section 4.3.1).
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Holoeye
Holoeye SLM with Hamamatsu

Boulder
Nonlinear

LC-R 2500 “Hamamatsu X10468-04 A512-0532

resolution”

Resolution of

phase profile: 1024 x 768 px  792x600px  792x600px 512 x 512 px

3x4 3x4 3x4 4x4

Tiling on
display:

Intensity
distribution
incl. speckle
reduction:

Diffraction
efficiency:

54.7% 50.6% 55.0% 60.0%

Overall

e . 29.3% 28.7% 36.7% 39.3%
efficiency:

Table 4-2: Efficiency of used spatial light moduladrs.

4.4.4 Suitability for laser machining

The use of an SLM for beam shaping is a powerfohnigque in laser machining.
However, the limited power handling capabilitiesn cprevent the application to
processes requiring short pulses and high opticalage powers. Cooling of the LC-R
2500 from Holoeye enables the device to be appgbedeam shaping for nanosecond
laser machining with a much higher average powemn thecommended by the
manufacturer (5 W/cmwere demonstrated rather than the recommendetViciz?).
Also, the inherent curvature of the display cancbenpensated for by means of the
cooling mount. This enables direct laser markinglolation with complex intensity
distributions.

Conventional SLM displays, such as the LC-R 25@0jk8t temporal fluctuations of its
phase modulation due to their electronic addressirichis flickering can have a

significant adverse effect on the outcome of lasachining. A novel synchronisation
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technique was introduced to compensate for thisdehr. SLM devices, designed

specifically for laser wavefront modulators, sushtae X10468 from Hamamatsu or the
A512 from Boulder Nonlinear Systems, do not exhib& same flickering problems as
standard display devices. Nevertheless, if charayesrequired during the actual
machining process, transition effects due to thmtefi response time of the liquid
crystals can occur resulting in unwanted machinindgain the synchronisation

technique can be utilised to prevent this.

When using an SLM for laser beam shaping, the dpedktensity distribution of the

generated image is an inherent problem that lithesquality of the marking that can be
achieved. However, this limitation can be overcdyeutilising the dynamic nature of
the SLM. Multiple beam shapes with the same anmhditbut different phase can be
generated with very short switching times, resgltin a significant reduction of the
speckle contrast after time averaging. Sequetdasdr marking with these different

phase distributions dramatically improves the duaif the laser marking.

The resulting intensity distribution including tspeckle reduction technique can still
exhibit non-uniformities which adversely affect thaality of the laser marking. A
modified and improved version of the iterative Reutransform algorithm (MIFTA),
in combination with closed-loop feedback, by meesuthe beam shape, results in
significantly increased diffraction efficiency anah improved uniformity of the
generated intensity distribution. This resultaifurther improvement of the quality of

the laser marking in addition to the speckle reidactechnique.

For laser machining processes requiring frequeringbes of the beam shape, the
comparatively long response time for the LC-R 2%@dn Holoeye is not ideal. The
X10468 from Hamamatsu and especially the A512 fidoulder Nonlinear System
allow for significantly faster changes. Whilst t8&M from Hamamatsu is well suited
to optical average powers required for nanosecasdr| machining, no information
about the power handling of the BNS device arelabla to date. The SLM from BNS
provides the highest diffraction efficiency of thested devices followed by the

Hamamatsu and the Holoeye SLM.
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In final conclusion, it was demonstrated that usamgSLM in combination with an

appropriate control and feedback system for beaapisg is a powerful technique
which offers increased flexibility and improved pess control when used in a laser
machining workstation and has significant potentalbe applied in an industrial

process.
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Conclusions and future work

5.1 Conclusions

Adaptive Optics techniques were successfully adplce laser processing providi
significant advantages. Beam shaping by meansdafpfive Optics gives increas

flexibility and improved process control, key batein laser materials processing.

A piezoelectric deformable mirror was applied feab shaping of a nanosecond (}s)
and millisecond (ms) laser: For ns surface markshgping the Gaussian laser begm
towards a square flat top profile was demonstrételde beneficial. For ms drillin
creating a ring shape intensity distribution wasvah to result in consistent throu
holes with better quality and significantly highespect ratio compared to the

unmodified multimode beam.

A liquid crystal spatial light modulator (SLM) wapplied, to my knowledge for th

174

first time, to beam shaping with a high average gowanosecond laser. A hefgt

sinking method enabled the average power handipglulities of the device to b

significantly increased, and hence complex spatg&nsity distributions can b[
generated with sufficient intensity for direct lasearking. A process synchronisatigin
technigue was developed to overcome limitations wuductuations of the phas

\1*4

modulation and the finite response time during geanof the device. The dynamijc
nature of the SLM was exploited to improve the dyaif laser marking by reducin
the impact of the inherent speckled intensity thstion across the generated begm
shape. Further improvements in the quality ofrasarking with complex intensit
distributions were achieved by applying a modifahtrol algorithm and a close

loop feedback.
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5.1.1 Deformable mirrors

Extracavity laser beam shaping has been demorstugiag a deformable mirror and
closed-loop control by means of an iterative sirtedaannealing algorithm and an
intensity measurement of the resulting intensitstrdbution at focus. Two different
types of deformable mirrors, i.e. a piezoelectrefodmable mirror and a bimorph

mirror, each with 37-active elements each weretest

The devices are robust and able to withstand laeeers suitable for laser machining.
However, in both cases, the small number of acotienents, the crosstalk between
adjacent actuators and the stiffness of the réflecsurface are the limiting factors

regarding the beam shaping capabilities.

For the bimorph mirror from BAE Systems, the cimudymmetry of the electrodes and
the zonal response are beneficial for altering ausSian beam profile towards
elliptically shaped laser beams with arbitrary otaion of the principal axis. There are
a range of possible application areas, for exammiecutting silicon wavers, where
elliptical beams have been shown to be more efficdd enable higher cutting speeds
compared to Gaussian beams [2, 3]. In order teeaelthe highest cutting efficiency,
the bimorph mirror would enable the user to alige kong principal axis of the ellipse
with the direction of the cut. The dynamic natwfethe device would allow the
dynamic adaption of the axis orientation for cugtiof a circular arc. This would be
impossible to achieve with conventional static cgti A further application would be to
tailor the ellipticity of the beam to compensate W¥arying scanning speeds when using

a galvo scanhead system.

The piezoelectric deformable mirror from OKO Teclugtes can be used as a variable
homogenizer to alter a Gaussian beam towards tbesaform intensity distributions,
i.e. circular flat top beam profiles, although theam profile will still exhibit a fairly
steep but finite slope at the circumference oflikam. Benefits when modifying an
incident Gaussian intensity distribution towards square flat top profile were
demonstrated for nanosecond surface marking afless steel. The laser machining
result with the modified flat top beam shows a maréform surface finish and
significantly reduced spatter compared to resukhegated with an unmodified
Gaussian beam with otherwise identical laser patensie For laser drilling, using a

multimode millisecond laser machining workstatioreating a doughnut beam profile
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by means of the piezoelectric deformable mirror desonstrated to have a significant

beneficial impact. Drilling holes using a doughsbhtaped laser beam shape resulted in
smaller diameter holes which were deeper and moifermn than those generated by
the unmodified multimode beam. The resultant sendible diameter is remarkable,
since the doughnut beam shape had a larger oudenetir than the comparable
Gaussian beam; also the beam shaping result dodabighnut beam had a somewhat
uneven intensity distribution due to the limitasoaf the device as described above.
The apparently more efficient drilling process whesing the doughnut beam shape
indicates an improved melt ejection mechanism coethdo the multimode beam.
Besides the altered spatial intensity distributbbthe laser by means of the deformable
mirror, changes in the focal position and the laegtf the caustic are likely and their

impact on the drilling result requires further istigation.

For the nanosecond laser based surface marking naificdecond laser drilling,
modifying the initial laser beam towards a squde¢ fop and a doughnut profile
respectively has a significant and beneficial intpan the outcome of the laser
machining process. While similar or potentiallyeaunore uniform and more complex
spatial intensity distributions might be generabgdother static optical components,
such as refractive beam shapers [6], a deformalteormn a closed-loop control
enables dynamic modification of the beam shapeatsw compensation for changes in
the incident laser beam profile that may resulbfreariations of the laser parameters.
The PDM can be addressed at a maximum frequency ¢ 1 kHz and this enables
changes in beam profile between single pulses faonilasecond laser machining
workstation which is typically operating at repietit rates in the order of a few or tens
of Hertz. For nanosecond laser systems the repetates are typically higher than the
maximum frequency of the deformable mirror and tbnky pulse trains with a distinct

beam shape can be generated.
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5.1.2 Spatial light modulators
In contrast to the only partially successful outesnof adaptive beam shaping with
deformable mirrors, the experiments with a spdigalt modulator (SLM) demonstrated

significant benefits in free form beam shaping.

It was demonstrated that cooling of the displathefspatial light modulator LC-R 2500
from Holoeye enables the device to be applied &anb shaping for nanosecond laser
machining with much higher average laser powersn theacommended by the
manufacturer. The display was exposed to ns [agees with an optical power density
of approximately 5 W/cfover a timescale of 1 h without any damage toSh#
display and also without any significant degradaod its beam shaping characteristics.
This is to my knowledge the first time that the w§ean SLM has been reported in
conjunction with a high average power laser opegain the ns regime. Ultilizing the
full resolution of the display enables the generatf complex beam shapes, such as
two-dimensional data matrix patterns, with suffitientensity for direct laser ablation.
The beam shape is modified by addressing a dephade pattern to the SLM based on

the iterative Fourier transform algorithm (IFTA8[2 for phase retrieval.

Using an SLM for beam shaping is a powerful techaiq laser processing. However,
a conventional SLM display with a standard pulsdtivimodulated signal, such as the
LC-R 2500 from Holoeye, exhibits significant temalorfluctuation of its phase
modulation. This flickering was demonstrated teéhan adverse effect on the outcome
of short-pulsed and high-repetition rate laser nranfy. During the flicker period, the
SLM device has a wrong or undefined phase profikkthis leads to an undefined beam
shape which creates unwanted machining. Two tgalesi were shown to reduce the
impact of this inherent flickering: First, the antpdle of the flickering can be reduced
by active cooling of the display; yet, it cannot fodly prevented. Secondly and more
usefully, a process synchronisation technique betvibe laser machining workstation
and the graphics card which controls the SLM wagkbped to inhibit the laser during
periods in which the display exhibits flicker undus prevent unwanted machining.
Although SLM devices designed specifically as lasavefront modulators, e.g. the X-
10468 from Hamamatsu, do not exhibit the same dlicly problems as standard
display devices, if changes of the phase pattemes raquired during the laser
processing, a transition effect can occur due t® fihite response of the device,

resulting in unintended machining. Again, the ggEcsynchronisation technique can be
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successfully utilised to inhibit the laser beam anelvent unwanted machining while a

new phase profile is addressed to the SLM display.

The speckled intensity distribution generated byamseof an SLM as diffractive optical
element is an inherent problem [169] associatel aiity diffractive optical element and
the use of a coherent light source and this litiesquality of the laser marking result
that can be achieved with a static phase pattétowever, the dynamic nature of the
SLM can be utilized to reduce the speckle problemléaser machining tasks with
longer dwell times than the response time of thecge A series of periodically shifted
holograms can be generated which result in an invaige identical amplitude but
different phase. Since the speckle is determingdhlk relative phase of different
sections of the modified wavefront by means of 8ieM, these periodically shifted
images will result in different speckle distribui&d Consequently, the time-averaged
image exhibits a close to uniform intensity digttion with a very low speckle contrast.
For the laser processing this can be realized Qyessially marking with the shifted
holograms addressed to the SLM and results inrafisignt improvement of the quality
of the laser marks. Furthermore, when laser maufismall features, such as a data-
matrix pattern, on a small scale, sequential lasarking of non-adjacent elements by
means of the SLM enables the spread of heat toibenmed and hence results in an

improvement of the resolution of the resulting mark

In addition to the speckle reduction technique, dpplication of a modified iterative
Fourier transform algorithm [177, 178] in combiatiwith a closed-loop measurement
of the generated intensity was demonstrated tafggntly improve the quality of the
laser marking using complex beam shapes genergteghllSLM and a nanosecond
pulsed laser. Using a more advanced algorithm acutate the holograms and
incorporating closed-loop feedback from the achedm shape results in an increase of
the diffraction efficiency and an improvement ofetluniformity of the generated
intensity distribution. For laser processing apgdiions with intensities close to the
ablation threshold of the material this approactpasticularly important. Such an
adaptive optics technique also enables to comperisatmisalignment of the optical

system and for variations in the incident lasemiearing the machining process.
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5.2 Future work

Adaptive Optics can be beneficial for various lasased manufacturing processes as
discussed in chapters 3 and 4. However with rédpethe applications of such AO
techniques in industrial processes, there areadigtacles and limitations. In particular
the small number of active elements and the suréaestraints for the deformable

mirrors pose a limit to the achievable intensitstdibutions.

In the case of liquid crystal spatial light modolat the power handling capabilities and

wavelengths restrictions are the most restrictamameters.

A few approaches and suggestions for future reseant development activities to
address those limitations are discussed in theviatly sections and some of them are
already under investigation.

5.2.1 Affordable deformable mirrors with more actuators

Deformable mirrors can be provided with dielecttimatings making them a robust
beam shaping technique suitable for high laser ppaed many different wavelengths.
Deformable mirrors are able to handle much morerlggwer compared to liquid

crystal SLMs. However, the comparatively small i@mof active elements and the
constraints on the surface shape due to the s#frié the deformable surface and
crosstalk can clearly affect the beam shaping dhpad (see sections 3.3 and 3.4). A
reduction of the thickness of the mirror substratéch would remove some of the

constraints on cross-talk and surface shape carit rnes degraded dielectric mirror

coatings. Applying a dielectric mirror coating arthin flexible substrate can impose a

surface strain to the substrate that results iefarchation.

Alpao S.A.S. offer a deformable mirror with 241 magc actuators [38] being
significantly more than for the devices used inptea3. The reflective surface has a
metallic coating supporting an optical energy oD 4@/cmz2 [183]. The cost of this
device including driving electronics is 85,000hich makes this deformable mirror

unattractive for applications for laser processmopdustrial processes.

® Quoted: July 2010
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Commercially available deformable mirror deviceitglly have a stroke in the order of

um or even ten’s of um (see [79]). When usingwtagefront modulator in a diffractive
optics approach similar to the SLM, a maximum actuatroke of half the wavelength
when operating the device in reflection and assgnaim initially flat device would be
sufficient for the operation. For example at a @lamgth of 1064 nm an actuator stroke
of just 532 nm would be required. Such actuatiookes can be achieved with modern
multilayer piezoelectric stacks [184] at signifidgnlower voltages then for example
employed in the OKO device. Hence the requirementthe driving electronics could
be reduced and a standard 50 V CMOS-type elecsanithitecture rather than multi-
channel high voltage power amplifying units astfo piezoelectric deformable mirror
from OKO Technologies could be used. This woulhattically reduce the cost for the
device. A collaboration between the Microscalesses Group at the University of the
West of Scotland (UWS) and the UK Astronomy TecbgglCentre in Edinburgh (UK
ATC) is currently developing such a deformable orinwith low voltage requirements
due to a multi-layer PZT technology and CMOS dmyvelectronics.

For the application of a beam shaping techniqueedam a deformable mirror in
combination with a galvo scanhead, a compact desfigine deformable mirror with an
active area ideally of the same diameter thanrpatiaperture of the scanhead, e.g. in
our case 10 mm diameter, would be desirable. @wds the need for an additional
telescope arrangement. Ultimately, in addition to iacreased number of active
elements a high actuator density would be alsoulisebwever, the price of the system
should be in the order of standard galvo scanhgstérs, i.e. approximately £10k, for it
to be competitive for integration into an indudttéser machining workstation.

The fact that Adaptive Optics technology, thoughaimery basic approach, is already
integrated in consumer electronics, such as a D\dyep [37], and can nowadays be
cheaply mass-produced, can be regarded as posiguethat ‘affordable’ deformable

mirrors with a high actuator count might get auvalgain the near future for application

in laser-based manufacturing processes.

5.2.1.1 Extension sensing
When using a deformable mirror for changing thenbesnape ‘on-the-fly’ based on
previously determined and optimised actuator velador the desired intensity

distribution, the inherent hysteresis of the piéecigic actuators and as a consequence
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the limited positioning repeatability can be a sewabstacle when operating the device

open-loop. Although some of the hysteresis carelbrinated by driving the piezo
actuators to a low voltage first before approachinget voltage from always one
direction. This approach may result in unwanteamrang due to the finite response
time of the device or leads to a significant exi@msn the processing time. The two
deformable mirrors used in this project for examptéibit a hysteresis of 10% for the
piezoelectric deformable mirror from OKO Technokxm(see section 3.1.1) and smaller
5% for the bimorph mirror from BAE Systems (seetisec3.1.2). This characteristic
clearly affected the repeatability of a beam shiag&ed on a particular set of actuator

voltages when operating the device without closexpfeedback.

Hence the integration of some sort of extensiomsisgrto each actuator would be a key
advantage for open-loop changes of the mirror slaampeconsequently the beam shape
during the actual laser machining. Different aggioin the time and frequency could
be used to measure the extension of an actuatwe: ulfrasonic pulse echo response for
acoustic pulses could be measured and evaluatedrieve the changes in the actuator
length [185]. Also, the frequency shift responpecsrum when adding an ultrasonic
transducer could be analysed [186]. Furthermte frequency shift in the impedance
spectrum of each actuator could be measured tocdeithe actual actuator length and
this approach was found to be the most effectivihis context [187]. This technique
will be further optimised and is intended to beegrated into a high density deformable
mirror for application to laser processing as pathe collaboration between UWS, UK
ATC and HWU.

5.2.2 Spatial light modulators

5.2.2.1 Power handling capabilities

The SLM LC-R 2500 from Holoeye with the displayaatied to a copper mount for
cooling has been successfully demonstrated to taitkisns laser pulses at a wavelength
of 532 nm and an average power of 14.7 W over adaale of 1 h. This corresponds to
a power density of ~5 W/cm Since the maximum available output power of lgser
was used, a more powerful laser source and signifig more financial resources
would be required to determine the actual damagestiold of the display. For the
damage tests with 14.7 W average power, the compemt was not actively cooled.

As a result of the laser irradiation, the displamperature increased up to 48 °C. When
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using additional water cooling improved heat renhdvam the display is of course

achieved. Hence it is expected that the display loa maintained at similar or
potentially even lower temperatures despite arees® of the average laser power. The
actual damage threshold of this display includiragive cooling still needs to be
experimentally determined. The same is true fer ather two devices tested, from
Hamamatsu and especially Boulder Nonlinear Systemigre the optical damage
threshold has not yet been determined. With regydan industrial application of a
beam shaping technique using a liquid crystal SLi¥hw& nanosecond or picosecond
laser source, an increased available average jaseer typically results in a higher
throughput and a more cost-effective productiorené¢ increasing the power handling
of the devices is certainly essential if SLMs aré¢ considered for the development of

practical laser machining applications.

5.2.2.2 Temporal response

The response time of liquid crystal SLMs for chawgthe beam shape is quite slow,
especially when controlled via a conventional cotapgraphics card, e.g. compared to
piezoelectric deformable mirrors with frequencigsta 1 kHz (see section 3.1.1). For
short-pulse and high-repetition rate laser proogssequiring frequent changes of the
beam shape, such as laser writing of complex wasdegstructures [125], photo-
polymerisation [9] or laser based manufacturingcpsses, this can be a severe
limitation. However, devices from Boulder Nonlin&aystems have a refresh rate of up
to 500 Hz [188] and thus are competitive in ternisspeed with other types of
wavefront modulators. A further increase of thieesh rate, e.g. by using liquid crystal
molecules with a higher refractive index which wbiéad to a thinner layer would be
nevertheless desirable. This would especiallyfligenefit for high repetition rate laser

systems.

5.2.2.3 Devices for ultra-violet light

Liquid crystal SLMs typically operate at wavelergjthetween the near infrared and
around 400 nm. For shorter wavelengths the liquigtal layer is highly absorbing
[159]. As a consequence, liquid crystal SLMs aveappropriate to modulate UV laser
beams, especially at power levels required forrlgsecessing. However, UV laser
light is commonly used for laser precision machipim particularly the 8 harmonic
frequency of an Nd:YAG at a wavelength of 355 nrRor shorter wavelengths the

diffraction limited spot size decreases and theogii®n typically increases, e.g. for
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metals [15, 189]. Hence the ability to modify tlser wavefront in the UV spectrum

and to alter the beam shape for a particular psosgth a high spatial resolution might
be desirable. Boulder Nonlinear Systems offer aidiccrystal SLM in the near UV
spectrum, optimised for a wavelength of 355 nm [19Mowever, this device is
currently still in a “prototype” state and damagehe display was observed for a power
density of 4.5 W/crh[191]. Further research and developments on réiftetypes of
liquid crystals, a different alignment layer andaalelectrode layer with a higher
transmission in the UV compared to the typicallgdisndium-Thin-Oxide (ITO) are
required to fill the need for an SLM operating e tUV.

Digital micromirror devices (DMD) are an alternaitype of wavefront modulator
which were initially developed for display applicats similar to liquid crystal SLMs.

DMD consist of an array of microscopic tilt mirrorsypically several hundred

thousands. They can be tilted in two states: Qate 40 reflect the incident light
towards the optical system and one towards a baanpd DMDs have been used in
laser based manufacturing processes for laser ntafKB] and laser lithography [74].
A dielectric coating for UV laser light could beied to each micromirror enabling
the DMD to modulate high average laser powers @ it for e.g. ns or ps laser
machining workstation. Currently a project is read within the Applied Optics and
Photonics Group at Heriot-Watt University to gemereomplex intensity distributions

by means of a DMD for laser based marking on higlhe’ components.
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