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Figure 1: Beam shaping with a structured element.



1 Introduction

Manipulating light can allow for fascinating effects and a wide range of
possibilities. A small piece of plastic film may manipulate light to form
colourful snowflakes as shown in Figure 1. The printed version of this thesis
contains this little element as a viewing window on the left page and the
reader is invited to conduct a little experiment: bring the piece of plastic
close to the eyes and look through it towards a point-like light source, e.g. a
smartphone’s flash light or any other light source which is ideally far away. A
colourful snowflake will appear as shown in Figure 1. To shape the snowflake,
the element is manufactured with light diffracting structures. This little
experiment shall make the reader familiar with the concept of beam shaping
and provide some hands-on experience.

Controlling the spatial distribution of light is a powerful tool and it is
thus present in everyday life. Mixed reality devices expand the visually
perceived environment by superimposing additional information; think of
head up displays in auto mobility or virtual reality glasses. Or consider how a
light projector may generate the colourful images on the projection screen.
An ancient legend reports that Aristotle ignited the Roman fleet by bundling
reflected light with spherically shaped bronze mirrors [1]. Even though the
last ancient example is far away from current technology and not fully proven,
it demonstrates the power of controlling light.

Applications for beam shaping are diverse but they usually have the same
intention: enhanced precision in light guidance and optimized process
efficiency. Given those conditions, beam shaping enables localized, highly-
accurate light-matter interaction. Thus, controlling light not only improves
experimental conditions but also provides further opportunities. This is why
the Greek had to focus the sunlight by reflecting it with curved mirrors to a
common point until it could ignite the Roman fleet. Moving from ancient and
daily life examples to research and industry, there are many fields that employ
beam shaping because of the presented benefits: medical surgery [2] and
diagnostics [3], production techniques [4], like laser materials processing [5],
optical communication [6], microscopic [7] or computational imaging [8],
and fundamental research on quantum optics [9] are just a few examples.
The focus of this thesis is on laser materials processing. From a production
perspective, beam shaping increases manufacturing precision, processing
speed, throughput and thus improves the overall quality and efficiency. The
scope of this thesis is to enable precise and efficient laser materials processing
by means of beam shaping. Methods and technical solutions are developed
to enable high-quality beam shaping, all of which can be realized in practical
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1 Introduction

applications. Moreover, these methods are validated and evaluated by
performing laser ablation experiments. This analysis allows for conclusions
on the influence of the processed material — a factor that affects the final
result and should thus be included when designing methods for beam
shaping and choosing processing parameters. Another influencing factor is
the wavelength of the chosen light source as it determines the mechanisms
and strength of energy coupling. This thesis thus also investigates nonlinear
beam shaping as this may be used to expand the spectral range for phase-only
beam shaping devices. Throughout this thesis, the motif of a snowflake will
accompany the reader. It serves as a demonstrator to experimentally validate
the conceived methods.



2 Technical Background

Beam shaping is a general term for controlling the spatial, temporal, and
spectral appearance of light. Spatial beam shaping refers to all methods
manipulating the spatial intensity profile. Temporal beam shaping forms
the intensity profile over time and spectral beam shaping modulates the
frequencies. A strict differentiation between spatial, temporal, and spec-
tral beam shaping is not possible as they affect each other. In a practical
implementation, several devices and methods are combined which are
mutually dependent. Instead of differentiating between physical phenomena
which affect each other, it makes sense to focus on the application and the
desired outcome, e.g. shaping a targeted intensity profile, and choosing
an appropriate method based on the requirements. This highlights the
intention of beam shaping which is utilized to adapt a light field for an
envisaged application, benefiting from improved precision and efficiency.

This thesis focuses on shaping the spatial intensity distribution for an
application in laser materials processing. To this end, light is redistributed to
form a targeted beam profile. Sometimes the term tailoring the light field
is used to stress the intervention into the process and its optimization. For
laser materials processing it is often beneficial to work with uniform intensity
distributions as this provides a homogeneous energy deposition. More
sophisticated beam shapes may be required to optimize specific applications
and to control and refine laser material interaction. All these requirements
can be met with spatial beam shaping. This chapter provides an overview
on the theoretical background and is structured in three major topics:
Beam shaping methodology, ultrashort pulse laser material interaction, and
nonlinear optics.

2.1  Beam Shaping Methodology

In the introduction, the intuitive term »redistributing light« was utilized to
envision the concept of »spatial beam shaping«, without giving any insights
in the underlying physical principles. This section presents the mathematical
formalism of light propagation to derive an analytical toolkit for light manip-
ulation. The methodology is inspired by preceding research in holography
and this section will place current developments in that context. For the
practical implementation, there exist various devices, all of which have their
advantages and disadvantages. Those aspects will be evaluated with respect
to an application in ultrashort pulse laser materials processing. Achieving
uniformity without inducing significant losses turns out to be challenging.
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2 Technical Background

This section will thus conclude with a review on methods for beam shaping,
aiming for high quality, uniformity, and high efficiency.

2.1.1 Mathematical Formalism of Light and Beam Propagation

The physical framework for the description of light is given by Maxwell’s
equations and the resulting wave equation [10]. For simplicity, the wave
equation is here presented in scalar representation:

1 0%E

VE = ——
c? ot

@)
E is the electric field, V? is the second order partial derivation along the spatial
x-, y-, and z-coordinates, and 0%/dt? is the second order partial derivation
with respect to time t. This differential equation requires solutions to be
periodic in space and time and it is thus called wave equation. The periodicity
is defined by the wavelength 1. Furthermore, the equation defines the speed
of wave propagation to be ¢ which is well-known as the speed of light in a
vacuum. Solutions for this equation are called electromagnetic waves and
a specific wavelength range between 390 nm and 780 nm is called visible
light [n1].

The perceived brightness of light is proportional to the modulus squared
of the electric field |E|? and does not contain the full information. Both
amplitude and phase are required to mathematically describe a wave. The
scalar electric field E can be represented as complex number to incorporate
both parameters in a single value':

E=€E-¢e® +cc. (2)

While the amplitude £ = (Ee'®® + c.c.) describes the field strength with an
oscillating wave term e'®* at angular frequency w and the field amplitude E,
the phase ® encodes the wave front of the light field. The term wave front
refers to points which have the same relative phase.

This definition not only mathematically describes the light field, but also
unambiguously determines the field at any position in space and time if it is
fully characterized in one plane. Thereby, the wave front has a major influence
on the propagation properties. Think of a prism as a simple example. Light
that propagates through this element exhibits a shift of the wave front as
the optical path length within the prism differs from propagation through

' The term c.c. denotes the complex conjugate as the electromagnetic wave is a real quantity.
When evaluating the complex exponential and its complex conjugate, a sinusoidal wave is
derived.
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2.1 Beam Shaping Methodology

air. The triangular geometry of the prism will induce a continuous shift of
®, resulting in a tilted wave front. Effectively, the beam is deflected by that
angle when leaving the prism.

Angular Spectrum Representation

Angular spectrum representation is a powerful tool to analytically calculate
the propagation of the electromagnetic field, a detailed description of which
can be found in [12] and [13]. The principle is based on the linearity of the
wave equation: any linear combination of individual solutions will also fulfill
the wave equation and is thus also a solution. Further, this principle allows for
the decomposition of a complicated input signal into a set of simple signals.
Thus, any complicated light field can be decomposed in a spectrum of plane
waves, the intuitive solution of the wave equation. The propagation for each
plane wave can be calculated individually and the results are superimposed
to deduce the final solution of the complete system [12].

The mathematical tools are provided by the Fourier analysis, which decom-
poses a signal at the position z = 0 into a linear combination of elementary
functions

+oo

E(x,y;z=0)= f f E(ky ky;z = 0)el*toM gl dk, +cc,  (3)

where E (k,, ky; z = 0) represents the angular spectrum with the reciprocal
wave vector k. The decomposed spectrum represents the spatial frequen-
cies of the analyzed signal. The complex exponentials within the integral
representation can be considered as plane waves with individual propaga-
tion direction. This direction is given by the wave vector k along the spa-
tial frequencies k, and k,,. The strength of the corresponding plane waves
contributions is weighted by the complex amplitude E(k,, k,; z = 0). By
definition, this complex amplitude is the Fourier transform of the light field
E(k,, ky;z = 0) = F{E(x,y; z = 0)}. This resulting field E(k,, ky;z =0)is
called angular spectrum, as every point in space corresponds to a plane wave
with the corresponding spatial frequency k, and k,,. This spatial frequency is
directly linked to the propagation angle of the plane wave. Thus, this repre-
sentation is a powerful tool as it decomposes a complicated input signal into
a spectrum of plane waves with different propagation angles which can be
treated mathematically in a simple way. Propagation through space causes
the plane waves to gain an additional phase term. This phase term depends on
the propagation distance Az and the propagation angle. The latter accounts
for the differing travel distance, depending on the propagation angle of the
plane wave and is thus given by the corresponding z-component of the wave
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2 Technical Background

vector k, in propagation direction. The relative phase due to propagation
reads:

AP =Az -k,=Az- [k?—kZ—k2 (4)

This provides a mathematical toolkit for calculating the propagated light
field in an arbitrary plane. First, the angular spectrum of the light field is
calculated by performing a Fourier transform F. Propagation in Fourier space
is simply a multiplication with the propagation phase term e‘A®. Finally, the
inverse Fourier transform F~! provides the propagated field at z = Az.

E(x,y;z=0) E(x,y;z = Az)
| 0

N e -1
‘1: E(ky ky;z = 0)~emz kel k;+c.c. Tl

E(ky, ky; z = 0) |:> E(ky ky; z = Az)
propagation

The angular spectrum of the light field is associated with the far field when the
light propagates to infinity. This propagation spatially separates the individual
angular frequencies. Likewise, a lens assigns those spatial frequencies to a
specific position in the focal plane. Focusing with a lens thus effectively
brings the far field into the focal plane. The lens corresponds to a wave front
®)s Which assigns the individual spatial frequency components to a position
in space in the focal plane at the focal distance f:

k

Dens = ﬁ(xz + yZ) (5)
Focusing by a lens can thus be mathematically treated as a Fourier transform.
This propagation can also be calculated with the method of angular spectrum.
The incoming light field is propagated to the lens, where the lens introduces
a spherical wave front. The complex exponential with this phase term e‘®ens
is multiplied to the field in front of the lens. Next, the field is propagated to
the focal plane which is given by the distance of the focal length f. Likewise,
any other wave front can be multiplied as complex exponential to the elec-
tromagnetic field at the corresponding position, e.g. a more complex phase
distribution of a beam shaping element.
The method of angular spectrum is a powerful toolkit to propagate the light
field in space and it accounts for wave front modifications as e.g. introduced
by a lens. Similarly, the wave front modification of the beam shaping ele-
ment from the introduction could be added to the calculation to shape the
beam into a snowflake. This analysis shows the importance and impact of
the wave front. It strongly affects light propagation. Effectively, a lens is
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2.1 Beam Shaping Methodology

performing wave front shaping by inducing a spherical phase term on the
input field which results in a focused intensity profile. Having control over
the the beam’s wave front enables, to some extent, shaping the intensity dis-
tribution in another plane. Equipped with mathematical methods for beam
propagation, it is possible to calculate the required phase configurations for
shaping specific intensity distributions. While the method of angular spec-
trum enables forward and backward beam propagation to arbitrary positions
in space, the Fourier transform directly relates the field with its far field by a
single mathematical operation.

2.1.2 From Holography to Phase-Only Beam Shaping

Photography can only acquire 2-dimensional image information as the camera
sensor evaluates the absolute square of the light field |E|?, i.e. the intensity
pattern. The third dimension of spatiality cannot be captured. Holography
goes one step beyond photography. It incorporates wave front and amplitude
information by recording an interference pattern. This pattern is generated
by interfering an object wave which carries the 3-dimensional object infor-
mation and a plane reference wave. Consequently, the interference pattern
carries information about the object wave. Thereby, the hologram typically
incorporates either the corresponding phase shift of the wave front or the
attenuation of the amplitude which is introduced by the interference pat-
tern. When evaluated with the reference wave, the hologram reproduces the
3-dimensional object information [14].

While this concept inspired science fiction authors and is still a key element
in various future visions [15], it was initially developed as technical solution to
improve the image quality in the newly emerging field of electron microscopy
in the 1940s [16]. It took until the development of the laser that the concept
of holography became popular and it finally emerged to an independent re-
search field with Dennis Gabor winning the nobel prize in physics in 1971 [17].
Holography can be considered as a holistic method that incorporates the full
information of the light field. Angular and wavelength-specific character-
istics of the recorded object wave can be captured within a thick hologram.
Those parameters are degrees of freedom which can not only be utilized
for 3-dimensional object reconstruction, but in return also as an analyzing
tool [18] to discriminate wavelength- and angular-specific characteristics [19].
Moreover, a hologram acts as an enormous data storage [20] with the potential
to be a lot more efficient than current methods [21]. Big tech companies such
as IBM [22] and Microsoft [23] are conducting research on that topic. In this
way, a hologram can be considered as the physical realization of a complex
neural network [24] working at the speed of light [25]. For this reason, there
is a lot of current research on this topic [26].



2 Technical Background

The concept of spatial beam shaping emerged from holography. Instead of
interfering an object wave with a reference wave, there are several methods for
calculating the required holographic information. This inverse problem can
be solved by (back-)propagating the targeted light field to the plane of beam
shaping to evaluate the corresponding amplitude and phase information.
Based on that, there exist several algorithms to calculate the holographic
information which are referred as computer-generated holograms.

Similar to a physically recorded hologram, a beam shaping device shapes the
light field by imprinting a specific wave front or modulating the amplitude.
As typically only one of those two modalities is shaped [27], many computer-
generated holograms are conceived to only manipulate the wave front or the
amplitude. While this provides no full control of the light field, there are
some benefits for the practical implementation. Wave front shaping, which
is referred as phase-only beam shaping, does not induce significant losses.
In contrast to attenuating the amplitude, the full light field can be used and
this provides high efficiency which is especially relevant when requiring high
laser powers. The term »efficiency« refers to the portion of shaped light with
respect to the unshaped input beam.

Both static and dynamic devices are available to apply the calculated beam
shaping pattern to the light field. The computer-generated hologram shapes
the wave front to tailor the light field in the target plane. This is illustrated in
Figure 2. The resulting shape is referred as target distribution. In contrast to
a physically recorded static hologram, the option to adapt and change the
applied beam shaping information dynamically makes computer-generated
holography a convenient method for a broad group of users. The next section
will give an overview on phase-only beam shaping devices with focus on the
liquid crystal on silicon spatial light modulator which is the tool of choice
within the scope of this thesis.

x g
yT< &
z

vt
g

phase-only beam
shaping element

lens
target distribution

Figure 2: A phase-only beam shaping device introduces a spatially varying phase delay to the
incoming light field. The shaped wave front affects beam propagation and the desired image
emerges in the target plane.



2.1 Beam Shaping Methodology

2.1.3 Devices for Phase-Only Beam Shaping

(b) (c)

liquid crystal onsilicon  diffractive optical element

spatial light modulator

homogenizer deformable mirror acousto optic deflector

Figure 3: Devices and concepts for phase-only beam shaping with the resulting intensity
distribution indicated (apart from (a) which only shows the basic concept of refractive beam
deflection).

While the concept of beam shaping allows for the tailoring of complex light
distributions, many of these are realized in practice by shaping the wave front.
During light propagation, the beam with shaped wave front emerges into
the target distribution. The process can be described by fundamental optical
principles like diffraction and interference, and, depending on the dimen-
sions, sometimes geometrical optics are sufficient. Two basic examples were
already mentioned: a prism and a lens and Figure 3 a shows light deflection
by a prism.

Besides the basic examples, there exists a broad range of commercially avail-
able phase-only beam shaping devices, all of which have their advantages
and disadvantages. The tool of choice for this thesis is the liquid crystal on
silicon spatial light modulator, abbreviated with »LCoS SLM«. It enables
dynamic beam shaping and is applicable to high-energy lasers. The handling
is convenient and makes the LCoS SLM operable for a broad group of users
[28]. It consists of birefringent liquid crystals which are accommodated in
pixelated cells. When applying a certain voltage to the individual liquid crys-
tal cells, the crystals change their orientation. Due to their birefringence, the
effective refractive index changes. Light that interacts with those crystals
perceives a different refractive index depending on the locally applied voltage
and this introduces an adjustable phase delay [29]. Shining light on this
display enables shaping the wave front by modulating the phase pixel by
pixel as shown in Figure 3 b. This diffracts the light field which interferes
to a specific pattern in the target plane. The generated wave front can be
adapted dynamically by changing the locally applied voltage. As the display
is connected to a computer similar to an additional screen, the corresponding
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2 Technical Background

phase shift is applied by displaying an image of varying brightness. With
correct calibration [30], this enables dynamically shaping the wave front
typically between 0 and 27.

LCoS SLMs for laser processing are typically designed to work in reflection
and consist of a mirror backplane with a liquid crystal layer on top. With
appropriate coating of the backplane mirror, e.g. dielectric coating, devices
achieve beam shaping efficiencies > 95 %. This term refers to the technical
capabilities of the device itself. The reflected light contains a tiny portion
of non-diffracted light (typically < 5 %) which is often referred as 0" or-
der. Due to the optical properties of the liquid crystals, devices are limited
to the visible, near-infrared, and mid-infrared spectral ranges and they are
polarization-sensitive as wave front shaping is based on birefringence. Liquid
crystal displays are typically available with switching frequencies around
30 Hz — 60 Hz and a modulation depth around 8-bit.

While this concept enables dynamic beam shaping, there exist many static
beam shaping solutions. Similar to a pixelated display, a diffractive optical
element (DOE) shapes the wave front statically. DOEs are transparent de-
vices, typically made out of glass or polymer, which exhibit a locally varying
thickness as Figure 3 ¢ shows. This induces a phase variation. Both the illus-
tration in Figure 2, and the snowflake showed in the introduction are based
on that technique. Light shining through such an element gets diffracted
and interferes to form the targeted distribution similar to dynamic beam
shaping with an LCoS SLM. The technical advantage of a DOE usually lies
in the higher damage threshold, finer pixel resolution, and broader spectral
range of transparency. Besides a DOE, microlens arrays [31] can be used to
transfer the input beam into a homogeneous structure [32], e.g. a top hat
or flat top profile [33] as shown in Figure 3 d. Thereby, the shape of the
microlenses determines the resulting target geometry and each individual
microlens distributes its portion of the incoming beam over the whole area
of the target pattern [34]. These elements are thus called homogenizers and
they are well-established in laser manufacturing [35], e.g. in photolithogra-
phy [36], surface ablation [37] and they are even used for applications in the
ultraviolet spectral (UV) range [38] and in laser diagnostics [39]. Similarly, a
lens-like element with adapted curvature may shape the light beam [40].In
contrast to the examples for static beam shaping, dynamic devices provide
higher flexibility. This flexibility is especially relevant in research where new
methods are developed which require constant adaption and optimization.
Moreover, this opportunity enables dynamic process control. Besides an LCoS
SLM, the so-called deformable mirror enables dynamic beam shaping [41].1t
consists of a thin mirror membrane with underlying actuators to deform
the mirror surface and shape the reflected wave front as Figure 3 e shows.
Deformable mirrors are most typically used for wave front corrections [42]
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2.1 Beam Shaping Methodology

in adaptive optics [43]. However, there are also some demonstrations of
beam shaping for laser materials processing, as e.g. by Sanner et al. [44, 45],
Henderson and Mansell [46], and Salter and Booth [47]. Moreover, acousto
optical crystals enable beam shaping by generating a diffraction grating in
an acousto optical crystal [48]. This is realized with an applied sound wave
which causes a periodic variation of the refractive index to induce a grating
where light gets diffracted [49]. The method is shown in Figure 3 f. There
are publications using acousto optic beam shaping for laser material ablation
[50] and laser-based powder bed fusion [51].

The examples show the versatility of phase-only beam shaping devices. The
optimum device should be chosen according to the practical requirements.
Besides capabilities and technical limitations, this includes arguments such
as usability and costs. LCoS SLMs are a widely used tool for ultrashort pulse
laser beam shaping as they exhibit relatively high damage thresholds on the
order of several hundreds of GW/cm? for pulsed beams and around 200 W
for a continuous wave (cw) beam [52]. Moreover, they are cost-effective and
easy to operate. With pixel sizes around several microns, high phase strokes
can be realized. Liquid crystal displays thus generate a broad spectrum of
deflection angles and achieve beam shaping results with high resolution. This
is due to the fact that the pixel size defines the maximum diffraction angle.
The term »spatial light modulator« (SLM) refers to almost all of the above
introduced devices. However, due to their widespread use, LCoS SLMs are
often abbreviated simply as SLM. Overall, their usability and the high beam
shaping efficiency make LCoS SLMs favourable. They became an essential
tool in optics and laser technology.

2.1.4 Algorithms for Phase-Only Beam Shaping and Speckle

Algorithms for calculating the required phase distribution are based on beam
propagation because they relate the target distribution with the plane of the
SLM. The frequently-used Gerchberg-Saxton algorithm [53] is one example
which is based on phase-retrieval [54]. Similar to holography, it also originates
from the field of electron microscopy. The initial intention was to reconstruct
the wave front from well-known intensity recordings because the phase of
the electron beam could not be measured. It is possible to reconstruct the
wave front from several intensity recordings as beam propagation can be
analytically described and this enables deducing the corresponding wave
front which leads to the intensity distributions in the recorded observation
planes.

Similarly, the Gerchberg-Saxton algorithm can be used to retrieve the phase
for a desired beam shape when shaping a laser beam. Based on iterative
propagation, the solution for the proper phase distribution is narrowed down
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2 Technical Background

and the resulting wave front is referred as phase mask. In contrast to recon-
structing the wave front, the focus lies on finding a proper wave front to shape
the light. The target image is defined by the desired amplitude with an ideally
flat wave front as this avoids undesired interference. Back-propagation to the
plane of the beam shaping device provides an analytical solution of the light
field. However, this solution accounts for wave front and amplitude shaping
and the beam shaping device typically only modulates the wave front. Based
on these conditions, a solution is required that works by only modulating
the wave front of the incoming light beam while the amplitude in the beam
shaping plane is fixed. This is only possible if the algorithm does not fully
constrain the light field in the target plane, e.g. disregarding the wave front
in the target plane while only optimizing the targeted amplitude.

This converse approach allows for shaping arbitrary amplitude distributions
by phase-only beam shaping at the cost of an uncontrolled wave front in the
target plane as only one modality is controlled in each plane. Thus, the result-
ing wave front in the target plane is not flat and may exhibit discontinuities
causing undesired interference. In the basic configuration, the target plane
and the beam on the SLM can be mathematically connected via a Fourier re-
lation. The phase mask can be imagined as a superposition of various prisms
with different directions and slopes. As phase-only beam shaping devices
typically only modulate the wave front between 0 and 27, the corresponding
phase pattern is wrapped which results in different phase gratings. Every
point in the target plane can thus be related to a specific grating which is
applied on the SLM to deflect the light beam under that specific angle. The
sum of all the corresponding gratings results in the final phase mask. How-
ever, the overlap of the different spatial frequencies induces phase vortices
on the phase mask. These vortices cause discontinuities in the wave front
and remain existent in the target plane. The centre of such a vortex, which is
effectively an interwined helical wave front, exhibits a singularity of unde-
fined phase and this causes destructive interference [55]. As a result, areas
of destructive and constructive interference overlay the intensity pattern in
the target plane which is called speckle. The undesired interference effect
of speckle is shown in Figure 4. The number and location of the resulting

+ | speckle

|E]2 ‘ 1
R .
i&,. target distribution

input beam phase mask

Figure 4: Phase-only beam shaping cannot control wave front and amplitude in the beam
shaping plane and a speckle pattern overlays the target structure.
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2.1 Beam Shaping Methodology

speckle peaks are determined by the applied phase mask as they are directly
related to the involved gratings and the resulting singularities. The freedom
of shaping arbitrary geometries with high efficiency comes at the cost of
an overlaying pattern of speckle noise. To avoid speckle, the wave front in
the target plane needs to be continuous and ideally flat. This prevents the
intensity pattern from undesired interference.

Besides this algorithm, there are several other methods, such as Fienup [56],
Gliickstad and Mogensen [57], and di Leonardo et al. [58]. Several current ap-
proaches include deep learning, such as those by Sinha et al. [59], Mikhaylov
etal. [60], and Buske et al. [61]. A neural network may handle more complex
scenarios, e.g. including setup-specific influences [62] and cross talk [S1],
or realizing complicated multi-plane solutions [61]. However, the physical
conditions remain the same. Shaping only the wave front in a single plane
does not provide enough degrees of freedom to control the full light field.

2.1.5 Methods for Uniform Beam Shaping

Speckle during phase-only beam shaping is a serious issue. While light
completely extinguishes at some positions due to destructive interference,
other areas exhibit excessive intensities due to constructive interference.This
severely impairs the beam shaping quality and the overall processing result.
On the one hand, the entire beam should be converted into the desired shape
without loss, which is possible with phase-only beam shaping. However, full
control of the light field is required in the target plane to guarantee a flat
wave front and this is only possible if the amplitude of the input beam is
considered as well. Consequently, shaping speckle-free beam profiles while
keeping high efficiency is challenging.

For specific geometries, there exist solutions [63]. However, this approach
is limited to simple structures, e.g. a rectangle or circle, or only works for
specific dimensions [64]. Thus, these approaches cannot be transferred to
arbitrary beam shapes and arbitrary application scenarios.

Several methods were developed to avoid speckle noise to achieve a uniform
beam profile. Usually they have in common that a continuous wave front
is achieved in the target plane. This can be realized by simultaneous wave
front and amplitude shaping within a single phase mask while accepting
losses, averaging of different phase masks until discontinuities are equally
distributed and cancel out, or working with further beam shaping planes to
gain control over the wave front and the amplitude.

Solutions with a Single Phase Mask
In the first scenario, a single phase mask is used to control wave front and
amplitude. Even though wave front shaping cannot modulate the amplitude
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separated
K_ epe
aperture (b) . partition
iR -
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wave front and amplitude shaping with a wave front and amplitude shaping with a
single mask and 4-f imaging single mask

Figure 5: Illustration of two methods for uniform beam shaping based on a single phase mask,
where @ denotes the corresponding phase mask. The arrow indicates the beam propagation
between the planes involved.

directly, e.g. by attenuation, it permits indirect amplitude shaping. This can
be realized by incorporating an additional diffraction grating of variable
strength into the phase mask. This diffraction grating is capable of locally
separating an adjustable portion of light by sending it to a position in space
far away from the target structure. This allows realizing perfect analytical
solutions with simultaneous wave front and amplitude shaping.

In a basic configuration, the target image is directly displayed on the beam
shaping device with a constant phase while the surrounding SLM region
forms a diffraction grating. 4-f-imaging images this configuration to the tar-
get plane. The partition of the beam which is diffracted by the phase grating
(not part of target image) locally separates in the Fourier plane. Here it is cut
with an aperture. Thus, only the undiffracted target distribution is imaged
into the target plane as Figure 5 a shows. This method is demonstrated, e.g.,
by Bagnoud and Zuegel [65], Hendriks et al. [66], Liu et al [67], and Nakata
etal. [68].

In the case of 4-f imaging, distinctive areas on the phase mask were assigned
to a grating and completely separated from the final target distribution.
However, it is possible to generalize the concept and locally adjust the
diffraction strength of a grating. This gives the opportunity to not diffract the
full portion of the light field but select partitions with adjustable strength.
The local adaption of the diffraction strength effectively enables additional
amplitude shaping. This option provides the required degrees of freedom to
gain full control of the light field in the target plane at the cost of efficiency.
Effectively, not the full light field is converted into the target structure but
only a partition of it. The remaining portion can e.g. be sent to an area far
away from the target image as shown in Figure 5 b. By doing so, it is possible
to achieve a plane wave front in the region of the target image. Besides the
mentioned diffraction grating, any phase mask which works as a separator
may be combined with the analytical solution. It should be mentioned that
there exist various iterative approaches which were reported over the last
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2.1 Beam Shaping Methodology

decades [69-79]. However, as this scenario can be described analytically, as
shown e.g. by Bolducetal. [80] and Clark et al. [81], there is little justification
for using these estimates in recent years.

The superimposed amplitude modulation decreases the light efficiency by
the partition of the separated light field. If the beam shaping plane and
the target plane are mathematically related via a Fourier transformation,
the light efficiency strongly depends on the dimensions of the target image
because the size of the target image is inversely proportional to the size
of its Fourier transform. Thus, the light efficiency is typically low, as the
major contribution of the final signal is given by a tiny portion of spatial
frequencies which are closely centred around the optical axis while the
remaining partition of the input beam is diffracted away from the target
image. Moreover, precise knowledge of the input beam shape and posi-
tion on the SLM are required as this otherwise distorts amplitude modulation.

quadratic phase

Figure 6: Illustration of a method for uniform beam shaping, called quadratic phase, because
it involves a lens term within the phase mask. @ denotes the corresponding phase mask and
the arrow indicates the beam propagation between the planes involved.

To increase the light efficiency and make it fairly independent from the final
dimensions of the target structure, a small target structure can be assumed
whose final size is adjusted with an additionally applied lens term. This lens
term is part of the final phase mask as shown in Figure 6 and the method
is therefore referred to as quadratic phase, see e.g. Shimobaba and Ito [82],
Shimobaba et al. [83], Pang et al. [84], Nagahama et al. [85], and Fischer and
Sinzinger [86]. As the initially assumed target structure is tiny, its Fourier
transform increases in size and losses due to diffraction-based amplitude
modulation can be strongly reduced. However, the increase in efficiency
comes at the cost of resolution. The target structure is scaled to size and
does not provide more spatial resolution than the originally assumed small
image. Similar to the aforementioned method, this concept also requires
precise knowledge of the beam’s shape and position on the SLM. As the light
efficiency can be increased with the additionally applied lens term, many
applications based on that method skip diffraction-based amplitude modula-
tion and work with the full light field. This causes some vortices and speckle
while the light efficiency is maximized. Nonetheless, this solution only
offers a compromise of achievable resolution, quality, usability, and efficiency.
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Averaging of Phase Masks

averaging of different phase masks

Figure 7: Illustration of two averaging-based methods for uniform beam shaping, where ®
denotes the corresponding phase masks. The arrow indicates the beam propagation between
the planes involved.

Methods, which aim for both optimum efficiency and quality, need to incor-
porate another degree of freedom. One option is to temporally superimpose
shaped beam profiles originating from different phase masks. Depending
on the initial starting conditions, the Gerchberg-Saxton algorithm will
provide varying speckle patterns. While the shaped target profile remains
the same, the speckle pattern changes and the final image can be averaged
over time as Figure 7 a shows. Therefore, the individual solutions have to
be separated temporally, as the fields would otherwise interfere. While
Caulfield [87], Goodman [88], and Amako et al. [89] use the method to
average intensity profiles, Hifner et al. demonstrate the method for uniform
material ablation with a pico second laser in [9o] and [91]. According to the
statistical properties of speckle, the amount of speckle scales with 1/vN [92],
where N is the number of independent phase masks.

Golan and Shoham show that a single phase mask may remove speckle
completely if all possible spatial shifts are performed [93]. Alternatively,
independent patterns of spot arrays can be superimposed to achieve a
uniform surface, compare Figure 7 b. Wlodarczyk et al. [94] and Liu et al.
[95] use the method to achieve uniform intensity images, and by Wang et
al. [96] perform micorpattern printing. While those approaches are reliable
and unsusceptible to deviations in the experimental implementation, the
low frame rate of the SLM limits the speed of exchanging phase masks. This
causes laser dead times and reduces the achievable processing efficiency.
Consequently, a solution is required which overcomes this technical limita-
tion.

Working with Several Phase-Only Beam Shaping Planes
Another option is working with several phase shaping planes. Each addi-

tional plane provides more control of light propagation. While a single beam
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2.2 Materials Processing Using Ultrashort Pulse Lasers

wave front and amplitude shaping in two
independent beam shaping planes

Figure 8: Illustration of uniform beam shaping involving two phase-only beam shaping planes,
where @ denotes the corresponding phase masks. The arrow indicates the beam propagation
between the planes involved.

shaping plane only controls either the wave front or the amplitude without
introducing losses, a second plane may be used to control the other modality.
This concept finds various implementations.

Inspired by phase contrast microscopy, the method of generalized phase
contrast [57] employs two phase shaping planes to create high-quality images
which are free of speckle [97]. This method transforms phase modulation to
intensity contrast and induces no losses [98]. Likewise, two shaped beam
profiles from two SLM planes with crossed polarization can be superimposed
[99]. A second SLM plane can also be used to realize amplitude and wave
front shaping without inducing additional losses, as realized by Bartelt with
two phase filters [100, 101] and by Jesacher et al. with two SLM planes [102,
103]. Figure 8 shows the principle. Including even more beam shaping
planes provides further degrees of freedom. This can be used to shape
several intensity patterns in different planes [61] or to design wavelength-
and angular-specific solutions as is possible with volume holograms. This
can be realized with cascaded beam shaping devices [104], or 3-dimensional
photonic crystals [105]. Although this approach provides a variety of oppor-
tunities, excessive fluences in intermediate planes need to be avoided when
working with ultrashort pulse lasers. This requires broad illumination of
the involved beam shaping planes. Moreover, the involved phase masks are
calculated for a specific amplitude and phase distribution which needs to be
met in the experimental implementation by precise alignment and a good
characterization of the setup.

Opverall, the methods presented show that there are different ways to achieve
a uniform beam profile. However, these methods are not generally applicable,
as they typically allow only a compromise between efficiency and achievable
quality, or induce excessive fluences on the involved beam shaping planes.

2.2 Materials Processing Using Ultrashort Pulse Lasers

Instead of continuously emitting light, pulsed lasers sources concentrate
the available laser power in short pulses. Within that time frame, unprece-
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dentedly high peak powers and pulse energies are reached, while the overall
average power remains moderate. The term »ultrashort pulse« refers to the
regime, where the laser pulse is shorter than the electron phonon coupling
time in the bulk material and exceptional physical mechanisms appear. As
those mechanisms depend on the involved material, no exact numbers can
be given but for metals the pulse duration is typically within the range of
femto seconds up to pico seconds [4]. In this regime, laser ablation is no
longer based on evaporation and the processing results exhibit outstanding
characteristics. Ablated edges are exceptionally clean and the heat affected
zones in the surrounding area are negligibly small [106]. As an additional
benefit, the ablation process is more efficient with respect to the applied
energy than when working with longer pulses [4] and choosing optimal pa-
rameters enables functionalizing the surface by inducing periodic formations
[107]. After giving an overview on the mechanisms of ultrashort pulse laser
materials processing, this section will discuss the benefits of beam shaping
when working with ultrashort pulse lasers.

2.2.1 Ultrashort Pulse Laser Interaction with Metals

The mechanisms of energy absorption depend on the material type and
this section focuses on the interaction with metals. When light enters the
bulk material, it first interacts with the electron system. In case of metals,
the photon energy is higher than the band gap of the material and the
free carriers of the electron gas directly absorb the emitted energy. The
Drude model describes this process with absorption being characterized by
Beer-Lambert’s law [108].

Time Scales

| fs ps ns us >

thermalization time

Figure 9: Typical time scales during ultrashort pulse laser material interaction with metals.

The energetic electrons produce heat via electron-electron collisions. This
leads to the thermalization of the electron system within approximately
100 fs [109]. Figure g gives an overview of the corresponding time scales.

While electron thermalization happens relatively fast, the energy transfer to
the lattice requires longer time scales. Due to a significant mass mismatch
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between electrons and lattice, it requires many collisions to transfer the
energy. While the lattice is at its initial temperature, the thermalized
electrons are a lot hotter. The temperature mismatch between these two
systems leads to a non-equilibrium state. The two temperature model [110]
can be used to describe this scenario and the corresponding energy transfer
to the lattice [111]. The time frame to restore the thermal equilibrium is called
electron phonon relaxation time. Within this context, ultrashort means that
the laser pulse duration is shorter than this relaxation time.

This condition implies that the absorbed laser energy remains within the
small volume that is determined by the electron diffusion length. When
material is ablated, the generated heat is directly evacuated with the removed
matter and does not remain in the bulk material. For this reason, this process
is also called »cold ablation«. In contrast to the laser material interaction,
the time scale for ablation lies in the range of nano seconds [112].

Ablation Regimes

The mechanisms of material ablation depend on the laser fluence F, which is
defined as the pulse energy per area. To enable material ablation, the laser
fluence has to reach a certain threshold value Fy, which can be assumed
as required energy for heating, melting, and evaporation. As the enthalpy
of vaporization has the highest impact, this value can be taken to estimate
the threshold fluence theoretically [113]. In practice, there are several meth-
ods for determining the ablation threshold F,, such as those by Liu [114],
and Samad and Vieira [115]. Those measurements may also account for
experimental-specific conditions and multi pulse effects like incubation [116]
and heat accumulation [117]. Depending on the fluence with respect to its
threshold fluence, different ablation regimes apply:

For fluences just above the threshold fluence, compressive stresses dominate
the ablation regime [118]. Energy is rapidly deposited into a small volume
without enabling volumetric changes as heating happens faster than the
material could expand. This rapidly melts the material while mechanical
stress is induced. This generates tensile waves and sub-surface voids [119)].
Consequently, thin layers of material are ejected and with them most of
the residual heat is taken away from the bulk material [120]. This regime
is called »photo-mechanical spallation« and it is also referred to as stress
confinement regime. Ablation in that regime features excellent smoothness
and a minimum heat affected zone.

For fluences further above the threshold fluence, the ablation process exceeds
the limits of stability within the liquid phase [121]. The high fluence values
induce a metastable superheated liquid and material ablation is characterized
by explosive boiling [122] and disintegration [123]. Liquid droplets and vapour
are thrown up within the ejection plume. This ablation regime is called
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»phase explosion« and processing results exhibit lower quality with more
heat remaining in the material.

2.2.2 Beam Shaping for Ultrashort Pulse Laser Materials
Processing

The applied laser fluence has a major impact on the processing results.
Excessive fluences affect the resulting quality when changing from spallation
to phase explosion. Moreover, ultrashort pulse laser material ablation is a
nonlinear process and the amount of ablated material does not increase
linearly with an increase in fluence.

Tailoring the Energy Input
In a basic model, the ablated depth and the relative laser fluence F /F, are
related logarithmically [106]:

=518 7 ©
th

Here d,;, is the ablated depth, § is the optical penetration depth, and F is the
chosen laser fluence. This implicates that for fluences far above the threshold
fluence only little more material is ablated. Assuming a homogeneous top
hat profile, simple calculation shows that the maximum volume ablation
rate (ablated volume over time per applied laser power) is achieved for
Fooe = e - Fy, [124] and this value is called optimum fluence. In practical
implementation, many laser profiles follow a Gaussian geometry. Even
with knowledge of the optimum fluence, a Gaussian distribution cannot
meet these requirements as the fluence varies spatially. Depending on
the position within the beam, different ablation regimes may appear as
the fluence varies significantly. Wu and Zhigilei simulated various fluence
regions of a laser beam by splitting it into independent areas and showed the
simultaneous coexistence of phase explosion and spallation, depending on
the particular fluence [125]. This behaviour was also measured in pump probe
experiments [126]. While the prevalence of different ablation regimes affects
the experimental results, it also strongly affects the achievable efficiency.

Neuenschwander et al. show that the optimum fluence for a Gaussian beam
is F g;glss = e?/2 - Fy, [124]. While the peak fluence on the optical axis is
e?/2 higher than the threshold fluence, the outer edges are still below the
ablation threshold and induce heat which impairs the result. However, if all
contributions are accumulated, this condition provides the best result for
a Gaussian beam. An analysis in [127] and [128] shows that the maximum
ablation efficiency for a Gaussian beam is only around 70 % of the possible
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ablation efficiency of a top hat profile. The advantage of a top hat profile
is thus twofold: it enables working at the optimum fluence to maximize
the ablation efficiency while heat input from fluences below the ablation
threshold is avoided as it is sketched in Figure 10.
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Figure 10: Phase-only beam shaping enables tailoring the intensity profile and optimizing the
amount of locally deposited energy.

Commercially available laser systems provide pulse energies which are
magnitudes above the optimum fluence when the beam is focused on the
work piece. However, limiting the maximum pulse energy does not maximize
the potential of state of state-of-the-art laser sources. Within a typical
setup for ultrashort pulse micro machining, the laser beam is focused to
a size of 10 pm — 50 pm and a galvanometer scanner guides the beam to
the corresponding positions on the workpiece. Typically, several pulses are
emitted and the target structure is composed of adjacent spots. However,
excessive fluences cause heat accumulation and the scanning motion of the
galvanometer mirror cannot balance those effects as the deflection speed is
too slow with respect to typical pulse repetition frequencies. The scanner
movement is in the range of a few hundred Hz to a maximum of kHz versus
several kHz up to MHz pulse repetition frequencies [129]. To this end, beam
shaping not only enables tailoring the energy input, but it may also directly
shape the target geometry.

The overall advantage is thus fourfold: (1) Working at the optimum fluence
provides the highest volume ablation rate with (2) excellent ablation quality
and minimum heat affected zone. (3) Processing large areas at once further
speeds up ablation, and (4) the target geometry is directly set by the beam
shaping device with in the ideal case not even requiring additional scanning
gear.

Current Approaches in Research and Industry

In the early 1990s, ultrashort pulse lasers were in their infancy, as shown by
publications on femtosecond pulse generation by Spence et al. [130] and
Squier et al. [131]. However, the first papers about beam shaping for laser
materials processing were published a few years later. While Momma et
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al. [132] and Kuroiwa et al. [133] utilized a DOE, Sanner et al. performed
dynamic beam shaping with a combination of a deformable mirror and liquid
crystals in [44] and [45].

Since then, the topic has been widely researched. Phase-only beam shap-
ing can be applied to a broad range of ultrashort pulse laser applications.
Chromatic dispersion due to an increased spectral bandwidth usually only be-
comes relevant when working below a few hundred femto seconds. However,
typical pulse durations for laser material processing are above that value.
One major field of application is process parallelization by ablating several
regions concurrently. A (typically simple) pattern, e.g. a focused spot, is
duplicated several times to spread the available laser energy over a large
area and to parallelize and speed up production [134-141]. There are also
several reports of uniform beam shaping for material ablation [142-145].
Current publications indicate a trend towards beam shaping for laser additive
manufacturing [146-151]. Additionally, commercial beam shaping systems
were developed. Pulsar Photonics designed a dynamic beam shaping module
which combines an SLM with a galvanometer scanner. The simultaneous
option for beam shaping and scanning should ease the practical implementa-
tion for the end user and it finds application in the work of Gafner et al. [152]
and Lutz et al. [153]. Nokia Bell Labs conducted research on multi-plane
beam shaping for optical communication technology [154] and Cailabs offer
beam shaping solutions for a broad range of applications, spanning from
laser processing and additive manufacturing to telecommunications [155].
Moreover, there exist various companies that produce customer-specific DOE
solutions. LCoS SLMs are constantly improved to achieve higher damage
thresholds with better pixel resolution.

Even though phase-only beam shaping for ultrashort pulse laser materials
processing is a highly researched topic, it is not yet fully established in indus-
trial applications. One potential reason might be that diminishing speckle
noise is still challenging and practical implementation is thus intricate.
Many methods have been developed but they usually give a compromise
between the achievable quality and efficiency. Both parameters are crucial
and moreover, the methods must be practically realizable for industrial
applications.

Influence of the Material

To this point, the focus has been on optimizing the beam profile with respect
to the fluence [124] and target shape precision. However, the influence of
the material has not yet been considered. If the beam profile is tailored for
material ablation, the material’s characteristics should be equally considered.
This topic has not been widely researched thus far.

Speckle patterns have been shown to strongly reduce the quality of ablation
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profiles and temporal averaging of speckle patterns provides homogeneous
ablation results [5]. However, as methods for uniform beam shaping are
based on different concepts, also their influence on material ablation needs
to be investigated as well as the material’s influence on the ablation process.

2.3 Application of Nonlinear Optics to Phase-Only Beam
Shaping

Nonlinear optical phenomena appear as a material’s response to an intense
light field. New frequencies are generated which originate from the under-
lying light-matter interaction. This effect can be used to convert the laser
wavelength, e.g. it can be reduced by half which is called second harmonic
generation.

The wavelength is inversely proportional to the photon energy and deter-
mines the physical mechanisms of light absorption with respect to the
chosen material. Although the desired energy coupling mechanisms may
vary depending on the application, the laser wavelength is an important
parameter that should be selected accordingly. This enables inducing certain
interactions, such as two-photon polymerization [156]. In turn, direct linear
absorption of the laser light may be required. However, some materials
only absorb in the UV spectral range. Working at that range is particularly
important when handling delicate and temperature-sensitive materials as
this enables precise energy deposition without affecting the surrounding
area. This includes in particular semiconductors [157], thin films [158], and
corneal tissue [159] with applications in surface functionalization [160],
photovoltaics [161], and ophthalmology [162]. It is thus beneficial to adapt
the laser wavelength to the experimental requirements. Therefore, many
ultrashort pulse laser systems are directly equipped with nonlinear conversion
elements. Those devices make use of nonlinear effects to convert the laser
light to another wavelength, e.g. from the near-infrared to the visible or UV
spectral range.

While nonlinear optics broaden the spectral range of ultrashort pulse
laser systems, liquid crystal displays are technically limited to the visible,
near-infrared, and mid-infrared spectral ranges. Dynamic phase-only beam
shaping is thus only possible within that range. Beam shaping in the UV spec-
tral range is typically realized with digital micro mirror devices (amplitude
modulation) [163] or phase modulation with static elements or dedicated
mirrors [164]. However, this involves losses and limitations in flexibility.
There is research on new liquid crystals for the deep-UV spectral ranges [165].
However, by means of nonlinear optics, it should also be possible to use
state-of-the-art liquid crystal displays for beam shaping while converting the
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wavelength thereafter. The concept is based on the coherence of nonlinear
light conversion. The phase information of the light field is conserved during
frequency conversion. It is thus also possible to perform phase-only beam
shaping before the light field is frequency-converted. This provides all the
benefits of dynamic phase-only beam shaping while the spectral range is
expanded. In practice, this requires taking into account the mechanisms
of frequency conversion when designing phase masks and conceiving the
optical setup. This section will therefore give a brief introduction to relevant
topics in nonlinear optics based on [166], ending with review on nonlinear
beam shaping.

Origin of Nonlinear Optical Phenomena

Within the Drude model, electrons are treated as a cloud of free carriers which
exhibit no binding force to the atomic core. This model covers conductors
as they exhibit a low-energy band gap which allows the free electrons to
directly absorb the incoming field. However, this is not generally the case.
For dielectrics the Lorentz extension of the Drude model treats the electrons
as bound elements to the massive atomic core. An incoming field acts as a
force which displaces the electrons but due to their binding, the restoring
force works against the incoming field. The electron cloud gets deformed
and the combination of excitation and restoration induces an oscillation
which can be described by an anharmonic oscillator for a nonlinear medium.
From the perspective of a single electron, its oscillation induces a dipole
and the accumulation of all individual dipole moments forms the so-called
polarization density P, which can be considered as the material’s response to
an incoming field. Even though the direction of oscillation of the electric
field is also referred as polarization vector, it denotes a different effect and
should not be mixed up.

As the polarization density depends on the field strength, it makes sense to
treat it as power series in terms of the excitation field [167]. For simplicity, the
polarization density P and the electric field E are treated as scalar quantities
in a lossless and dispersionless medium:

P =e)[xVE + yPE? + y®E3 + ] = PO+PO+PO+..  (7)
linear nonlinear: PN

Here, €, is the vacuum permittivity. The susceptibility y connects both
fields and is thus responsible for material-specific effects: y* is the linear
susceptibility and can be related with refraction and birefringence. Higher
order nonlinear susceptibilities appear along the power series and they are
responsible for nonlinear optical effects, as e.g. second harmonic generation.
However, as higher order susceptibility contributions are orders of magnitude
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smaller, nonlinearity only becomes significant for high electric field strengths.
This is the case when working with ultrashort pulse lasers.

The connection between the electron displacement and the restoring force
determines the mathematical character of the relation between the exciting,
incoming field and the material’s response. This relation can only be treated
linearly for small electron displacements which can be assumed as harmonic
oscillation, resulting in the linear polarization density. Intense fields promote
the actual nonlinear behaviour which is covered by the nonlinear polarization
density. While the polarization density can be comprised into a linear and
nonlinear contribution, it will be seen that its nonlinear part acts as source
term for new frequencies.

Nonlinear Wave Equation
When considering the Maxwell equations in presence of a medium, the
nonlinear wave equation can be derived [166]:

VE - — ook = — PNt (8)

Here, €, is the vacuum permittivity, and e is the linear, material-specific
dielectric permittivity. This equation resembles the linear wave equation but
in addition to the periodicity in space and time, it includes the nonlinear
polarization density as the material’s response. This field acts as driving
force. Based on this differential equation, the nonlinear polarization density
can be considered as a source term whose time-varying field generates new
frequencies.

Second Harmonic Generation

The relationship within the power series in Equation 7 suggests that besides
the initial excitation frequency also higher order frequencies are generated
when an intense light field interacts with a medium. This is shown for a
sinusoidal wave at angular frequency w whose electric field can be written as:

E = Ee™'®t 4+ c.c. (9)

For simplicity, a plane wave front is assumed and Equation g does thus not
contain a phase term e'® as it vanishes (compare Equation 2). The second
order nonlinearity of P(?) is given by inserting the electric field of Equation 9
into Equation 7:

P® = ey x@E? = 26 yDEE* + €ox @ (E2e~129t + c.c.) (10)

second harmonic generation at 2w
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Here, E* denotes the complex conjugate of the field amplitude E. Besides a
contribution at zero frequency, P(® also exhibits a term which is two times
the initial frequency w. According to Equation 8, this time-varying field
leads to the generation of light at twice the initial frequency. This effect is
called second harmonic generation and Figure 11 shows the decomposition
of the polarization density into the corresponding frequency components.
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Figure 11: Decomposition of the polarization density for second harmonic generation: An
intense field causes non-harmonic oscillations of the electrons in the bulk material which
leads to the generation of new frequencies.

The nonlinear wave equation describes the interaction and propagation of
the involved fields. However, as it represents a coupled system of mutually
dependent fields, a solution for second harmonic generation is deduced by
applying some approximations. A detailed derivation can be found in [166].
The incoming field interacts with the nonlinear medium and induces the
second order nonlinear polarization density as it is shown in Equation 10.
The nonlinear polarization density at frequency 2w acts as source term on the
right side of Equation 8. After solving Equation 8 with the assumption of low
depletion, i.e. the fundamental field remains constant at low conversion, the
intensity of the second harmonic I?®) can be related with the initial intensity
at the fundamental /(*):

202d%;

AkL
Qw) — 2 (1(@))2 2 [ 20
I n(zw)(n(“’))zc%OL (1 ) sinc < 3 > (1)

Here, d.g is the effective nonlinear coefficient of the medium, L is the crystal
length, and n(“)/() js the corresponding refractive index at the fundamental
frequency w and second harmonic frequency 2w. The mathematical function
sinc is defined as sinc(u) = sin(u)/u for u # 0 and becomes unity for u = 0.

Ak = kgw) + kgw) — k@®) accounts for the wave vector mismatch between
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2.3 Application of Nonlinear Optics to Phase-Only Beam Shaping

the two fields at the fundamental ki“’) and kgw) and the second harmonic
k(@) As the sinc function declines for arguments that are further from 0, an
increasing wave vector mismatch reduces the maximum possible conversion.

Phase Matching

Equation 11 represents an analytical solution of the second harmonic signal
in a regime of low conversion. The field intensities at the fundamental and
second harmonic exhibit a quadratic relation and also the crystal length
L increases the signal strength. The elements within the fraction can be
considered as constants if the experimental parameters are fixed. The phase
mismatch Ak weights the whole output of the second harmonic signal
as argument of the sinc function and it thus may extinguish almost the
whole result. The wave vector mismatch indicates that different frequencies
propagate with different phase velocities. In a normal dispersive medium,
this causes the fundamental and second harmonic to diverge. Along the
path of propagation, the second harmonic signal is continuously generated
by the fundamental but the individual frequency-converted fields interfere
destructively as long as there is no common phase relationship. Reducing
the phase mismatch Ak to zero defines the phase matching condition [168]:

A = k(D + k@ — ko) L g, (12)

with k&“’) and kgw) accounting for the two fields at the fundamental and k%
is the wave vector of the field at the second harmonic. This interaction of
three fields is called three wave mixing. Equation 7 and Equation 10 show
that there is a quadratic relationship between the fundamental and second
harmonic. Thus, two fields at the fundamental need to combine to generate
the signal at the second harmonic.

Based on the definition of the wave vector k(w) = wn(w)/c and the condition
that the frequency at the second harmonic is twice the initial frequency;,
Equation 12 requires the refractive index to fulfill

0.5 - (n{” + n{®y = n@w) (13)

for perfect phase matching [169]. The refractive index determines the speed
of propagation within a medium and Equation 13 can be interpreted as
constraint for the involved fields to maintain their common phase relation-
ship by propagating at the same speed. For a normal dispersive medium
(n@ < n9) this condition is not fulfilled [11]. However, birefringent
crystals can be used to achieve phase matching [170]. The material exhibits a
polarization-dependent refractive index and an incoming light field perceives
a different refractive index depending on its polarization direction. The
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2 Technical Background

concept resembles the working principle of liquid crystal displays. This
time, the crystal direction is not dynamically changed, but a solid crystal is
physically rotated and polished according to the phase matching angle at
which fundamental and frequency-converted light propagate at the same
speed.

Fulfilling the phase matching criterion in a birefringent medium requires the
involved fields to exhibit different polarization states. For second harmonic
generation, two options are possible: either the polarization of the fields
at the fundamental and second harmonic are orthogonal to each other or
the two incident fields at the fundamental exhibit orthogonal polarization
states. To find possible phase matching angles, the direction-dependent
refractive index of the nonlinear crystal can be modelled [171]. The effectively
perceived refractive index depends on the polarization vector and propaga-
tion direction of the incoming light field. Therefore, a biaxial crystal can
be modelled by three major refractive indices along its major axes in x—,
y—, and z—direction. Light, that propagates along one of these axes, e.g. in
x—direction, oscillates in the y — z—plane as the polarization vector of the
electric field is orthogonal to the direction of propagation. The incoming
light field perceives the refractive index which is given by the direction of its
polarization vector. If the field e.g. oscillates along z—direction, it perceives
the refractive index n,. The refractive index for any arbitrary polarization
direction within the y — z—plane can be calculated by the projection of the
refractive indices n, and n, which span an ellipse. In three dimensions the
crystal can be characterized by a refractive index ellipsoid. A segment of this
refractive index ellipsoid is shown in Figure 12. The individual colours denote
the refractive index at the corresponding wavelength. 6,, and ¢,, indicate
the phase matching angles.
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Figure 12: Refractive index ellipsoid and angular acceptance for the biaxial KTP crystal of
length L = 2 mm. The refractive index mismatch for a deflection along §6 and §¢ from the
phase matching angles 6,, and ¢, results in a reduced relative conversion.
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2.3 Application of Nonlinear Optics to Phase-Only Beam Shaping

Instead of denoting the two mixing fields at the fundamental with numeric
indices, they are typically called ordinary (o) or extraordinary (e) beam [172].
This convention comes from a perspective of symmetry within the birefrin-
gent crystal [170]. To explain this notation, it makes sense to assume an
incoming field, e.g. a field that propagates along the phase matching angles
and whose propagation vector thus lies in the x — y—plane. If the field is
polarized along z—direction, it perceives the refractive index n, and if the
field is orthogonally polarized in the x — y—plane, it perceives the projection
of the refractive indices n, and n,.. Now assume that the propagation direc-
tion of the field vector changes slightly within the x — y—plane, i.e. a slight
angular deviation §¢ from the initial phase matching angle ¢,,,. If the electric
field vector is polarized within the z—direction, the perceived refractive index
does not change as the polarization vector still points in z— direction. Thus,
this polarization state is called ordinary beam and it is marked as dashed line
in Figure 12. However, if the polarization vector lies within the x — y—plane,
the perceived refractive index changes accordingly. This beam is called ex-
traordinary beam and it is marked as solid line in Figure 12. Consequently, n,
and n, denote the refractive index of the ordinary and extraordinary beam
which refers to the corresponding orthogonal polarization states. The same
convention accounts for the generated field at the second harmonic.
In case the two incoming fields at the fundamental are orthogonally polarized,
the phase matching condition is called type II phase matching [166]. The
average value of the two refractive indices at the fundamental is equal to the
refractive index at the second harmonic. The phase matching condition for
type II phase matching thus reads:

05 - (ngj +n0) = ngjy (14)
Type Il phase matching is of specific relevance within this thesis as the crossed
polarization states make the two interacting fields for second harmonic
generation distinguishable. In general, second harmonic generation is a
degenerate process, i.e. the two mixing fields at the same frequency are not
distinguishable. This changes if the input fields exhibit different polarization
states. Within the three wave mixing process, two fields combine and the
desired wave front can be conserved under specific conditions [173].

Angular Acceptance

Slight deviations from the optimum phase matching angle cause Ak to
be non-zero and the relative conversion efficiency decreases. While some
crystals exhibit a high sensitivity on the exact angular position, others
are more tolerant. This depends on how fast the corresponding refractive
indices of the involved fields change in the area around the phase matching
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angle. According to Equation 13, the refractive index mismatch determines
the phase mismatch and spatially modelling the refractive index based
on its Sellmeier coefficients allows for calculating the angular-dependent
conversion efficiency [174]. The local phase mismatch can be calculated from
the corresponding values within the index ellipsoid [175]. This mismatch
results in a relative reduction of the maximum conversion when inserting
it into Equation 11. The so-called »angular acceptance« or tolerance is the
angular deviation from the optimum phase matching angle until the relative
conversion decreases to half of its maximum value [169]. Figure 12 shows the
angular acceptance for a KTP crystal. As KTP is a biaxial crystal, it exhibits
three different refractive indices along the spatial axes and it is thus necessary
to characterize the crystal for a deviation along the two phase matching
angles 66 and §¢, as shown in Figure 12.

Wave front shaping generates a spectrum of vectors which are centred
around the optical axis. Effectively, the phase information is encoded in
the orientation of the wave vectors. However, this impairs phase matching.
To achieve high and homogeneous conversion efficiencies, the generated
spectrum has to be within the range of angular acceptance. Otherwise, some
wave vectors are not supported during nonlinear conversion. Modelling the
refractive index ellipsoid and calculating the resulting phase mismatch thus
helps to find an estimate for maximum acceptable deflection angles during
beam shaping.

Nonlinear Beam Shaping

Nonlinear computer-generated holography is gaining increasing attention in
the recent years [176]. Shaping and frequency-converting light provides a
broad spectrum of opportunities with applications ranging from quantum
computing to materials processing. Over the last decades there has been a
lot of research on the nonlinear conversion of beams carrying spin or orbital
angular momentum [177-186]. Likewise, nonlinear photonic crystals are a
highly researched topic [187-192]. Those elements control the nonlinear beam
generation and propagation by manipulating the nonlinear susceptibility
within a crystal [193]. In theory, those three-dimensional elements provide
more degrees of freedom than a thin hologram. However, the elements are
static and their practical implementation is challenging.

In contrast, dynamic beam shaping with an SLM enables higher flexibility
and fidelity. Phase-only beam shaping can be combined with nonlinear
optics as the phase information is conserved during frequency conversion.
Nonetheless, this research field is still in its infancy. Current publications in
that field are rare and suffer from poor efficiency and low quality [194-197].
One potential reason might be that many nonlinear conversion processes
are degenerate, i.e. mixing fields at the same frequency. By employing
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2.3 Application of Nonlinear Optics to Phase-Only Beam Shaping

polarization as a control mechanism [198], it should be possible to perform
nonlinear beam shaping with the same spatial distribution as for linear beam
shaping [Sz]. Based on this understanding, the combination of nonlinear
optics and phase-only beam shaping may be a potential starting point to
overcome the current spectral limitations of liquid crystal displays.
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3  Aim of the Thesis

The aim of this thesis is to realize precise and efficient ultrashort pulse laser
materials processing by means of phase-only beam shaping. Figure 13 gives
an overview of the research topics within the scope of this thesis and their
internal connection. Methods and technical solutions for uniform beam
shaping with high-energy lasers need to be developed and investigated.
These methods should provide high precision and accuracy without introduc-
ing significant losses. Having developed appropriate methods, their effect on
material ablation needs to be analyzed. In turn, the well-characterized meth-
ods can be used to deduce the influence of the processed material. Liquid
crystal displays are limited to the visible, near-infrared, and mid-infrared
spectral ranges but some typical applications require working at the UV
spectral range. This thesis concludes with a method for nonlinear beam
shaping which may be used to expand the spectral range of liquid crystal
displays.

methods and technical solutions for uniform beam shaping using LCoS SLMs

efficient and feasible superposition of spot arrays “single shot”
speckle averaging uniform beam profile
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Figure 13: Structure and internal connection of research topics within this thesis.
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3 Aim of the Thesis

Methods for Uniform Beam Shaping

As a first step, methods for uniform beam shaping are required which
provide excellent uniformity and precision. In particular, speckle needs to
be minimized. Furthermore, the methods should be capable of shaping
structures with arbitrary geometry. While those requirements can be met,
this typically goes along with low efficiency or poor resolution. Phase-only
beam shaping cannot control the full light field and this intrinsically limits
the achievable results. For this reason, further control is required which
may be realized by including either an additional temporal or spatial level of
intervention. Two methods will be introduced which are based on temporal
averaging. A galvanometer scanner within the optical setup decouples the
change of the speckle pattern from the slow frame rate of the liquid crystal
display. Likewise, it enables high-speed changes between individual phase
masks.

Moreover, the use of two beam shaping planes provides full control of wave
frontand amplitude. Therefore a solution is developed which avoids excessive
fluences. This directly generates uniform beam profiles of excellent quality.
All three methods are easy to implement, exhibit high-quality outcomes, and
induce almost no losses.

Ultrashort Pulse Laser Processing

Having developed adequate methods for beam shaping, the shaped intensity
profiles need to be evaluated by ultrashort pulse material ablation. While
all methods result in similar intensity profiles, their methodology differs
significantly and this influences the ablated profile. Results which were either
achieved by averaging or direct uniform beam shaping are thus compared.
Furthermore, a statistical analysis of ablation results for different metals
enables conclusions of the material’s influence - a factor that is of the same
importance as tailoring the optimum intensity profile. If the beam profile is
optimized for material ablation, it should also be known how the material
responds to the shaped beam profile. This not only helps to assess the
developed beam shaping methods but also to refine process parameters.

Nonlinear Beam Shaping

Returning to the big picture of beam shaping for laser materials processing,
there are still many open challenges. One of them is the limited spectral
range of liquid crystal displays as they absorb UV light. However, some
applications require laser processing in the UV spectral range [160]. To
this end, it is possible to extend this spectral range by means of nonlinear
optics. This concept will be demonstrated by performing beam shaping at
the second harmonic (532 nm) while modulating light at the fundamental
(1064 nm). The method is further combined with efficient speckle averaging.
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It is thus possible to directly diminish speckle noise during beam shaping
at the second harmonic. While experimental demonstrations within the
scope of this thesis cover the conversion of infrared light into the visible
spectrum, the results and the corresponding analysis pave the way towards
beam shaping in the UV spectral range.
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4 Methods and Technical Solutions for
Uniform Beam Shaping

The following chapter presents three methods for uniform beam shaping. All
have in common, that they make no compromise between the achievable qual-
ity and efficiency. Furthermore, they are flexible and adaptable to changing
requirements. This covers full freedom in the design of the target geometry
and size (depending on the used optics). While the first section covers two
methods which are based on temporal averaging, the subsequent section
presents a solution for direct uniform beam shaping without averaging, i.e.
the method provides instantly a constant and uniform intensity distribution,
e.g. for single pulse applications.

4.1 Temporal Averaging

Temporal averaging is a convenient approach. Neither a specific algorithm,
nor an elaborate setup are required. In particular, this approach features high
simplicity and excellent reliability with respect to the experimental results.
However, the speed of averaging is limited by the frame rate of the LCoS
SLM and these typically lie within a range of 30 Hz — 60 Hz. This is several
orders of magnitude below typical pulse repetition frequencies which are
around several kHz up to MHz. Under those conditions, averaging can only
be realized by committing high laser dead times which drastically reduces
the process speed. Consequently, the elegant concept of temporal speckle
averaging requires a solution to speed up the exchange of phase masks.

411 High-Speed Speckle Averaging for Phase-Only Beam
Shaping in Laser Materials Processing

[P1] Published at Optics and Lasers in Engineering, 10.1016/j.0pt-
laseng.2023.107537.
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Graphical abstract: High-Speed Speckle Averaging for Phase-Only Beam Shaping
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4 Methods and Technical Solutions for Uniform Beam Shaping

In a typical beam shaping scenario, the phase mask is calculated using the
Gerchberg-Saxton algorithm [53] and there is a Fourier relation between the
plane of the SLM and the shaped target image. This mask can be considered
as a superposition of various gratings which form the target image. Those
gratings are not sensitive to the exact shape and position of the beam on the
SLM; the deflection angle remains the same. However, the superposition
of the phase gratings causes singularities in form of phase vortices leading
to destructive interference. While the generated intensity distribution is
not sensitive to the exact position and size of the beam on the phase mask,
the phase vortices have a position-dependent mapping. A cyclic shift within
the phase mask thus changes the speckle pattern, while the target image
remains the same. If the phase mask is shifted, the vortices and with them the
corresponding singularities move within the image plane. If every possible
shift is carried out, i.e. every cyclic shift is realized, speckle average out
completely. This analysis motivates that a single phase mask carries the full
information to shape a uniform beam profile [93].

While this fact enables working with a single phase mask, this does not solve
the issue of the SLM’s low frame rate. Every cyclic shift corresponds to a newly
applied image on the SLM. However, the concept is invariant whether the
phase mask is moved or the beam is shifted at a static phase mask. Instead of
a beam that illuminates the whole SLM, a smaller beam can be used which
evaluates only a partition of the phase mask while a galvanometer scanner
sends the beam to different positions. By this method, the low frame rate
of the SLM is overcome. A dedicated optical setup can be used to directly
compensate for the introduced beam movement. The basic idea is to image
the beam back on the galvanometer scanner to directly compensate for the
initially introduced deflection angle by the second incidence. Similar setups
for a one-dimensional displacement were previously reported by Radwell et
al. [199], Bawart et al. [200], and Braverman et al. [201].

To realize perfect speckle averaging, a constant scanning movement of the
laser beam is required to illuminate each area on the phase mask equally.
However, in a practical implementation setup-specific aberrations and pixel
cross-talk prevent speckle from being averaged out completely. Effectively, a
random scanning path provides equal averaging results. It is thus sufficient
to operate the galvanometer scanner with a sinusoidal movement. This
provides near-perfect speckle averaging without causing laser dead times.

Highlights
* Near-perfect speckle averaging with a single phase mask
* Galvanometer scanner decouples averaging from the SLM’s low frame rate
+ Feasibility for an industrial implementation
* Analysis of ultrashort pulse laser material interaction
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A phase-only spatial light modulator (SLM) is a powerful tool to shape arbitrary intensity distributions and finds
application in various research fields and industry. However, since phase-only beam shaping cannot control the
full complex light field, a speckle pattern overlays the shaped target intensity and strongly impairs the result.
Several methods have been developed to diminish speckle noise, all of which have their advantages and disad-
vantages. Usually they offer a compromise between quality and efficiency. We present a method for phase-only
beam shaping which achieves near-perfect and highly efficient speckle averaging with a liquid crystal on silicon
SLM based on a single phase mask. A galvanometer scanner scans the laser beam over the active area of the SLM
to achieve high-speed averaging. The applied angle resulting from the scanning movement is compensated by
a proper optical setup to maintain a static target image with speckle averaging out. As an additional benefit of
the scanning movement, artifacts from light not diffracted by the SLM disappear in the target plane. The setup is
designed for high-energy laser beams as intermediate foci are avoided at all optical components. Besides optical
averaging on camera images, we validate our method with ablation experiments where we make a profound anal-
ysis of the involved system parameters and the achieved quality. Thereby, it becomes apparent that the proposed
method not only stands out by the high-quality results but also by its simplicity in implementation.

1. Introduction It works by shaping the wave front of an incoming light field which

makes it possible to achieve a certain intensity distribution in the target

Ultrashort-pulsed laser sources provide pulse energies up to several
mJ and have many applications in laser materials processing [1-3].
However, the full potential of the high pulse energies often remains un-
used. They result in fluences far above the material’s ablation threshold
where heat accumulation impairs the process. Apart from reducing the
quality, too high fluence values also decrease the processing efficiency
[4]. To maintain high processing quality and prevent heat accumulation,
the fluence needs to be reduced. Increasing the repetition frequency of
the laser system effectively decreases the pulse energy while the average
power remains the same. This does however not solve the problem since
the deflection speed of current scanning systems is too slow to compete
with the repetition frequencies of the laser system.

To make full use of the provided energy, beam shaping enables tai-
loring the amount of the deposited energy, inter alia, by distributing it
over a large area, and furthermore adapting the ablation profile to the
target geometry. A widely used tool in laser materials processing is the
Liquid Crystal on Silicon (LCoS) Spatial Light Modulator (SLM) [5-8].
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URL: http://Ipt.tf.fau.de (L. Ackermann)
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plane. The required phase mask to shape the desired amplitude distribu-
tion is typically calculated with an iterative error reduction algorithm
[9] like the Gerchberg-Saxton algorithm [10]. A major advantage of this
method is the high efficiency since wave front shaping does not intro-
duce significant losses. However, the complex light field is defined by
its amplitude and the wave front. Shaping only the wave front gives
not enough degrees of freedom to control the full complex light field.
Without introducing significant losses, a single SLM can only be used to
either tailor the wave front or to design it in such a way that it results in
a specific intensity pattern. It is thus possible to exploit wave front shap-
ing to achieve a certain amplitude distribution with the limitation that
the wave front in the target plane remains uncontrolled and this leads
to phase vortices. These vortices lead to destructive interference which
manifests itself as a speckle pattern [11]. This is shown in Fig. 1 (a).
To overcome this problem without energy losses, two consecutive
phase-only SLMs can be used to shape both wave front and amplitude
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Fig. 1. Methods of phase-only beam shaping: (a) phase-only beam shaping in-
duces speckle, (b) amplitude and wave front shaping, (c) averaging of phase
masks, (d) averaging by scanning the beam over a single phase mask.

[12-16], compare Fig. 1 (b). While this method physically solves the
problem of speckle, it involves higher alignment effort.

Another approach to reducing speckle is to average over different
phase masks [17-19]. The calculation of the required phase mask based
on an error reduction algorithm like the Gerchberg-Saxton algorithm
tries to find a solution that comes as close as possible to the target dis-
tribution. The physical solution however requires wave front and ampli-
tude shaping. Thus, this attempt can only approach the target profile to
some extent and consequently the solution is not unique but depends on
the starting conditions. Different phase masks can be generated which
result in the same target structure with different overlaid speckle pat-
terns, compare Fig. 1 (c). Smooth ablation profiles have been achieved
with such averaging attempts where a pulsed laser source was shaped
with an SLM [20]. Ideally, a new phase mask needs to be applied after a
few laser pulses. However, this is practically impossible since the frame
rate of the SLM (tens of Hz) is far from typical laser repetition frequen-
cies (several kHz up to MHz). It is either possible to transfer the same
phase information to many pulses, which effectively prevents averag-
ing, or to reduce the laser repetition frequency, which, for such a strong
reduction, means that pulses have to be suppressed and only a fraction
of the available laser power can be used.

Instead of averaging phase masks, it is thus advisable to consider
the role of the amplitude of the incoming beam on the SLM. Typical
phase masks generated by the Gerchberg-Saxton algorithm act as phase
gratings that generate the same target intensity distribution, indepen-
dently of the irradiation properties, i.e. irradiated area or location of
the incoming laser beam. However, while a shift of the illuminated area
does not affect the formation of the target image, the vortices within
this phase mask have a location-dependent mapping. A small shift can
be approximated with a shift of the speckle pattern within the target
image. While the speckle pattern gradually smears when the beam is
shifted over the mask, new speckle arise with the additionally evaluated
areas while others disappear. This means that every additional shift con-
tributes in averaging speckle even if the speckle pattern is only slightly
changing.

Golan and Shoham propose that cyclic shifting of a single phase mask
provides perfect speckle averaging [21]. They shift the phase mask on
the SLM by applying a new image on the SLM for each single shift and av-
erage speckle out with a single phase mask. This effect is intuitive when
observing two interfering beams. While one beam may carry a complex
phase information (e.g. it may carry orbital angular momentum which
causes a vortex due to the singularity of a helical wave front), the other
can act as reference with a plane wave front. The phase singularity maps
as a fork within the interference fringes. If now the center of the helical
wave front is shifted within the beam, the fringes and the singularity
are shifted within the interference pattern. For all possible shifts which
can be achieved by cyclic shifting, the singularity and the interference
pattern average out completely. While this concept promises excellent
results, it is limited by the low frame rate of the SLM similar to averaging
of individual phase masks.
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We present a method for fast and efficient speckle averaging by
scanning the beam over an SLM instead of shifting the phase mask
(Fig. 1 (d)). The scanning movement of the beam can be implemented
with a galvanometer scanner, which enables scanning frequencies in the
kHz-range. The resulting spatial shift of the beam needs to be compen-
sated by an optical setup to only get a moving speckle pattern while
maintaining a fixed target structure. This configuration is decoupled
from the slow frame rate of the SLM and enables fast speckle averag-
ing. As an additional benefit, the setup can be designed to defocus the
0 order of non-diffracted light and keep it moving with the initial scan-
ning motion contrary to the still target structure. Using this, we achieve
smooth intensity profiles and ablation results with effectively no arti-
facts from the initially speckled beam shape.

This technical solution makes the concept of speckle averaging fea-
sible due to the high efficiency and quality of the results. Likewise, we
see the option of analyzing ultrashort pulsed laser material interaction
on a timescale where spatial intensity distribution can be adapted from
pulse to pulse. This involves the influence of the laser fluence and the
scanning frequency on the ablation rate and quality.

The paper is structured in the following way: In Section 2, we in-
troduce our method with a description of the experimental setup and
thoughts on the design of the involved components. Averaged inten-
sity profiles on a camera and the according ablation experiments follow
thereafter in Section 3. The ablation results are characterized by their
uniformity and the achieved ablation rate as a function of the thresh-
old fluence Fy,. Furthermore, we address the influence of the scanning
frequency and show that there is usually no necessity to synchronize
the laser emission with the scanning movement. Apart from that, we
analyze the ablation quality as a function of the number of laser pulses.
Section 4 follows with an investigation of the optimum phase mask and
beam size. Moreover, we discuss the influence of the galvanometer’s
trajectory until Section 5 concludes our work.

2. Materials and methods
2.1. Experimental setup

Fig. 2 (a) shows our optical setup. A galvanometer scanner (6210H
Cambridge Technology) scans the beam over the SLM (Holoeye LETO
1/2, 1920 x 1080 px) to evaluate different parts of the phase mask. To
compensate for the introduced angle, the beam is sent back to its ini-
tial position on the galvanometer scanner. This is done via 4f imaging
and a proper mirror configuration. A similar folded setup was proposed
by Bawart et al. [22] to perform high-speed focusing with a modified
Alvarez lens. By mapping on exactly the same position, the galvanome-
ter scanner directly compensates for the previously applied angle of the
laser beam and the beam exiting the galvanometer is not moving.

The setup in [22] scans the SLM along one line and thereby performs
a 1D scan by rotating a single galvanometer mirror. This provides one
pivot point and the rotational motion can be exactly compensated. How-
ever, a 1D scan with low scanning speed (i.e. a single line scan) requires
synchronization between the start of the laser emission and the accord-
ing scanning motion. At high scanning frequencies or for a 2D scan, this
is not required. We aim for the option of a 2D scan to add more diversity
in the phase information which provides rapid averaging.

A 2D scan is realized with two mirrors within the galvanometer scan-
ner, now not providing a single pivot point anymore. The remaining
residual movement is almost negligible since the two pivot points of the
2-mirror-system are close to each other with respect to the dimensions
of the optical setup. For requirements with perfect angle compensation,
two individual 1D scanning setups can be build (one in each direction)
with 4f imaging in-between.

While the setup in [22] is designed to position the galvanometer
scanner in the Fourier plane of the SLM, i.e. the laser has to be focused
onto the galvanometer scanner, we conceive the setup for high-energy
lasers and image the phase mask onto the galvanometer scanner. The
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Fig. 2. (a) Experimental setup: The galvanometer scanner, abbreviated as galvo
in the figure, scans the beam over the SLM. A set of four mirrors guides the beam
back to the galvanometer scanner where it is imaged on itself with a 4f lens con-
figuration. The target image is in the Fourier plane of the galvanometer scanner.
It can either be imaged directly with a lens or with additional 4f imaging in case
that more space is required in-between. (b) Experimental setup drawn in trans-
mission with the according distances. Non-diffracted light remains defocussed
on the optical elements and in the target plane. The focal length f; is not further
specified since it can be chosen individually, depending on the application. For
imaging on the camera, we worked with a focal length of f; = 300 mm. Abla-
tion experiments were performed with a microscope objective (f; = 18 mm and
M = 1.7 for the telescope with a f = 300 mm and f = 500 mm lens). Dimensions
are not to scale.

SLM is placed within the 4f setup: In the simplest configuration only the
SLM and one lens would be necessary as the SLM can replace the first
lens of the 4f setup by adding a corresponding lens term to the phase
mask, similar to a Fresnel hologram. The physical (second) lens of the
4f setup would image the corresponding phase hologram onto the gal-
vanometer scanner. However, in this configuration non-diffracted, still
collimated light light would be directly focused onto the galvanometer
scanner since it would only interact with this single lens in the setup.

It thus makes sense to split the first required lens of the telescope
into a lens term on the SLM and an additional physical lens which can be
combined to one effective lens as Fig. 2 (b) shows. This defocuses non-
diffracted light on the galvanometer scanner and in the target plane.
Such a step is necessary for high-energy beams to avoid damage on the
components. Another purpose of this design is to disrupt the 4f-setup-
inherent angle preservation specifically for non-diffracted light which
keeps moving in the target plane and gets thus averaged over time as it
is illustrated in Fig. 3. Furthermore, this gives more freedom to choose
the focal length of the lens term on the SLM, i.e. increasing it to avoid
undersampling at the rapid phase jumps of the concentric rings of the
lens term. Based on this, it is possible to keep relatively small distances
between the physical lenses to have a compact setup while the lens term
on the SLM keeps a high focal length.

Only a lens positioned in the focal distance after the galvanometer
scanner is required to form the target distribution which remains static
while the speckle pattern shifts with the motion of the galvanometer
scanner. Depending on the application, if for example a microscope ob-
jective with a short focal length should be used, it is practical to add an
additional 4f setup to image the Fourier plane to the back focal plane of
the lens (compare the two options in Fig. 2 (a)). We use this option for
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Fig. 3. Scheme of the folded setup in transmission: While the beam is imaged
on the galvanometer scanner and the applied movement is compensated, non-
diffracted light remains defocussed on all optical elements. Since it is not a part
of the 4f imaging system, it exhibits a position and angle displacement, depend-
ing on the angle of the galvanometer scanner. Therefore, non-diffracted light
keeps moving after leaving the folded setup and gets averaged which effectively
results in a negligible contribution in the target distribution.

ablation experiments with a microscope objective (f; = 18 mm, Thor-
labs LSM02-BB) while camera images (UI-3080SE-M-GL) and alignment
were done with a long focal length (f; = 300mm, Thorlabs).

Ablation experiments (compare Section 3) are performed with the
ultrashort pulsed laser system Cepheus (Photon Energy) which emits
12 ps pulses at a wavelength of 1 = 1064 nm at a repetition frequency of
20kHz. The maximum laser power of our system is around 3.3W and
this results in 0.4 GW cm-2 peak power on the SLM for a 3 mm beam.
Therefore, we utilize the LETO 2 SLM from Holoeye which is coated
for the near infrared spectral range. For those purposes, SLM and gal-
vanometer scanner are mounted on a water-cooled holder. SLMs with
a dielectric reflective coating on the backplane and water-cooling can
usually deal with significantly higher powers than we use in our exper-
iments. In our case we were restricted by the maximum laser power of
our system which also limits the size of the shaped structures. The full
potential of water-cooled SLMs can probably be used at several 100 W
average power and this enables significantly larger structures. For a fur-
ther analysis of the method in Section 4, we are working with a HeNe
laser (Melles Griot, 10 mW, A = 633 nm) and the LETO 1 SLM from Holo-
eye with a coating for the visible spectral range.

2.2. Design of components

The LETO 1/2 SLM has a 16:9 display (1920 x 1080 px) and a pixel
pitch of 6.2 pm. For the proposed method, we consider it as benefi-
cial that lots of SLMs are designed as widescreen displays whereas laser
beams normally do not follow this aspect ratio. It is usually a decision
between illuminating the whole SLM and thereby cutting the beam or
using only a portion, typically around the half of the display. Our setup
is designed for a beam diameter of 3 mm. A 1D scan over the SLM along
its long axis (x-direction) effectively provides four areas of independent
phase masks. Moreover, approximately half of the SLM’s active area is
illuminated along a 1D scan while the 3 mm beam itself illuminates a suf-
ficiently high number of pixels to shape the target pattern. We work with
the natural movement of the galvanometer scanner, a sinusoidal trajec-
tory. This does not provide equal weighting of the individual speck-
led patterns since the beam is non-equally sampled over the SLM but
Section 4.3 shows that the results for a scan with constant velocity are
equal. This is mainly due to the choice of our phase mask which we
discuss in Section 4.1. Similar to applications without a scanning move-
ment, the phase mask is calculated with the Gerchberg-Saxton algorithm
for the whole area of the SLM. Thereby, the aspect ratio of the SLM needs
to be considered in the calculation, for example by rescaling the target
structure appropriately. This is necessary as the maximum diffraction
angle does not depend on the number of pixels but on the pixel size it-
self. This means likewise that the reduced illumination size of the SLM
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Fig. 4. To estimate the diffraction efficiency of the SLM, the phase mask
is treated as a blazed grating. Since the absolute diffraction angle depends
on the pixel size of the SLM, only relative values are shown. The diffrac-
tion efficiency n for a blazed grating approximated with M pixels is given
by n= [“"‘:’/{#]z [23]. The blue line shows the relation between the rel-
ative diffraction angle, respectively the maximum size of the target struc-
ture, and the required mirror size to support the applied diffraction angle
for our setup parameters. The relation depends on the distances and op-
tical elements in the setup. (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this
article.)

primarily affects the numerical aperture (NA) but not the maximum size
of resolvable structures.

Independently from the fact that the maximum diffraction angle is
not reduced due to the decreased beam size, it makes sense to consider
up to which degree the full diffraction potential of the SLM is relevant:
The diffraction angles and the applied angles from the scanner deter-
mine the size of the involved lenses and mirrors. We use 2” mirrors and
lenses within the scanning path. The phase mask on the SLM affects the
beam propagation and the galvanometer scanner needs to capture the
diffracted beam on the second incidence. This size is determined by the
applied diffraction angles of the phase mask. Thus, the size of the gal-
vanometer scanner gives an upper limit for the diffraction angles that
can be collected in our case and the final size of the target structure.
The simulated blue curve in Fig. 4 shows the required mirror size as a
function of the relative diffraction angle. Therefore, we assume a blazed
grating in an arbitrary direction and calculate the required mirror size
to capture 85% of the resulting intensity. Even though our galvanometer
scanner’s mirror aperture is designed for a 3 mm beam, it provides some
tolerances since it is supposed to capture the light for scanning angles
up to + 20°, while we work in a range between + 2°.

While limitations in size can be addressed with the appropriate mir-
ror size, it should be mentioned that typical applications are far away
from using the full diffraction potential of the SLM since there is often
no need for large structures. Furthermore, the high diffraction angles
are less efficient which manifests in a weaker illumination in the outer
areas. To estimate the diffraction efficiency of the SLM, we use a blazed
grating. The pixel structure of the SLM only enables a stepwise approx-
imation of the blazed grating where the largest diffraction angle can
only be realized with a binary grating applied to the SLM. This reduces
the diffraction efficiency to 40.5%. Besides the fact that a galvanometer
scanner with larger mirrors can be employed, the calculated efficiency
in Fig. 4 suggests to also consider the general requirements on the tar-
get structure before designing the setup for all possible but probably
unlikely phase masks.

Besides the diffraction efficiency of the applied phase mask, the ef-
ficiency of the whole system is determined by the losses of the involved
optical elements (i.e. reflectivity and transmission of the optical com-
ponents). If the experimental conditions are not designed such that the
beam is obstructed by the galvanometer scanner, our proposed method
causes no additional losses.
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Fig. 5. Images of the laser modes at 633 nm and 1064 nm and the measurement
of the ablation threshold for 10, 100 and 1000 pulses with n = 3 samples for each
point. Two different lines are fitted to separate the two regimes of spallation
(solid line) and phase explosion (dashed line).

2.3. Measurement of the ablation threshold

We use a polished silicon wafer for ablation experiments. It has a
monocrystalline structure and thus provides a direct mapping of the
beam profile in the ablation process. The perfectly polished surface pre-
vents the ablation process from being affected by previously prevalent
surface roughness or locally different ablation conditions. The ablation
threshold is determined according to Liu [24]. 1000 pulses result in an
ablation threshold of 0.17 % for spallation. Besides this measurement,
Fig. 5 shows the two beam profiles of the HeNe laser and the ultrashort
pulsed laser. Both beam profiles have a diameter around 3 mm but do
not follow an exact Gaussian distribution. It should be mentioned that
our proposed method is invariant to the exact beam profile so this does
not impair the quality of the results at all.

After ablation experiments with the ultrashort pulsed laser, the sil-
icon wafer is cleaned in an ultrasound bath and the depth profiles are
measured with a laser scanning microscope from Olympus (LEXT OLS
4000).

3. Results and discussion

Besides the general presentation of the results, this section dis-
cusses some experimental parameters in more detail: The quality of the
achieved results and the ablation depth, respectively the efficiency, de-
pend on the applied laser fluence. Therefore, its influence will be eval-
uated in Section 3.1. Furthermore, a proper choice of the scanner fre-
quency is discussed in Section 3.2. We also address that there is usually
no necessity of synchronization between the emission of the laser system
and the scanner movement in Section 3.3 and comment on the amount
of pulses necessary to achieve a uniform outcome in Section 3.4.

Fig. 6 shows camera recordings and ablation profiles for a 1D and a
2D scan over the SLM. The square is 75 pm x 75 pm in size and fills 4.4%
of the SLM’s linear field of view, corresponding to 0.2% of the total area.
This size is mainly chosen to have a proper range of the laser fluence
due to an upper limit of available laser power of our laser system. As
reference, a single position on the SLM is evaluated which corresponds
to phase-only beam shaping with a single phase mask. For the ablation
profiles, 1000 pulses with a repetition frequency of 20 kHz are used. To
have a direct comparison of optical averaging with the resulting abla-
tion profile, the intensity images in Fig. 6 are the corresponding camera
recordings of the ultrashort pulsed laser at 1064 nm.

The intensity image for a single position on the SLM exhibits a clear
speckle pattern. Strong intensity peaks alternate with areas of no sig-
nal. The 0™ order of non-diffracted light is defocussed but without a
scanning movement on the SLM it remains still and overlays the center
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Fig. 6. Camera images and ablation profiles for different configurations: a single phase mask, a 1D scan, and a 2D scan over the SLM: The quality of the targeted
square significantly improves with increasing scanning movement over the phase mask. The scanning frequency is f, = 2kHz for a 1D scan and f, = 813Hz and
f,, =987 Hz for a 2D scan. 1000 pulses were applied with a fluence of 5.5 - Fyy, for the single phase mask, 6.8 - Fyy, for the 1D scan and 4.5 - Fyy, for the 2D scan. The
position (0,0) corresponds to the center of the optical axis. The camera images are individually normalized to their maximum value while the ablation images show
the amount of ablated material with the same color bar for all images. (For interpretation of the references to colour in this figure legend, the reader is referred to

the web version of this article.)

of the square. It is almost invisible since the contrast from the individ-
ual speckle peaks is too bright to resolve it. In the ablation image, the
square’s structure is only fairly visible. The single peaks and dips prevent
the area from being ablated properly.

A 1D scan improves the results significantly as the intensity profile
shows only few isolated peaks. The ablation profile shows a clear rect-
angle with slight craters/peaks remaining.

The 2D averaging intensity profile is highly homogeneous and the
ablation profile is almost perfectly smooth. It effectively shows no signs
of the individually speckled pulses which ablated the structure and the
edges are clear and sharp.

To quantify those observations, the uniformity U [25] is calculated
within the targeted area, in our case a square:

o _V (x2) <x>2 o
R

where ¢ is the standard deviation and u is the arithmetic mean, which
is defined as the expectation value of a variable x with (x) = u. The
corresponding values are presented in Table 1. Decreasing values of U
describe an improving uniformity with 0% being the highest achievable
uniformity. We use the definition of the uniformity to have the same
measure for the quality of the intensity profiles and the topology of the
ablated surfaces instead of e.g. the roughness which can only be applied
to the ablated surface. Within this paper, we call the uniformity for the
intensity profile beam uniformity and the uniformity calculated from the

Table 1
Uniformity of the results in Fig. 6.

averaging intensity image ablation profile
single pos. U=71% -

1D scan U =30% U =24%

2D scan U =16% U=11%

topology of the ablated square ablation uniformity to distinguish them
from each other.

Note that all structures are on-axis and nonetheless no 0™ order of
non-diffracted light is visible or impairing the ablation results. It should
be mentioned that our 1D depth measurements suffer from slight arti-
facts: Remaining craters only provide poor signal and such areas might
be counted as surface area during the depth reconstruction from the
laser scanning microscope. We decided not to post-process those images
since this also affects the surroundings.

For a precise quantitative evaluation of the ablated topography it is
useful to work with a widespread structure like a square. For the further
investigation of ablation profiles, we thus work with squares. Neverthe-
less, Fig. 7 shows that not only widespread homogeneous areas can be
shaped but also structures with thin lines and fine details.

43



4 Methods and Technical Solutions for Uniform Beam Shaping

L. Ackermann, C. Roider, M. Gehring et al.

-2

2 2 1
0. 0.
2 2

2 0 22 0 22 o0 2

mm mm mm

single position

intensity in a.u.

2D scan

Fig.7. Camera images for a single position on the SLM (corresponding to phase-
only beam shaping with speckle overlaying the target structure) in the first row
and for a 2D scan over the SLM in the second row. The images are recorded at
1064 nm and the scanner frequencies are f, = 813Hz and f, = 987 Hz.

3.1. ablation rate and ablation uniformity as a function of Fy,

The laser fluence has a strong effect on the quality and efficiency of
the ablation results. By defining it in multiples of the threshold fluence
Figy» which gives the minimum fluence necessary to ablate material, re-
sults may be compared between different materials. Since however each
single profile exhibits speckle, this value can only provide information
about the mean fluence while there still exist peaks high above and be-
low the given threshold. For this reason, material is ablated already be-
low Fy,. The ablation rate, which is defined as the ablated volume over
time per applied laser power, scales nonlinearly with the fluence [4,26].
The fluence, where this value is maximized, is typically called optimum
fluence Fopt. For a homogeneous beam profile, e.g. a top-hat, this hap-
pens at e - Fyy,. However, a more commonly used Gaussian beam profile
exhibits local intensity variations such that the peak fluence needs to be
o2 Fyy, for maximization of the volume ablation rate [26].

Even though we achieve homogeneous profiles, each single pulse
exhibits a strong speckle pattern with high deviations from the mean
fluence. Nonetheless, we measure a maximum close to the optimum flu-
ence for a top-hat beam profile. The volume ablation rate for 1D and 2D
averaging is plotted in Fig. 8. Thereby, the almost perfectly averaged
squares for a 2D scan achieve a higher volume ablation rate than the
ablated squares for a 1D scan for the same applied laser fluence. We un-
derline the experimental measurements with a simple logarithmic sim-
ulation model [27-29]. Here, the ablation scales logarithmically with
the fluence in multiples of Fy;, times the optical penetration depth 6:

F
d :6'10g(—) R 2)
abl Fen

where d,y)) gives the ablated depth. Based on simulated intensity pro-
files of the used phase mask for the given scanning movement, we sim-
ulate averaging and use this formula to estimate the expected volume
ablation rate. Thereby, the optical penetration depth 6 is treated as a fit
variable since we mainly want to compare the curvature of both results.
The simulated optimum fluence is Fopt = 2.3 - Fyy,. While this value is
a bit less then the optimum fluence of a top hat beam, the experimental
results tend to be closer to e - Fyy,.

In contrast to the volume ablation rate, the ablation uniformity is
expected to improve with increasing laser fluence [20]. This trend is
followed well in the two graphs in Fig. 8 for a 1D and 2D scan over
the SLM. Here, we also add the theoretically expected curve from the
logarithmic ablation model. Simulated and measured results fit well for
a 1D and 2D scan. For a 2D scan, the ablation uniformity is already
almost stagnating in the area of the maximum ablation rate. This brings
together the area of highest efficiency with the achievement of highest
ablation quality. For a 1D scan, it rather makes sense to work with a
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higher fluence to achieve better results even though this decreases the
overall efficiency of the ablation process.

3.2. Dependence of averaging on the scanning frequency

Optical averaging on a camera is invariant to the speed of averaging
as long as all the information which is required to improve the quality is
collected within the exposure time. It effectively makes no difference if
a single line scan is performed in contrast to multiples of this line scan.
For averaging during material ablation the pre-ablated structure may
affect the incoupling or the ablation process of the thereafter following
pulses. A slow scan during ablation will cause dips and peaks which
can not be averaged out. For this reason, 1D scans over the SLM with
1000 pulses at a laser repetition frequency of 20kHz are evaluated for
different scanning speeds, starting from a single line scan at 10 Hz up to
200 passes over the SLM at 2kHz. To this end, we only consider a 1D
scan with a sinusoidal beam motion over the SLM since 2D averaging
rapidly provides new phase information even at low scanning speeds.

Fig. 9 (a) shows the results: The solid line shows the development of
the ablation uniformity with respect to the scanning frequency. There
is a strong dependence of the ablation uniformity on the scanning fre-
quency. For ablation the speed of averaging is very important compared
to optical averaging and a rapid beam motion is better than a slow mo-
tion. A similar effect can be observed for the measured ablation depth
in dependence of the scanning frequency in Fig. 9 (b). Here, the amount
of ablated material is doubled when the scanning frequency increases
from 10Hz to 100 Hz while the number of 1000 pulses is kept constant
and the laser repetition frequency is 20 kHz. A similar behavior can be
observed in a higher volume ablation rate for a 2D scan in contrast to
a 1D scan in Fig. 8. Thus, to achieve optimum results for a 1D scan, a
high scanning frequency should be chosen.

One possible explanation for the strong dependence on the scanning
frequency might be a decreased incoupling efficiency into a rough sur-
face. At low scanning speeds, single speckle can be assumed to be near-
constant for several pulses. Consequently, craters appear which due to
their edges increase the effective surface irradiated by the same fluence
and thus raise the ablation threshold. The primarily appearing speckle
dominate the ablation process and the incoupling decreases for subse-
quent pulses. Further research is required for the exact interpretation of
those results but we believe that the developed method builds the basis
for a profound analysis.

3.3. Synchronization

This section illuminates the influence of synchronization between
the laser emission and the scanner movement. A single line scan needs
to be synchronized such that the laser emission starts with the scanning
motion and ends at the end of the line on the SLM to provide optimal
averaging. However, after a certain number of scans, respectively at
higher scanning speeds, a potentially unfinished line will not affect the
result anymore. For this reason, the solid lines in Fig. 9 show the be-
havior when laser system and scanner were synchronized towards each
other, independently of the free running pulse repetition frequency. The
delay time between the laser trigger and the scanning movement was
measured beforehand. The dashed line shows the same scenario without
synchronization. After only 3—4 line scans (30 Hz/40 Hz) both curves are
already almost identical. This shows that synchronization is effectively
of no relevance for fast scanning speeds which strongly eases the exper-
imental implementation of our proposed method. Even if the laser pulse
repetition frequency and the scanning frequency are chosen as multi-
ples of each other, the result seems to not be affected. This is probably
due to the fact that both frequencies practically marginally deviate from
their theoretically chosen value such that there is no exact overlap in
the experiment. To stress this, Fig. 9 shows measurements with close
but different scanning frequencies at 960 Hz and 1kHz, and at 1920 Hz
and 2 kHz.
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Fig. 9. (a) Influence of the scanning frequency on the ablation uniformity for
a 1D scan: a fast scanning movement improves the ablation uniformity which
suggests that rapid averaging is a relevant factor. The x-axis is scaled logarithmi-
cally. Only at low scanning frequencies (i.e. below 30 Hz - 40 Hz), the synchro-
nization of the laser emittance with the galvanometer movement is relevant.
(b) Influence of the scanning frequency on the ablation depth: a fast scanning
movement increases the amount of ablated material. All those measurements
were done at the same laser fluence of 6.2 - Fy},. Due to instabilities of our laser
system, we measured a decrease of 10% in laser power during the measurement
time. However, this deviation should only marginally influence the results.

For a 2D scan, averaging not only happens fast but due to the sec-
ond dimension, there is a large range of possible trajectories along the
SLM. Almost any configuration of scanning frequencies leads to natural
averaging. As a small constraint, the two scanning frequencies should
not be multiples of each other since this would soon repeat the scan-
ning path. Apart from that, almost any frequency can be chosen and no
synchronization is needed.

Those evaluations show that scanning frequencies can be chosen
without the need of synchronizing the exact galvanometer position with
the laser trigger to obtain high-quality results. Nonetheless, we would
like to mention that synchronization may become necessary if only a

small number of pulses can be applied since the area of the SLM needs
to be sampled appropriately. Likewise, this scenario may give further
constraints to the choice of the applied scanning frequencies. We thus
investigate the dependence of the ablation uniformity on the number of
applied pulses in Section 3.4.

3.4. Dependence of the ablation uniformity on the number of pulses for a
2D scan

This section evaluates the dependence of the number of applied
pulses P on the quality of the ablated rectangles measured by the abla-
tion uniformity. Since every single pulse exhibits a speckle pattern, the
ablated result gradually smoothes with an increasing number of pulses
until it starts stagnating when there is no more gain in information.
Given only a small number of applicable pulses, natural averaging may
not be given for arbitrary scanning frequencies. The choice of the scan-
ning frequencies may be constrained as well as synchronization between
the scanning path and the laser emission may be required to ensure
proper sampling of the phase mask. An additional option is to adapt the
laser pulse repetition frequency.

We exemplarily evaluate the ablation uniformity in dependence of
the number of pulses P for scanning frequencies which were used for
the 2D scans within this paper (f, = 813Hz and f, = 987Hz). Fig. 10
shows the experimentally measured uniformity for ablated rectangles
at F = 5.6 Fy,. After approximately 200 pulses, there is no significant
change in the ablation uniformity until it almost stagnates after 500 or
more pulses. This observation is consistent with the scanning trajectory
of the laser beam on the SLM: After approximately 200 pulses, the whole
area of the phase mask is roughly scanned. Nonetheless, there are strong
inequalities in how the pulses are distributed over the area. Even though
the illumination does not completely homogenize over time, its distri-
bution saturates after approximately 500 pulses and no strong changes
in the ablation uniformity are expected thereafter. While almost any
configuration of scanning frequencies for a 2D scan leads to natural av-
eraging, this evaluation suggests that for a small number of applicable
pulses the system parameters have to be chosen appropriately: either by
increasing the scanning frequency, or by decreasing the pulse repetition
frequency. Furthermore, synchronization may help to trigger the laser
emission at the proper position.
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Fig. 10. Measured development of the ablation uniformity for P pulses at
F =56 Fy, and a laser repetition frequency of 20kHz. For the applied scan-
ning frequencies f, = 813Hz and f, = 987 Hz, the ablation uniformity rapidly
improves and starts stagnating at around 500 pulses.

4. Theoretical background

We would like to discuss some relevant questions that should be an-
swered to properly design the setup. First of all, we discuss the choice of
the phase mask in Section 4.1. Section 4.2 deals with the proper choice
of the beam diameter on the SLM. We also address the scanning move-
ment over the SLM in Section 4.3. While we work with the galvanometer
scanner’s natural movement, namely a sinusoidal movement, it will be
discussed and experimentally verified why no scanning path is neces-
sary, that ensures homogeneous sampling with constant velocity over
the phase mask, e.g. skywriting. For the sake of simplicity, those ex-
periments are performed with a continuous wave HeNe laser since no
ablation experiments are required. Note that since the speckle size is de-
termined by the diffraction limit, its size changes with the wavelength
which slightly affects the beam uniformity.

4.1. Choice of the proper phase mask

When designing the phase mask for the scanner setup, two differ-
ent methods have to be considered: Golan and Shoham propose that
cyclic shifting over a single phase mask provides perfect averaging [21].
Provided that all sequentially shifted parts of the hologram are equally
weighted, speckle can be completely eliminated. This can be realized
with a single phase mask which is padded by itself to provide all kinds
of cyclic shifts for different scanning angles. The padding is required to
also include the edges of the phase mask.

In contrast, independent phase masks can be used for averaging.
Thereby, the beam uniformity U improves with LN and the correspond-

ing number of different masks N provides smooth results. The closest
realization in our setup would be a single huge mask because this works
like several independent masks. Due to the scanning movement, it still
has overlapping areas which also follow the idea of cyclic shifting.

To make the best choice for a phase mask, we evaluate first cyclic
shifting and then averaging in our setup. All measurements are done at
a fixed angle of the galvanometer scanner, i.e. with a stationary beam.
For cyclic shifting we load phase masks on the SLM that have been cycli-
cally shifted within the image. The resulting intensity patterns are se-
quentially recorded with a camera. As a comparison, the same number
of independent phase masks is applied to the SLM. Besides the evalua-
tion of the optimum phase mask, this analysis also acts as a reference
for our method since it shows the results of averaging without a scan-
ning movement. Images for all three methods are shown in Fig. 11. Even
though a 2D scan does not enable perfect angle compensation because
there are two individual planes involved from the two galvanometer
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development of beam uniformity with phase masks
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Fig. 11. Development of the beam uniformity with the number of newly ap-
plied phase masks for averaging of independent phase masks and cyclic shift-
ing. The dashed lines only evaluate the section of the small square to exclude
the effect from non-diffracted light. The dotted line shows the resulting beam
uniformity from our method with a single phase mask. Recorded images of the
resulting squares after 324 phase masks/shifts (corresponding to 18x18 equidis-
tant shifts) and our method (f, = 813Hz and f, = 987Hz) are shown below with
the evaluated areas marked.

mirrors, the edges are almost as sharp as for the reference of cyclic shift-
ing/individual masks without movement. It should be mentioned that
only our proposed method is capable of removing the 0 order of non-
diffracted light completely. For averaging and cyclic shifting, it appears
as a defocussed spot in the center of the two squares.

Above the single squares, Fig. 11 shows the development of the beam
uniformity for averaging of N different phase masks and cyclic shifting
with N shifts. In both cases, two curves are shown: the solid line evalu-
ates the beam uniformity U over the whole square, while the dashed line
indicates the evaluation of a part in the outer area without the presence
of the 0™ order of non-diffracted light (depicted by the small rectangle
in the upper left corner of the 2D images). As a reference, we plot the
achieved beam uniformity of our method for a 2D scan over a single
phase mask as a dotted line. Note that even though a beam diameter
of 3mm provides only 8 non-overlapping areas within the huge phase
mask, the averaging result by scanning over the mask is equivalent to
applying approximately 40 different masks on the SLM. Furthermore,
applying 40 different phase masks takes around 1s (30 Hz refresh rate
of the SLM) while a 2D scan with 1000 pulses lasts 50 ms in our case
limited by the laser repetition frequency.

While cyclic shifting shows a significant advance in averaging after a
small number of equidistant shifts, it stops improving for a high number
of shifts while averaging catches up the backlog and shows better results
for a high number of phase masks N. The exact phase information for
each cyclic shift of the phase mask has to arrive in the target plane to
get perfect interference with vanishing speckle. In reality, the SLM can-
not provide this requirement: for an LCoS SLM, the cross-talk between
adjacent pixels always impairs the final wave front [30,31]. It locally
depends on the strength of the phase difference and especially sudden
phase jumps result in a strong cross-talk. We assume this to be the major
reason for the rather stagnating behavior. Furthermore, aberrations in
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60 beam diameter on the phase mask

beam uniformity U in %
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Fig. 12. Simulated relation between the beam diameter on the SLM and the
resulting beam uniformity of averaged intensity profiles of a square after P =
1000 pules with f, = 813Hzand f, = 987 Hz for a wavelength of 1 = 1064 nm ata
repetition frequency of 20 kHz. The individually simulated points are connected
with a line.

the system (e.g. aberrations from the SLM screen) locally affect the wave
front. Both effects are equally present during averaging of independent
phase masks with the difference that cyclic shifting is physically based
on the idea of perfect interference within a single phase mask, while
those errors in the setup average out with new masks.

Those results suggest to work with one huge phase mask. Primarily,
a shift of the beam over the phase mask has a similar effect in diminish-
ing speckle as for cyclic shifting. With the additionally provided phase
information systematic limitations become obsolete and averaging im-
proves. As an additional benefit, this attempt may also be the reason why
the overall result is not too sensitive to the exact way of how the beam
scans the phase mask on the SLM. Cyclic shifting would need a scan
with constant velocity over the SLM, namely equidistant shifts between
the evaluated points. This is in general also possible with our method of
scanning the SLM but requires a high degree of synchronization.

4.2. Choice of the beam size on the SLM

The beam size on the SLM defines the illuminated area of the phase
mask. In a first instance, this determines the NA of the optical system
and thus the resolution of the target structure as long as no additional
magnification/demagnification is conducted thereafter. For cyclic shift-
ing, the beam size specifies the number of required shifts necessary to
perform perfect averaging. A smaller beam diameter illuminates less
area on the phase mask, corresponding to a smaller number of pixels,
and thus fewer shifts are required to conduct all possible shifts within
that area. In our implementation, those shifts of the phase mask would
be realized by scanning the beam over the mask. For averaging over a
single huge phase mask, the illuminated area also defines the remaining
free area on the SLM with additional phase information. For our config-
uration with a beam diameter of 3 mm and an SLM with approximately
12mm x 7mm in size this gives 8 independent phase masks. However,
as Fig. 11 already indicates, the effect of averaging is a lot stronger since
every single position in between counts as well.

There is more free area on the SLM for averaging if the beam diam-
eter is decreased which suggests to work with a small beam. Likewise,
it should not be chosen too small since it decreases the NA and the flu-
ence on the SLM has to be kept low enough to avoid damage. Thus,
the influence of the beam size on the resulting beam uniformity is eval-
uated to deduce a proper diameter for experimental applications. We
simulate the scan path of the beam over the SLM with f, = 813 Hz and
f, = 987Hz for a wavelength of 1 = 1064 nm and evaluate the beam uni-
formity of the averaged intensity profiles. With increasing beam diam-
eter the maximum amplitude of the trajectory has to be adapted to not
move the beam further to the borders of the SLM than the 1/¢? beam ra-
dius. The resulting curve in Fig. 12 can be approximated linearly within
our region of interest given by the desired beam size of 3 mm. The slope
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Fig. 13. Analysis of the necessity for a scan with constant velocity over the
SLM like skywriting: For a 1D scan on a camera a sinusoidal movement gives
the same beam uniformity.

is moderate for small beam diameters and predicts good averaging while
it increases for beam diameters which come close to the dimensions of
the SLM. Here the scanning movement is strongly limited and averag-
ing decreases significantly. We deduce the near-linear behavior from the
theory of averaging for 1ndependent phase masks. Here the beam uni-
formity U is proportional to , while N is proportional to dq, with d

being the beam diameter. This makes U directly proportional to d and
we assume this relation to be a major component when describing the
effect of averaging over a single huge phase mask.

For our experimental implementation, we have considered to keep
the NA and the laser fluence within a suitable range while optimizing
averaging on the SLM. Thus we decided to choose a beam diameter of
3 mm, see Section 2.2.

4.3. Movement of the galvanometer scanner

Based on the fact, that each evaluated part of the phase mask gives
a contribution to improve the overall result, it would be optimal to il-
luminate the whole area on the SLM homogeneously by scanning. The
natural movement of the galvanometer scanner however is a sinusoidal
movement. For a perfectly homogeneous illumination, additional meth-
ods like skywriting would be required to ensure a movement with con-
stant velocity while the beam scans over the SLM. This is however much
more complicated to achieve, probably reduces the maximum applica-
ble galvanometer frequency, and is less efficient since the laser needs to
be switched off during the time of acceleration and deceleration.

The recorded 1D scans in Fig. 13 show that there is no necessity
for this additional effort since the resulting beam uniformity is equiv-
alent for a movement over the SLM with constant velocity and with
a sinusoidal distribution. For both motions the galvanometer triggers
the camera exposure to exactly record a single line scan over the phase
mask.

The results show that the averaging effect of a 1D scan over the phase
mask is not sensitive to the exact movement. The same holds true for
a 2D scan, where the second dimension rather eases the starting con-
ditions since almost every configuration rapidly averages to an almost
homogeneous scan field. This suggests to work with the natural sinu-
soidal movement of a galvanometer scanner and, as high scanning fre-
quencies are beneficial, resonant galvanometer scanners seem to be the
best option.

5. Conclusion

We present a method for uniform beam shaping with a single phase-
only SLM that effectively suppresses speckle noise through averaging
by beam scanning. In contrast to other methods which address speckle
by averaging, this solution is not limited to the SLM’s frame rate and
thereby provides a high light efficiency.
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Our presented method is simple, easy to implement, and convinces
with near-perfect averaging results by applying a single phase mask. The
analysis of the experimental parameters shows that neither synchroniza-
tion, nor a scan with constant velocity over the SLM is necessary. A si-
nusoidal movement as natural movement of the galvanometer scanner
gives equivalent averaging results. Moreover, the required phase mask
can be easily calculated with the Gerchberg-Saxton algorithm. We con-
sider this as major benefit of the proposed method since it eases the
implementation.

The 0™ order of non-diffracted light vanishes in the target plane since
it is defocussed and averages out without obtaining the proper move-
ment compensation. Likewise, it is defocussed on all optical elements
which makes the setup especially capable for the use of high-energy
lasers.

The volume ablation rate for a 1D and 2D scan is maximized close to
the optimum for a top-hat beam at e - Fy}, where the ablation uniformity
for a 2D scan already tends to stagnate. Our lowest measured ablation
uniformity is around 8%. For a 1D scan, the optimum ablation rate has
its peak at a similar value but to achieve a better ablation uniformity, a
higher fluence should be chosen. Furthermore, the uniformity and the
ablated volume show a strong dependence on the scanning frequency.

This novel method makes averaging feasible and we believe that such
a setup can be implemented in an industrial application. Furthermore,
we think that this method of high-speed averaging provides the chance
to have a deeper look into the underlying physical processes of ultrashort
pulsed laser material ablation since it paves the way for implementing
high-speed changes into the beam profile.
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4.1 Temporal Averaging

4.1.2 Spot Arrays for Uniform Material Ablation With Ultrashort
Pulsed Lasers
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Graphical abstract: Spot Arrays for Uniform Material Ablation With Ultrashort Pulsed Lasers

Averaging by scanning provides near-perfect results. However, if only a
small number of pulses should be applied to the material, the corresponding
beam positions on the phase mask need to be chosen deliberately and a
random scanning movement is no longer possible. In this scenario, it is more
beneficial to superimpose the target structure of several spot arrays. Each
spot array corresponds to an individual phase mask. Within a single pattern,
the spots are separated far enough to not interfere while the subsequent
combination of all patterns results in the final image as shown by Wlodarczyk
etal. [94], Liu et al. [95], and Wang et al. [96]. This method requires only a
small number of masks and thus pulses to achieve the final uniform image.
To overcome the slow frame rate of the SLM, the SLM is separated into
several sub-masks and the galvanometer scanner is programmed to approach
specific positions. An analysis of the connection between the pixel count of a
phase mask and the target resolution points out that a fraction of the SLM’s
area is sufficient for high-quality beam shaping. No spatial resolution is lost
as long as the target image does not require the highest possible deflection
angles. Furthermore, ablation experiments point out that a pulse-by-pulse
change of the sub-mask is crucial to achieve uniform ablation profiles.

Highlights

* Phase-only beam shaping for uniform material ablation by superimposing
spot patterns

* Pulse-by-pulse averaging of spot arrays is crucial for uniform ablation results

* Superimposing spot arrays combined with averaging gives equivalent abla-
tion results

+ Division of the SLM into independent sub-sections for high-speed phase
modulation

* Deduction of the optical resolution from the pixel count on the SLM
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ARTICLE INFO ABSTRACT

Keywords: Phase-only beam shaping with a spatial light modulator (SLM) improves precision and increases efficiency
LCoS SLM during ultrashort pulsed laser materials processing. Speckle noise appears as not the full complex light field
sphase"’"ly beam shaping can be controlled by phase-only beam shaping. Adding up several patterns of spot arrays is one method to
pot array

overcome speckle. Therefore, the targeted pattern is divided into several arrays of spots where adjacent spots
within the same pattern are separated far enough to not interfere with each other. We show that a pulse-by-
pulse change of the individual spot arrays during material ablation is crucial to achieve a uniform surface
of high quality. Furthermore, the amount of ablated material and thus the ablation efficiency increases by a
factor of 2 when each laser pulse is shaped with another spot pattern. To realize those rapid changes, we
divide the SLM into independent sub-sections and sequentially illuminate the corresponding areas instead of
changing phase masks on the SLM. To maintain the resolution while illuminating less area, we investigate the

Ultrashort pulsed laser materials processing

influence of the pixel count on the SLM.

1. Introduction

Beam shaping is a valuable tool in optics. Its applications reach
from fundamental research on the nano scale to elaborated indus-
trial processes on a large scale, such as laser materials processing for
industrial applications [1-5]. The benefits in all those scenarios are
similar: improved process quality, higher precision, and an increase
in efficiency. In some applications, specific interactions or processes
would not be achievable without a tailored light field.

Phase-only beam shaping is the common choice for controlling the
wave front or the amplitude of the complex light field, either dynam-
ically with the liquid crystal on silicon (LCoS) spatial light modulator
(SLM), or statically with a diffractive optical element (DOE). In both
cases the wave front is modulated by applying a phase mask which
introduces a spatially varying phase delay typically between 0 and 2.
Demonstrations of beam shaping for ultrashort pulsed laser materials
processing date back to works of Momma et al. [6], Kuroiwa et al. [7],
Sanner et al. [8,9], and Hayasaki et al. [10]. While Momma et al. and
Kuroiwa et al. employ a static DOE, Sanner et al. and Hayasaki et al.
use a dynamic device for programmable phase-only beam shaping.

Since phase-only beam shaping does not introduce significant in-
tensity losses, the light efficiency is high and the wave front can be

shaped arbitrarily. The shaped profile may improve the precision and
ablation efficiency during ultrashort pulsed materials processing [11].
As a drawback, phase-only beam shaping does not allow sufficient
control of the full complex light field which is defined by its amplitude
and the wave front. Without introducing significant losses, wave front
shaping can only be used to achieve a certain amplitude distribution
without controlling the wave front in the target plane. Non-continuous
phase jumps of the uncontrolled wave front lead to phase vortices
which produce an overlaying speckle pattern [12]. Shaping an arbi-
trary amplitude distribution without speckle is thus only possible with
limitations:

For specific geometries, analytical solutions exist and enable uni-
form beam shaping. Holder et al. demonstrate surface structuring with
ultrashort pulsed lasers based on such solutions [13]. Moreover, simple
geometries like a top hat profile can be shaped with homogenizers [14]
or freeform optics [15]. Beam shaping based on adaptive optics intro-
duces a continuous low-frequency phase modulation [8,9,16]. While
this avoids phase discontinuities, the shaped structures exhibit smooth
contours without sharp edges. Thus, all those solutions provide poorer
freedom in design.

It is also possible to additionally modulate the amplitude on the
phase mask during wave front shaping. This is realized by diffracting
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Fig. 1. To avoid speckle, the target image is composed of independent patterns of spot
arrays. As the SLM’s frame rate is low with respect to ultrashort pulsed laser repetition
frequencies, the SLM is divided into sub-areas and the exchange of phase masks is
transferred to a galvanometer scanner.

certain partitions of the light field away. Such phase holograms with
additional amplitude modulation enable exact analytical solutions for
perfect hologram reconstruction but exhibit poorer efficiency as the
amplitude modulation involves significant losses [17-21]. In contrast,
several phase shaping planes can be involved to gain more degrees of
freedom during beam shaping. Two modulation planes are sufficient to
control the full complex light field by amplitude and wave front shaping
without loosing efficiency [22-26] and such methods can be employed
for laser materials processing [27]. Moreover, thick holograms with
several layers can be designed to generate wavelength- and angular-
selective results with a lot more degrees of freedom [28-30]. However,
such solutions are more complex to realize in practical implementation.

A simpler solution to implement is averaging of several intensity
patterns which altogether result in a uniform ablation profile. One
option is calculating different phase masks which result in the same
target structure with differing speckle noise [31-33]. As this requires
around 40-50 phase masks for a uniform ablation profile [33], another
way is composing the target image of individual spot arrays which
together form the desired structure [34-37]. The spots within one
pattern are separated far enough to prevent them from interfering while
superimposing several patterns enables shaping arbitrary and uniform
beam profiles. Arranging 2D or 3D focal spot patterns for parallelization
is a common method to increase the throughput in laser materials
processing [10,38-41]. Such tailored spots also speed up laser machin-
ing processes like cutting [42,43]. In contrast to those approaches, we
aim for uniform material ablation of arbitrarily shaped structures by
superimposing several patterns of spot arrays. Even though we do not
envision parallelized structuring such as drilling of several holes or
cutting but aim for area ablation, we benefit from the research in that
field:

Several algorithms have been developed which are designed to
optimize the homogeneity within the individual spots and the efficiency
of the used light field. The Gerchberg-Saxton algorithm [44] is only one
option for calculating a spot pattern but not the best choice to ensure
spots of the same brightness since it has no bias on uniformity within
the iterative calculation. Moreover, the precision of the position of the
individual spots is limited by the pixel resolution. Di Leonardo et al.
developed an algorithm where the individual spots can be positioned
precisely on a sub-pixel scale [45]. Furthermore, they work with an
additional weighting factor for the individual spots to improve the
uniformity of the overall pattern. For this reason, we calculate phase
masks based on this algorithm.

Averaging with spot arrays, however, requires a dynamic beam
shaping device which is capable of rapidly changing the applied phase
mask. Due to dissipation and the inertia of the liquid crystals in an
LCoS SLM [46], the frame rate is typically limited to 30Hz—-60Hz.
Thus, instead of changing the phase mask on the SLM, a single phase
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mask can be divided into individual partitions of sub-masks while a
beam deflection device guides the laser beam to the proper position
on the SLM [47-49]. The applied deflection angle is compensated
within the experimental setup to maintain a static beam with updated
phase mask. To make full use of the area on the SLM, we extended
those 1D approaches with a galvanometer scanner with two mirrors to
perform a 2D scan [50]. Moreover, we do not put the scanner and the
SLM in their Fourier plane as this may induce excessive fluence and
thus cause damages when working with high energy lasers. In [50],
we developed the system to perform high-speed speckle averaging
by randomly scanning the beam over the SLM. We propose here an
elaborated system for controlling the galvanometer scanner and laser
to automatically run specific scan patterns or address a specific area
on the display. Our developed setup almost achieves 600 Hz with the
perspective of reaching up to 10kHz with dedicated hardware and
proper tuning.

In this paper, we use spot arrays for uniform material ablation.
For this we divide the SLM in several sub-masks as Fig. 1 sketches.
Therefore, we analyze the role of the beam diameter and the number
of illuminated pixels with respect to the resulting resolution in the
target plane. We show that typical phase masks can be displayed with
less pixels without loosing resolution. This is possible as the pixel
count of an SLM or DOE is typically a lot higher than it is required
to shape spot arrays or any complex structure as long as they do not
exhibit high diffraction angles. The summation of the individual spot
arrays results in a smooth profile of arbitrary shape and we evaluate
different configurations of spot patterns and distances to optimize the
outcome. Moreover, we compare averaging of different spot arrays
with additional averaging of the very same spot pattern. Experimental
results show that this additional averaging step is equivalent to working
with spot arrays of higher order. The individually shaped spot patterns
undergo nonlinear interaction during ultrashort pulsed laser material
ablation. The resulting topology not only depends on the sum of the
shaped intensity profiles but also on their order and the prevailing
surface conditions. Our experiments show that a pulse-by-pulse change
of the phase mask significantly helps to increase the ablation uniformity
and efficiency with respect to the ablated depth. To avoid laser dead
times it is thus crucial to rapidly switch between the involved phase
masks.

Section 2 of this paper summarizes the experimental setup to per-
form rapid changes on the phase mask. In Section 3 we analyze the
required number of illuminated pixels on the beam shaping device to
maintain the initial resolution. Based on this, individual sub-areas can
be selected. Finally, we apply this method to generate multiple spot
arrays in Section 4. Here, we analyze the ablation uniformity of the
ablated structures and the ablation efficiency depending on the speed
of varying spot patterns, namely the number of consecutive laser pulses
on each sub-mask. Furthermore, we investigate a combination of spot
arrays with averaging. In Section 5, we compare our approach with
other methods for uniform beam shaping. Technical details about our
developed scanner control system for guiding the laser beam to the
desired positions on the phase mask are shown in Appendix.

2. Materials and methods

This section gives an overview of the experimental setup with the
most important aspects. We focus here on the adaptions for compos-
ing the target image out of spot arrays and performing high-speed
changes between independent sub-masks. The basic principle of the
optical setup with more details is presented in [50]. The laser beam
diameter is designed to only illuminate a partition of the area on the
SLM: The 1/¢? beam radius is @ = 1.5mm and the SLM’s dimensions
are approximately 12mm X7 mm. This enables splitting the SLM into
sub-areas and accessing them with the high deflection speed of the
galvanometer scanner without being limited to the frame rate of a
dynamic beam shaping device or even when working with a static
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Fig. 2. (a) Sketch of the experimental setup. (b) Experimental setup in transmission
to indicate the separation of non-diffracted light.
Source: Image taken from [50].

element. In our setup we achieve modulation speeds around 600Hz
which is 10 times faster than conventional systems. With proper tuning
and dedicated hardware, around 100 times higher modulation speeds
up to almost 10kHz should be possible. A detailed evaluation can be
found in Appendix A.

To shape an arbitrary uniform structure, the target image is com-
posed of single spots. By multiplexing these spots into independent
sub-patterns, adjacent spots are temporally separated to avoid inter-
ference with each other. Therefore, the final phase mask on the SLM
consists of several sub-masks which can be accessed with the gal-
vanometer mirror. The resulting spot patterns overlay in the target
plane to obtain a continuous target image.

Therefore, the applied scanning angle needs to be compensated
with an optical setup to maintain a stationary image while the phase
information is changing with the scanner movement. This is realized by
guiding the beam back to the galvanometer scanner as Fig. 2 (a) indi-
cates. With a proper lens configuration, the plane of the galvanometer
scanner is imaged on itself at the second incidence and thereby the
galvanometer scanner not only introduces the scanning movement but
also directly compensates for the initially applied angle. The beam leav-
ing the inner part of the scanner setup thus remains stationary while
the phase information changes with the position on the phase mask.
We designed the SLM as part of a 4-f-imaging system. The first lens of
the telescope is split into one physical lens and an additionally applied
Fresnel lens term on the phase mask. This separates non-diffracted
light: Since light not diffracted by the beam shaping device is not
part of the 4-f-imaging system, its movement is neither compensated
after reflection on the galvanometer scanner for the second time, nor
is it focused in the target plane or on the optical components, cf.
Fig. 2 (b). Non-diffracted light disappears in the focal plane and, more
importantly, the method is suitable for high-energy lasers as it avoids
damaging components. The phase information required to shape the
target image is effectively imaged onto the galvanometer scanner. Thus,
the galvanometer scanner is broadly illuminated. The target image
appears in the focal plane of a lens which can be placed after it.

Besides using a single lens to image the target pattern after the
second incidence on the galvanometer scanner, a telescope can also be
added. Both options are illustrated in Fig. 2 (a). The telescope not only
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Fig. 3. Scheme of the effect of a reduced beam size on the phase mask shown for a
targeted square: (a) Initial beam size with the initial result, (b) a decreased beam size
reduces the NA, (c) subsequent magnification with a telescope may restore the initial
NA while the target size decreases, (d) an additionally adapted phase mask restores
the initial results.

images the phase mask into the pupil plane of the focusing lens and
thus eases the experimental implementation by providing more space, it
also magnifies the beam. As the following Section 3 shows, subsequent
magnification is required to maintain the resolution if only a partition
of the SLM is illuminated.

The focusing lens for our ablation experiments has a focal length of
f3 = 18mm (LSM02-BB from Thorlabs). The magnification factor of
the telescope is M = 1.7 with a f =300mm and f = 500 mm lens. The
SLM LETO 2 from Holoeye has a 16:9 display with 1920 px x 1080 px
and a pixel pitch of 6.4 ym. The laser system Cepheus 1012 (Photon
Energy) emits 12ps pulses at a repetition frequency of 20kHz and
at a wavelength of 4 = 1064nm. The laser repetition frequency of
frep = 20kHz is chosen as this provides the highest pulse energy for
our laser system and it is a typical value for ultrashort pulsed material
processing [51]: Heat accumulation is avoided while the repetition
frequency is still moderately high. While we use this laser system for
material ablation and the experimental analysis, the camera images for
arbitrary structures are recorded with a HeNe laser at 633 nm (Melles
Griot, 10mW)), cf. Fig. 6. The galvanometer scanner is the model 6210H
from Cambridge Technology. We use a monocrystalline Silicon wafer
for ablation experiments to have a direct mapping of the beam-shaped
profile in the ablation process. The measured ablation threshold for
1000 pulses is Fy, = 0.17 C;Q and is determined according to [52]. This
matches well with other values from literature [53,54]. The ablated sur-
face profiles are recorded with the confocal laser scanning microscope
O0lympus LEXT OLS 4000. This provides an exact measurement of the
surface topography to evaluate the ablation quality.

3. Deducing the resolution of the target image from the number
of illuminated pixels on the SLM

Beam shaping devices offer a certain range of diffraction angles to
shape the target structure. As long as the targeted distribution dos not
require the highest possible diffraction angles, not the full pixel count
of the beam shaping device is required. Therefore, a reduction in beam
size (fewer illuminated pixels) does not necessarily mean a reduction
in the resolution of the target image. We make use of this fact to divide
the device into independent sub-areas. In this section, we quantify how
many pixels are required to maintain the initial quality of the image.
This analysis of the relation between the illuminated number of pixels
and the resolution in the target plane gives the opportunity to find
proper sub-divisions.

The applied phase mask lies in the pupil plane of the imaging
system. Consequently, there is a Fourier relation between the plane of



L. Ackermann et al.

(a) resolution with decreased beam size
1000 >90% . >80% .>70 %> 60 %,> 50 l’/?.>'41 % 1

<4

2 0.8

[

Q.

@®

2

<

= 06 %
- (o)
K%) 2
] kS
& 042
—

o

=

[

o)

€ 0.2

=}

=

0

0 0.2 04 0.6
relative diffraction angle u/am

0.8 1

ax

c

diffraction efficiency of a blazed grating

10

=

<

= 80

Pl

o

5

2 60

=

5}

40 ‘ ‘ ‘ ‘
0 02 04 0.6 08 1

relative diffraction angle “/O‘max
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(b) The diffraction efficiency for a blazed grating is plotted as reference.

the shaped wave front and the resulting target image. The pixel size
of the beam shaping device determines the maximum diffraction angle
and thus the field of view:

Upnax X % for u> 4 @

Here, A is the wavelength and u is the pixel size of the beam shaping de-
vice. The smaller the pixel size u is, the higher the maximum diffraction
angle ay,,, will be. This can be envisioned with a plain slope, such as
applying a prism to the beam shaping device in a simple example. Since
the phase delay of the beam shaping device typically varies between 0
and 2r, the slope becomes a blazed grating as it is taken mod 2z when
it is applied as phase mask. The finer the pixel count is, the higher the
introduced slope can be. The maximum diffraction angle is thus given
for a period of two pixels as binary grating which leads to the factor of
2 in the denominator in Eq. (1).

The resolution is defined by the numerical aperture (NA) of the
optical system, respectively the beam diameter and the focal length f.
Making the beam smaller automatically reduces the NA of the imaging
system. This effect is shown in Fig. 3 (a) for the initial configuration
and in Fig. 3(b) for a decreased beam size. However, this change in
the beam diameter does not change the resulting image except for the
size of speckles, neither does a change in the position on the phase
mask. Returning to the simple example with the blazed grating, the
diffraction angle remains the same, independent of the beam size or the
position along the slope. This remains the same for more complicated
structures like an arbitrary target image that is calculated with the
Gerchberg-Saxton algorithm.

To maintain the initial resolution, the NA of the imaging systems
needs to be kept constant. This can be easily achieved by magnifying
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the beam accordingly as Fig. 2 (a) indicates with an additionally added
telescope (cf. Fig. 3(c)). This telescope images a magnified version of
the phase mask from the galvanometer mirror into the pupil plane of
the imaging system. The initially set beam diameter in our case is 3 mm.
The magnification not only restores the initial NA but also affects the
size of the target image as the effective pixel size of the phase mask is
changed which alters the diffraction angles. Consequently, the required
magnification needs to be considered when calculating the phase mask
as shown in Fig. 3(d). In case of a blazed grating, the magnification
would reduce the slope and thus decrease the diffraction angle. As a
result, the initially applied slope needs to be steeper to compensate
for this reduction. This is possible as long as there are enough pixels
available to decrease the effective size of the phase mask’s pixel by
introducing finer sampling on the beam shaping device. As the finest
sampling is only required to fill the full field of view, this is possible
as long as the target structure is initially not designed to already do so.
Typically, the full field of view is not utilized and compensation of the
reduced NA is possible. The finer meshing requires applying the initial
phase information with less pixels and as a consequence the diffraction
efficiency decreases [55]. However, there is no huge loss in efficiency
to expect when working with smaller target images while this becomes
relevant, when the initially set target size is large with respect to the
maximum possible size.

To quantify this analysis, we need to determine the minimum
required pixel size in the pupil plane which is required to shape the
desired target structure. This pixel size is given by the highest necessary
diffraction angle of the target structure. Thus, the required pixel count
and sampling in the pupil plane to achieve the required diffraction
angles can be determined. Based on this, the minimum possible beam
diameter on the SLM is calculated for which the initial resolution can
be maintained:

¥max

teff = 7 = 2
Eq. (2) gives the relation between the effective pixel size u.g in the pupil
plane and the initial pixel size u on the beam shaping device. They are
connected by the ratio of the maximum possible diffraction angle a;;,
as given by Eq. (1) and g, the desired diffraction angle, respectively
the extension/size of the target structure in the image plane. As long
as the effective pixel size is smaller than the pixel size on the SLM,
the beam size on the SLM can be decreased up to the scaling factor s
without impairing the resolution:
o

Ueff

To maintain the initial NA, the beam has to be expanded with a
telescope to its initial size while the target image for the phase mask
needs to be adapted with the scaling factor within the calculation.

The graph in Fig. 4 (a) shows the possible range within the adaption
of the beam diameter for the illuminated number of pixels on the y-
axis and the relative diffraction angle, respectively the relative size of
the target image, on the x-axis. The line between the origin and the
upper right corner splits the two areas. In the upper left part the NA can
be kept constant by adapting the phase mask at a reduced diffraction
efficiency, while in the lower right the NA needs to be decreased. This
solid line is given by

3)

s =

N = Niotal * Lv 4
amax

where Ny, is the total number of available pixels, N is the number

of pixels in the aperture to maintain the initial resolution and /e,y

is the relative diffraction angle.

Assuming a blazed grating, the diffraction efficiency for the highest
diffraction angle within the structure, respectively the most outer re-
gion within the target image, can be calculated [56]. It is shown as line
plot in Fig. 4 (b). While the curve decreases slightly for small diffraction
angles, it becomes steeper for the highest possible angles. To consider
this factor while designing the setup, dotted lines of constant efficiency
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Fig. 6. Recorded intensity profiles of exemplary structures shaped with 8 sub-masks.

are added to the evaluation of the NA in Fig. 4 (a). Underneath the
solid line, the NA reduces with a decreasing beam diameter/number of
illuminated pixels.

Our SLM has a pixel count of 1920 x 1080 px and the pixel pitch is
6.4pm. We split this area into eight sub-areas (4 x 2) of 480 x 540 px
which results in a beam diameter of 3 mm. Since our targeted square
in Section 4 only fills 4.2% of the linear field of view, which means
0.04 - & On the x-axis, the SLM could be split into more sub-areas,
i.e. in 8 x 4 partitions. Those parameters would be optimal but we set
a beam diameter of 3mm as a threshold to avoid excessive fluences on
the SLM which could damage the device. To increase the NA, the beam
is magnified by a factor of 1.7. This does not completely restore the
initially possible NA but it is sufficient for our application.

4. Results and discussion: Uniform material ablation with spot
arrays

A common way to overcome speckle during beam shaping is to
divide the target structure into several arrays of single spots as Fig. 5
shows. Each of those spot patterns contributes to the final image and
summing up all of them gives a smooth and uniform result. Speckle
noise is diminished since adjacent spots within the same array are
separated far enough to not interfere with each other. Therefore, the
minimum peak to peak distance is given by the size of one spot
which can be approximated as resolution-limited spot with A/N A. For
this case, four sub-structures are required where the smallest unit of
independent spots is defined by a 2 x 2 pattern of four spots and
the separation between adjacent spots within the same array is one
spot. This scenario is indicated in Fig. 5. Shaping uniform structures
with spot arrays has been presented for optical averaging on a camera
image [34,35] and for material ablation [36,37]. Only a small number
of phase masks is required to shape a uniform target structure as
the individual patterns of spot arrays perfectly match in contrast to
random averaging. Fig. 6 shows camera images of exemplary structures
shaped with 8 sub-masks. While our proposed method enables shaping
arbitrary geometries, we work with squares for material ablation as
this eases the evaluation of the ablated depth and the achieved surface
uniformity.

As this method is based on temporal multiplexing, phase masks have
to be exchanged to shape the full target structure and the process is
limited by the frame rate of the device. Using a static element, like
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a DOE, would not even be possible. With our setup it is possible to
switch between several phase masks on the SLM. Another advantage of
this method is a high tolerance in the experimental alignment. As the
phase masks for each sub-area are calculated individually, they can be
designed to also correct for slight imperfections in the setup: Perfect
movement compensation is not possible as the two galvanometer mir-
rors do not have a common pivot point. Even though this deviation is
small, it can be easily compensated within each phase mask. Moreover,
we see the potential for correcting position-dependent aberrations.

We use the algorithm of Di Leonardo [45] to calculate the required
phase masks to shape spot arrays. The beam is centered on each
sub-mask. After arriving at the desired position, the laser emission is
released for a predefined number of pulses until it is send to the next
sub-mask, cf. Appendices A and B.

To evaluate the averaged results, we calculate the uniformity U
according to [57]:

v=2 = g
H (x)
Here, o is the standard deviation and u is the arithmetic mean, which
is defined as the expectation value of a variable x with (x) = u. De-
creasing values of U describe an improving uniformity with 0% being
the highest achievable uniformity. We call U ablation uniformity if the
value is calculated for the surface topography and beam uniformity if

the intensity profile is evaluated.

Besides analyzing the uniformity of the ablated results, we take the
averaged value of the ablated depth to quantify the ablation efficiency.
During all the experiments, the pulse energy was set around 75 pJ while
960 pulses were applied. This number was chosen since it is a multiple
of 16. As this value is the same for all experiments, changes in the
ablated depth directly indicate the ablation efficiency.

Having eight independent sub-areas on the SLM, we first evalu-
ate different possible configurations of spot patterns. Based on those
options, we conduct experiments on the optimum spot distance for ma-
terial ablation. Having defined proper parameters for the spot arrays,
we start evaluating our method: As a first parameter, we analyze the
influence of the number of pulses on a single sub-area to ascertain on
how often the sub-mask needs to be changed. Moreover, we evaluate
the combination of working with spot arrays and additionally averaging
them [35].

. )

4.1. Configurations of spot array patterns

The concept of working with spot arrays is based on temporally
separating adjacent spots and thus preventing them from unwanted
interference. Therefore, it needs to be assured that neighboring spots
in the summed pattern are close enough to give a smooth result (on
the camera or for material ablation) while spots within a single pattern
are separated far enough to not interfere with each other. The more
substructures are involved, the easier it is for this criterion to be
fulfilled but more phase masks are needed. The example in Fig. 5 shows
the smallest possible unit: Adjacent spots are separated by a single spot
and thus four independent patterns are required to shape the target
structure. 2 X 2 spots define the unit cell of the temporally separated
elements.

Typically, the separation of a single spot is not enough to diminish
interference completely as the electric field is declining continuously.
A pattern consisting of 3 x 3 or 4 X 4 spots is thus more advisable.
However, having only eight independent sub-areas on our SLM, we are
going for solutions which fit well to this number. Possible scenarios are
shown in Fig. 7. The resulting uniformity for the intensity image and
the ablated surface are noted within the picture.

The first option is to work with a pattern consisting of 2 x 2 spots
as Fig. 5 shows. As this only requires four independent sub-masks the
other four remaining areas are used to repeat this pattern to improve
the result by averaging. The same patterns are calculated with different
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Fig. 7. The three evaluated configurations of spot arrays in this paper: The combination
of a spot array consisting of 2 x2 spots and averaging (indicated by (2 x 2) - 2), eight
spots with a face-centered core, and 4 x 4 spots where two phase masks are required
on the SLM indicated by eight spots either in dark or light gray).

random starting conditions. Thus we abbreviate this method with (2 x
2)-2 as it is shown in Fig. 7. Based on the averaging method, this results
in different interference patterns and improves the result. We also use
this option for the exemplary geometries in Fig. 6. This idea is reported
in [35], proposing that the combination of spot arrays with averaging
may give better results than involving more spots within a unit cell. As
these results are only reported for optical averaging, we test this idea
for material ablation in Section 4.4.

The next option is similar to a face-centered lattice and requires
eight independent masks. The corresponding unit cell is shown in Fig. 7.
This option may be beneficial as the diffraction-limited spots exhibit a
round geometry and thus better fill intermediate empty spaces. Apart
from that, the eight required sub-masks perfectly fit to the amount
of sub-areas on the SLM. However, the borders for this configuration
cannot be meshed as fine in comparison to the inner area as would be
the case for a purely rectangular geometry.

The last option to try is a grid consisting of 4 x 4 spots. In this
case, interference is not an issue and we expect a high-quality result.
However, there are 16 sub-masks required and the phase mask needs
to be exchanged at least once as only half of the required sub-masks
can be accommodated on the SLM. For this configuration, we find in
Section 4.3 that the two phase masks only need to be exchanged once.
As remarked in Section 3, we propose the limit of eight independent
sub-areas due to the damage threshold of the SLM rather than the
limited number of pixels. Working with an SLM with larger area but the
same number of pixels provides more space for independent sub-areas
while avoiding excessive fluences.

4.2. Determination of the spot distance for material ablation

The spot distance (peak to peak distance) for optical averaging can
be deduced from the focal spot size which is defined by the NA. As
the diameter of the ablated spot depends on several parameters, we
conducted experiments to determine the optimum spot distance based
on the ablation quality. Fig. 7 shows camera recordings and ablation
profiles for all three spot configurations with the chosen parameters.
The required spot distance to achieve a smooth surface for an array
of 2 X 2 spots is determined to be 3.75pm, separating two adjacent
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Fig. 8. Camera image for the chosen spot distances for the three different
configurations.

spots within one pattern only by 7.5um. As the spot size is around
7.6pum (NA = 0.14), there is interference within the spot pattern as
Fig. 8 shows. This changes for the two other configurations, where the
spot distance is set to 3.7 um for eight spots (separating adjacent spots
by 10.5um) and 2.6 pm for 4 x 4 spots (separating adjacent spots by
10.5 pm).

4.3. Number of consecutive pulses on each sub-area

When working with ultrashort pulsed lasers, the minimum number
of pulses to ablate the final target structure is given by the number
of sub-masks. Even though this only requires 8-16 pulses for our
presented configurations, we work with 960 pulses in total to ablate
a deeper structure. Thus, every single pulse can either be shaped
with a new sub-mask, or some consecutive pulses can be shaped with
the same sub-mask to reduce the number of sub-mask changes. This
section investigates the effect of the number of consecutive pulses
on the same sub-mask in comparison to a pulse-by-pulse change. For
optical averaging, the order of the averaged patterns does not affect
the result. Within the exposure time of the sensor, all the recorded
intensity information is added up. This changes for material ablation
as each pulse interacts nonlinearly with the material. The resulting
surface geometry in return influences the subsequent ablation process.
Fig. 9 shows that the ablation uniformity and also the amount of
ablated material significantly improve when the phase information is
exchanged pulse-by-pulse. Thus, the best result is achieved if only one
pulse is sent to each sub-area. Here, the ablation uniformity is a single-
digit number while it increases to values between 60% and 80% for
120 consecutive pulses on a single sub-mask, which is the maximum
possible number for 960 pulses in total (cf. Fig. 9). Moreover, the
ablated depth and thus the ablation efficiency decreases by a factor of 2.
Taking the same sub-mask for several consecutive pulses is comparable
to ultrashort pulsed hole drilling. While the ablation rate is high for
a small number of consecutive pulses, it gradually decreases until the
ablated depth stagnates completely. The steep edges of the drilled hole
cause an increase of the effective area and thus a reduction of the
applied laser fluence [58,59]. This effect gets worse with an increasing
number of pulses. In contrast, a pulse-by-pulse change of the beam-
shaped pattern maintains a rather uniform surface and thus avoids
major changes of the ablation conditions within the process. This keeps
a stable process with a smoothly ablated surface.

The results unambiguously show the necessity for rapidly changing
the phase mask when averaging spot arrays with ultrashort pulsed
laser material ablation. Even without optimization, our system can
access sub-masks within 1.7 ms which is around 10 times faster than the
frame rates of conventional SLMs and almost comparable to a switching
time of 1 ms which can be achieved by overdrive with phase change
reduction [60]. In our setup the y-axis of the galvanometer is faster
by a factor of seven. With the same tuning for the x-axis the system
would be faster by at least a factor of 50 compared to a 60 Hz SLM.
With dedicated control hardware and tuning we see the potential to
further increase this value for our scanner hardware to approximately
10kHz, cf. Appendices A and C.
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each sub-area.

In case of a 4 x 4 unit cell, two phase masks are required since only
eight sub-masks can be accommodated on the SLM. Thus, a new phase
mask needs to be applied at least once during the ablation process.
We configure the two phase masks to have adjacent spots on the same
phase mask to directly ablate a connected area of lines. Fig. 10 indicates
that there is no necessity to switch the phase mask more than once as
long as the beam is sent to a new sub-mask after every single pulse
(the number of consecutive pulses is n = 1 in the figure). The ablation
uniformity only improves slightly and the ablation efficiency increases
by a factor of 1.2. This increase in the amount of ablated material does
not incur the loss in efficiency due to numerous dead times whenever
a new phase mask is applied to the SLM. Pulse-by-pulse averaging is
of higher-priority even if not all required sub-masks are involved and
this can be done with little time effort. For this reason, the following
experiments in Section 4.4 are performed with one pulse per sub-area
and the phase mask for a 4 x 4 pattern is exchanged only once.

4.4. Combining spot arrays with averaging

Liu et al. propose a combination of spot arrays and averaging [35].
While they separate the object into individual point groups, they ad-
ditionally recalculate the same target pattern with different starting
conditions and thus additionally average the beam profiles. In their
results, they reported combinations of spot arrays and averaging which
resulted in a better beam uniformity in contrast to working with the
same number of phase masks for spot arrays only. However, this
method was never applied to materials processing.

Besides a potential improvement in beam/ablation uniformity for
the same number of applied masks, we consider this method to be an
interesting approach since it gives more freedom in designing target
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patterns based on a discrete number of possible sub-areas on a given
beam shaping device.

Fig. 11 shows the achieved ablation uniformity for an increasing
amount of sub-phase masks for the three proposed configurations. Since
both spot arrays and averaging require new sub-phase masks to be
applied, this method is evaluated by the required amount of sub-masks.
The first plotted point along the x-axis thereby gives the lower limit
for each individual configuration where the pattern can be summed up
by the required amount of sub-patterns without additional averaging.
Going further towards more sub-phase masks shows the development
of the ablation uniformity with additional averaging. The results show
that both spot arrays and averaging are relatively equal in their effect.
Only in the case of a 2 x 2 spot pattern the results tend to be marginally
worse. This is probably due to the fact that this method is not optimal
for configuring spot arrays as two adjacent spots for uniform ablation
are too close to each other from the outset.

The achieved ablation uniformity suggests that averaging is a rather
equivalent approach with respect to working with spot arrays of higher
order. This provides more freedom in designing possible spot patterns
since apart from square numbers also multiples of square numbers are
an option to properly fill the provided sub-areas on the beam shaping
device. Compared to the eight possible sub-masks in our implementa-
tion there is some scope of improvement with 16 or even 32 sub-masks
until the ablation uniformity tends to stagnate. Based on the analysis in
Section 3, we consider the number of pixels on our SLM (1920x 1080 px)
to be sufficient for dividing it into a pattern of 8 x 4 sub-areas instead of
4 x 2. Here, excessive laser fluence limits the number of sub-areas but
there are also SLMs available with a larger area and a similar resolution.
For this reason, we consider working with e.g. 32 sub-areas not as an
unlikely scenario. Here, a pattern consisting of eight sub-patterns could
be averaged four times and a 4 X 4 pattern could be averaged twice.

5. Comparison of ablation results with other methods

To place the experimental results in an overall context, the achieved
surface uniformity is compared with ablation results based on other
methods for beam shaping. Phase-only beam shaping without diminish-
ing speckle noise exhibits high intensity contrasts. A camera image of
a shaped square whose phase mask is calculated with the Gerchberg—
Saxton algorithm [44] is shown in Fig. 12. For comparison, we per-
formed ablation experiments on a Silicon wafer. It should be mentioned
that the number of pulses is 1000, while the pulse energy is around
50 pJ. The surface topography shows that almost no material could be
ablated. In some regions the intensity profile is below the threshold
fluence while only a small amount of material could be ablated at
peaks of high intensity. Speckle peaks cause steep edges which increase
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Fig. 12. Intensity image and ablation profile for phase-only beam shaping without
diminishing speckle noise.
Source: Experimental data taken from [50].

the effective area similar to depth-dependent reduction of ablation in
drilling [58,59]. This reduces the applied fluence and thus there is
almost no material ablation. Those results unambiguously show the
necessity for uniform beam shaping as the targeted square is only barely
recognizable.

For specific geometries, e.g. a square, analytical solutions exist.
Holder et al. perform beam shaping for large-area manufacturing on
stainless steel and tungsten carbide with ultrashort pulsed lasers. Ab-
lated squares achieved an ablation uniformity around 8% on stainless
steel [13]. Those values are comparable to our results only when work-
ing with 64 sub-masks. Thus, this method or approaches by Sanner et al.
and others [8,9,14,15] are excellent solutions for specific geometries.

However, if more complicated structures should be shaped, other
methods are required which provide full freedom in design. Hafner
et al. perform uniform material ablation by speckle averaging with
several phase masks [33]. Those phase masks are calculated with
the Gerchberg-Saxton algorithm while the varying starting conditions
result in differing speckle noise. Ablated squares on a stainless steel
alloy AISI304 with 50 different masks resulted in an ablation uniformity
between 10% and 20%, depending on the relative fluence with respect
to the threshold fluence.

Superimposing spot arrays gives similar results in uniformity and
maintains the freedom of shaping arbitrary geometries. In contrast to
averaging, only a small number of different phase masks is required. 8

to 16 sub-masks result in a comparable ablation uniformity. All those
required sub-masks can be accommodated on a single liquid crystal
display or even a static DOE. Thus, high-speed changes in the phase
mask can be realized with the proposed control system (scanner system)
to avoid laser dead times. Furthermore, only a small number of laser
pulses is required to obtain a smooth result by averaging. While our
setup is more complex in implementation when compared to standard
configurations that e.g. use a single SLM with focusing optics, we see
for our case the following benefits: (1) Arbitrary geometries can be
shaped with a small number of masks while avoiding laser dead times.
(2) Apart from designing spot arrays, our method offers to perform
e.g. high-speed changes between different beam shapes and positions
on the sample. This avoids heat accumulation within a single ablated
structure and facilitates process parallelization. (3) Our method enables
quasi-dynamic beam shaping with static beam shaping elements such
as DOEs. This is of high interest for high-power (continuous wave)
applications far above the damage threshold of liquid crystal displays
where DOEs can be used. Different sub-masks on a single DOE could
be approached in variable order to enable dynamic high-speed beam
shaping.

6. Conclusion

A method to overcome speckles during phase-only beam shaping is
temporally multiplexing the target structure in multiple arrays of single
spots. While adjacent spots within a single pattern are separated far
enough to avoid interfering with each other, the sum of all patterns
provides a uniform result.

By applying this method for ultrashort pulsed laser ablation, we
show how crucial rapidly changing the individual spot patterns is to
maintain a smooth ablation profile and maximize the amount of ablated
material. In the ideal case every single pulse should be shaped with a
different spot pattern. However, the SLM frame rate is typically limited
to values between 30 Hz and 60 Hz. We present a solution to overcome
the slow frame rate by dividing the SLM into sub-areas. Since the pixel
count of commercially available SLMs is high, there is not necessarily
a reduction in optical resolution when working with a partition of
the full display. We use a galvanometer scanner to deflect the laser
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beam to defined positions on the SLM and directly compensate for the
applied deflection angle with our developed optical setup. This allows
for around 10 times higher switching times then commercial SLMs
at a frequency of almost 600 Hz. However, with dedicated hardware
and further tuning we see the potential for increasing this value to
approximately 10 kHz.

With our developed setup, we further investigate a combination of
spot arrays and averaging, a method which was so far only proposed for
intensity profiles. The ablation experiments show that with an increas-
ing amount of sub-masks the quality improves. More finely sampled
spot arrays consisting of more spots within a single unit give the same
result as additionally averaged spot arrays with less sub-patterns for
the same number of involved sub-masks. We consider those results
as beneficial since the equality of both options gives more freedom
in the design of spot arrays when splitting the SLM into independent
sub-areas.

The results suggest that averaging with spot arrays is an adequate
method for achieving high-quality and high-efficiency results for ul-
trashort pulsed laser material ablation if spot patterns are rapidly
exchanged. This is achieved with the developed scanner setup and the
corresponding control system while only a small number of sub-masks
is required.
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Appendix A. Computer-based control of the phase-only beam
shaping process

The phase-only beam shaping setup in [50] requires the laser to
be moved across the SLM for speckle averaging. In previous work, a
signal generator with matched frequencies for the x- and y-axis was
used to evenly weight the phase mask on the SLM either in 1D or 2D.
While this is an easy and efficient way for speckle averaging, we see
further potential in using this setup for high-speed switching between
individual phase masks. For this reason, we designed a computer-based
control system to increase the flexibility of the beam shaping setup and
automate the process.
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Fig. A.1. Overview of signals and components of the control system. While evaluating
the phase-only beam shaping process, the SLM is not integrated into the control loop.

A.1. System overview and software design

Within the optical setup there are three active components: the
laser, the SLM and the galvanometer scanners (cf. Fig. A.1). Required
parameters for the laser operation (e.g. pulse repetition frequency) are
configured with the software provided by the manufacturer. As the
laser Cepheus 1012 does not provide a feedback channel for emitted
pulses, only a digital output of the control system is connected to the
laser, which acts as gate for the laser output (HIGH: laser emits, LOW:
laser output is blocked).

The galvanometer scanners are equipped with a dedicated driver
board. The drive electronics take analog voltages as input for both
axes and set the positions based on an integrated closed-loop control.
As the position control is tuned by the manufacturer to the individual
hardware, it is utilized in this setup. Moreover this allows the computer-
based control to be designed in a lightweight open-loop configuration.
In the current setup, a standard PC with a RTC3 plug-in card provides
two analog (10 Bit DAC) and one digital output. The DAC outputs drive
only positive voltages, but the controller board of the galvanometers
takes positive and negative voltages as input. To address positive as
well as negative deflections of the galvanometers, a level adjustment
stage is implemented. This also allows to map the range of the DACs
(Ugtcz =0 ... 10V) to the cross section of the SLM (U, ~ =2 ... 2V).
Currently, the phase mask is applied manually, but this step can be
added to the control system in a later stage.

To automate the beam shaping process, the pinpoint mode as shown
in Fig. A.2 allows to precisely point the laser at the SLM and “place”
a fixed number of pulses at that position. With this mode of operation,
subsequent patterns of sub-phase masks can be tailored and applied
to the beam shaping process. The control system also implements a
scanning mode (cf. Appendix B) that allows the setup to be operated
similar to [50].

A.2. Modulation speed of the control system

The main goal of the computer-based control system is the imple-
mentation and automation of a fast positioning system for the laser on
the SLM. The galvanometer scanner, being the major component of the
control system, has a small angle step response of 100ps, according
to the data sheet. By only accounting for this value, a modulation
frequency in the range of 10kHz could be expected. In the practical
implementation, there are more limitations which are determined by
the involved control hardware and the tuning of the galvanometer
mirrors. Here At is the additional latency added to the overall
runtime by “overhead” in the control software. The contribution of the
control loop in the current setup with the RTC3 is At 0 & 35ps <
Aty = 1/frep (timing analysis in Appendix C). However, the elec-
tromechanical galvanometer scanners introduce a noticeable latency:
While the factory calibration of the drive electronics is designed to run
the x-axis in resonant mode, we design our control system to access
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Fig. A.2. The configuration file for the pinpoint mode lists the two variables
pulses_per_position » and rounds M as well as a list of K vectors (x;,y,).
In operation, the laser is precisely pointed at these positions and LASER ON is set to
high for n laser pulses (dt,, = n- Aty = n/f,,) after reaching the specified position
(x;.5,). The whole vector list is repeated for M times in total.

specific positions instead of a continuous movement. Nonetheless, we
consider a continuous operation similar to [61] as potential option to
make use of the high scanning speeds during resonant operation. The
interval Afy ... is the time between setting a new position and the
galvanometer scanners settling there.

Looking at the measured rise times in Fig. A.3 shows, that the
tuning of the servo driver results in deviations from the optimum step
response. While the step response of the y-axis still is approximately
250 ps, the resonant tuning of the x-axis causes significant oscillations
before settling at a specific position. Sloping the input signal, for
example by dividing the level change into a number of sub-steps, allows
to dampen these oscillations, as can be seen in Fig. A.3. Although a
large number of sub-steps allows to completely suppress oscillations on
the x-axis, measurements of the rise time show, that using 30 sub-steps
results in the shortest time interval between setting a new position and
the galvanometer scanner settling there. With a rise time of ~1.65ms
for the sloped input, one pulse at a different position can be emitted
every 1.7ms.

Fig. A.4 shows measurements of the x-axis and LASER ON signal of
the system in single and multi pulse operation. While using multiple
pulses per position (n > 1) reduces laser-off times, it sacrifices rapid
changes of sub-masks.

In the current setup with a pulse repetition frequency of f., =
20kHz, being limited by the x-axis we achieve a modulation speed
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LeCroy WS454 oscilloscope. Measurements were done separately for both axes and
combined in this plot.
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Fig. A.4. PositionOut of the x-axis galvanometer and LASER ON signal for single
pulse and multi pulse operation recorded with a LeCroy WS454 oscilloscope.

of almost 600 Hz. By retuning the x-axis to run comparable to the y-
axis, this can be improved to 3.3kHz. With further adjustments to the
control module and software, the latency At introduced by the
control module gets negligible. In that case, the rise time of the scanners
becomes the sole limit to the modulation speed and it can be pushed
towards that limit depending on f,.,,. To summarize, the current setup
with galvanometer scanners allows to push the modulation speed in
single pulse operation from currently around 600 Hz into the kilohertz
range. Compared to conventional SLMs (f,,,q = 30..60Hz), the pre-
sented setup has a 10 faster switching rate with prospect of pushing
this factor to 100 and higher.

Appendix B. Scanning mode

Scanning the laser beam across the SLM provides an easy and
efficient way for averaging phase information. Therefore the scanning
mode shown in Fig. B.5 provides the user with the ability to sweep the
SLM with sinusoidal motion. This mode also allows to scan a sequence
of subsections on the SLM, each for a predefined time interval. While
results in [50] were based on a signal generator, similar experiments
can now be designed and performed using the implemented control
software.
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Fig. B.5. This mode mimics a signal generator. The configuration file for the scanning
mode lists two variables time_per_position 4r,, and rounds M as well as a
list of K vectors (x;,¥;,%;, 1, fy» f,.;)- In operation, the laser is moved in sinusoidal
patterns x = x; + %; sin(w,;7), y = y; + J; sin(w,,;7) around the center positions (x;,y,),
where w = 2z f. After starting the motion pattern, LASER ON is set to high for a time
interval of Ar,, seconds, before continuing with the next scan position. The list of scan
vectors is repeated for M times in total. Depending on the intended sampling rate of
the motion pattern, the wall-clock time of the DAC operation defines an upper limit
for the highest usable scan frequencies.

Appendix C. Timing analysis and possible adjustments to the con-
trol system

Appendix A.2 evaluated the galvanometer scanners and how their
system dynamics limit the modulation speed. There we implicitly as-
sumed, that the delay introduced by the control software is covered by
the time between laser pulses, respectively negligible compared to the
rise time of the scanners. This appendix provides further information
to show that this assumption is justified.

Timing analysis

With the pulse repetition frequency f,, of the laser system in the
kilohertz range, the first thing to consider is the time it takes the control
module to set output signals. Measuring the wall-clock time in the
control software shows, that setting the DACs takes the most time of

the individual operations:
RTC3 writeda#() : Afpyc ~ 1lps

As mentioned in the system overview, currently the control software is
implemented in open-loop configuration with no feedback signals on
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the scanner positions or occurrence of laser pulses being connected to
the control module. Therefore the control software needs to perform
different timing-based sub-tasks:

(1) finished (3) — set analog outputs for next position

(2) finished (1) — wait Ar ., then set LASER ON = HIGH

(3) finished (2) — wait n - Atreps then set LASER ON=L0OW (emit
defined number of pulses)

The runtime of sub-tasks (2) and (3) is concurrent with the time it takes
the hardware to perform its operations. Isolating the corresponding
operations in the control software and measuring the wall-clock time,
the additional latency of the open-loop cycle can be evaluated:

Latency open-loop cycle : At g0 ~ 35 s

Most of this latency is introduced by the DAC operation. During the de-
sign and evaluation phase, low-level commands of the RTC3 card were
used to have direct control of the analog outputs and the LASER ON
port. However the card also provides high-level functionality, that
utilizes a DSP chip to generate smooth motion patterns with scanner
setups. While this might help to cut the latency of the open-loop cycle,
this has not been tested so far.

As the setup already contains a voltage adjustment stage, the control
module itself can easily be swapped for other hardware. With plans in
mind to design a dedicated controller box for the beam shaping setup,
the control software was ported to an available RaspberryPi 2
(RP1i 2). While the Raspberry Pi 2 provides two independent PWM
channels (Afyens35 pwm setdatag ~ 0-2ps) that are often used as DAC,
the required RC-filter stage introduces significant latency (~1ms). To
evaluate the capabilities of the Raspberry Pi 2, simple 10-bit R2R
networks were implemented instead:

RPi2 set_10bit_R2R() :
Latency open-loop cycle :

Atpac ~ 0.7 ps
Atgontrol ~ 2.3 118

The measured wall-clock times however should also be reproducible
with dedicated DAC chips. This means, that the wall-clock time of
the DAC operation and therefore the additional latency of the control
software can be improved significantly by using a dedicated SoC as
control module.

With this information on Az, and Az, the achievable mod-
ulation speed can be evaluated and the following conclusion can be
drawn: If the rise time Az, decreases, the additional latency 4,
becomes more important.

Future proofing the control system

State of the art laser systems provide a feedback signal, whether
a pulse has been emitted already. Also the driver board of the gal-
vanometer scanners provides feedback on the current position of the
scanners. Integrating this information into a closed-loop control would
eliminate the necessity to run timing-based sub-tasks in the control
software. Although some additional computation would be required,
the closed-loop approach increases the flexibility of the control soft-
ware (e.g. optimized input signals for driver board) and should also be
capable of reducing the latency Az, -

Another adjustment for production use-cases, is adding a parent
loop to the control software, that displays precomputed phase masks
to the SLM. This can be implemented both for a standard PC with
RTC3 card as well as the Raspberry Pi in a dedicated controller box.
The latter solution would also allow to integrate the control module,
the level adjustment stage, the driver board and the required power
supplies as well as a user interface (e.g. touch screen) into a standalone
“device” to run the beam shaping setup.

control
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Graphical abstract: Uniform and Efficient Beam Shaping for High-Energy Lasers

In some scenarios, averaging is no option as already the single laser pulse
needs to exhibit a certain intensity distribution and probably even the
wave front needs to be confined. Some applications require single-shot
laser processing and full control of the light field might be required when
utilizing light as optical tweezers [102] or when triggering neurons in opto-
genetics [202]. To gain full control of the light field while avoiding losses,
two phase-only beam shaping planes are required. Although there exist
several publications and concepts [100-103, 203-206], a method is required
which avoids excessive fluences on the involved beam shaping planes when
working with ultrashort pulse lasers. This also involves taking into account
non-diffracted light which may induce excessive fluences when being focused.
These requirements are provided by the following method. While the publica-
tion [P3] only evaluates the achieved intensity profiles, ablation experiments
will be discussed in Section 5.1. This analysis provides a direct comparison be-
tween ablation results for “single pulse” uniform beam shaping and averaging.

Highlights

* Full control of amplitude and wave front to realize “single-shot” uniform
beam shaping

* Applicability for high-energy lasers: no excessive fluences on the beam
shaping planes

* High efficiency and feasibility

63


https://doi.org/10.1364/oe.426953

4 Methods and Technical Solutions for Uniform Beam Shaping

m |

Check for
Updates

064

Research Article Vol. 29, No. 12/7 June 2021/ Optics Express 17997

Optics EXPRESS

N

Uniform and efficient beam shaping for
high-energy lasers

LisA ACKERMANN, 2" ® CLEMENS ROIDER,' ® AND MICHAEL
ScHMIDT'2

! Institute of Photonic Technologies, Friedrich-Alexander-Universitit Erlangen-Niirnberg, Konrad-Zuse-Str.
3/5, 91052 Erlangen, Germany

2Erlangen Graduate School in Advanced Optical Technologies (SAOT), Friedrich-Alexander-Universitiit
Erlangen-Niirnberg, Paul-Gordan-Str. 6, 90152 Erlangen, Germany

“lisa.ackermann @Ipt.uni-erlangen.de

Abstract: Phase-only beam shaping with liquid crystal on silicon spatial light modulators
(SLM) allows modulating the wavefront dynamically and generating arbitrary intensity patterns
with high efficiency. Since this method cannot take control of all degrees of freedom, a speckle
pattern appears and drastically impairs the outcome. There are several methods to overcome this
issue including algorithms which directly control phase and amplitude, but they suffer from low
efficiency. Methods using two SLMs yield excellent results but they are usually limited in the
applicable energy due to damage to the SLM’s backplane. We present a method which makes use
of two SLMs and simultaneously gives way for high-energy laser applications. The algorithm
and setup are designed to keep the fluence on the SLMs low by distributing the light over a large
area. This provides stability against misalignment and facilitates experimental feasibility while
keeping high efficiency.

© 2021 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Various research topics and optical applications are based on the use of structured light. Tailoring
the spatial or temporal appearance of light allows for controlling its interaction, encoding
information or refining existing methods in fields of optical metrology, biomedicine, laser
material processing, and many other applications [1]. The term structured light addresses
different ways of tailoring light. As one particular application, dynamic beam shaping is intended
to manipulate the intensity profile. This not only requires the control of the beam’s amplitude
but also of its wave front in a joint plane. Several devices enable dynamic light shaping but they
are usually limited to a single characteristic which they may control. One option is to directly
shape the amplitude. However, this method implies high losses since a considerable portion of
the light field cannot be used. Beam shaping is thus often performed with a phase-only liquid
crystal on silicon (LCoS) spatial light modulator (SLM) [2]. It dynamically shapes the wave
front of the beam and thereby enables a highly efficient intensity modulation as the wave front
determines the propagation of the light field and is inherently connected with the formation of the
intensity pattern. It is not possible to shape both target intensity pattern and phase simultaneously,
since at each pixel only one degree of freedom can be controlled with the SLM. Conventionally,
the phase on the SLM is adjusted to control the intensity pattern in the target plane under the
admission of an uncontrolled phase. This manifests itself in random phase jumps which cause
phase vortices [3]. Those singularities lead to destructive interference whereas other locations
exhibit constructive interference. The resulting speckle pattern overlays the target distribution
with full contrast between completely extinguished and in other places enhanced signal.

To avoid these speckle, also the phase in the target plane has to be controlled, ideally chosen
planar. As an analytical correspondence exists between the two planes, the needed amplitude
and phase in the SLM plane can be unambiguously calculated. Usually they are set in a Fourier

#426953 https://doi.org/10.1364/0OE.426953
Journal © 2021 Received 6 Apr 2021; revised 18 May 2021; accepted 18 May 2021; published 25 May 2021
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relation with a lens in-between and the mathematical description is the Fourier transform (FT). In
this case the plane of the SLM corresponds to the Fourier space of the target signal. We can assign
the low spatial frequencies to the central area and higher frequencies correspond to the outer
parts and the amplitude acts as a weighting of the spatial frequencies. Usually, the lower spatial
frequencies have a substantially higher contribution to the target distribution but nonetheless
a Gaussian illumination does not improve the weighting over a homogenous illumination. If,
regardless of the non-corresponding frequency partitions, all light should contribute to the target
distribution, those not correctly weighted spatial frequencies disturb the wave front, causing the
aforementioned phase vortices and speckle.

By using an additional phase grating on a single phase-only SLM, corresponding to an off-axis
configuration, it is possible to control the amplitude and phase in the target plane. The additional
grating shifts the whole field laterally and the local modulation depth of the grating influences the
diffraction efficiency and therefore the weighting of the amplitude of the spatial frequencies. The
shifted partition consists of the required amplitude and appropriate phase yielding a speckle-free
intensity profile [4-9]. A significant drawback of this method is that the efficiency decreases as
the correct amplitude weighting can only be achieved by sending light into the non-diffracted
zero order. The basis for the calculation of phase masks, which make full use of the available
light, is the Gerchberg-Saxton (GS) algorithm [10] or modified adaptations. The algorithm itself
is a special case of the hybrid input-output (HIO) algorithm [11] which retrieves the ‘unknown’
phase from intensity information by error reduction. This method can be used to find a proper
phase distribution for the desired intensity profile. The algorithm is constructed to confine
the intensity pattern in the target plane and to make full use of the available illumination by
using a diffuser-based phase mask. The appropriate phase mask will, as mentioned, result in
the target image with overlaid speckle noise. To reduce speckle it is possible to combine the
analytically calculated wave front with an additional diffraction mask, similar to a grating with
adapted modulation depth. The additional diffraction mask can be adjusted to diffract the surplus
partition of the amplitude to an area outside the target signal. In this way, the SLM only uses the
analytically corresponding part of the light field and diffracts the rest away. The intensity profile
is speckle-free but only a small percentage of the light can be used. Many groups proposed this
method with error reduction algorithms on basis of the GS algorithm [12-17].

Another approach is to add a quadratic phase term [18-21]. This phase term acts like a lens
and changes the initial relation between the two planes. In the following, we will abbreviate this
method as GSg¢. The focal length of the lens can be adjusted such that the resulting beam size
resembles the dimensions of the beam-shaped target distribution. This reduces speckle noise
since less light has to be redirected. In the case of a diffuser-based GS algorithm, the phase mask
works like a scattering pattern where each spatial frequency contributes equally to each point in
the target distribution. With the additionally applied quadratic phase, a main part of the amplitude
corresponds to the analytical solution. Only the remaining partition of the amplitude needs to be
scattered over the target area. The calculated phase mask is sensitive to changing experimental
conditions like the initial beam shape or a lateral shift. A similar result can be achieved by setting
the target distribution out of focus which additionally defocuses non-diffracted light residuals
due to imperfect devices. Since the quadratic phase condition only facilitates the reduction of
phase vortices, some methods completely restrict the phase and diffract the non-corresponding
light partition away, which again reduces the efficiency.

Another way is to compose the target distribution out of small single spots [22]. The SLM
works as a multiplexer but the method starts to suffer from speckle as soon as the individual spots
come too close and interfere with each other. The pulse front tilt of an ultra-short pulse can be
used to overcome the unwanted interference in one direction [23]. Two differently polarized
beams which are individually multiplexed by one SLM each also reduce speckle noise [24].
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Bartelt proposed in 1984 the use of two phase shaping elements for simultaneously taking full
control of the wave front and the intensity distribution while keeping the efficiency high [25,26].
Some subsequent publications are based on this idea, nowadays dynamically applying the phase
masks on two SLMs [27-32]. The most popular method is to use the first SLM as an amplitude
shaper on the plane of the second SLM. The second SLM’s task is to readjust the proper wave
front [29,30].

This is done via compensating for the current phase distribution given by the iterative algorithm
and adding the analytically calculated phase. This attempt is usually based on a Fourier relation
between the two SLMs. The first SLM thus shapes the FT as intensity pattern on the second
SLM. At that plane, only the phase needs to be corrected such that a speckle-free distribution
is derived in the target plane. This method works well as long as the beam’s energy is low as
the FT is usually tightly centered such that the beam is close to being focused on the SLM. The
larger the image is in the target plane, the smaller will be its FT. This decreases the covered area
on the SLM and thus increases the fluence which can easily exceed the damage threshold.

In this work, we present an algorithm which controls phase and amplitude with two SLMs. This
enables high-quality hologram reconstruction while keeping the efficiency high. The emphasis
lies on avoiding high fluences on the SLM. The proposed algorithm enables speckle-free beam
shaping for high-energy laser systems by intentionally displacing the SLM planes from the
Fourier planes. This constraint additionally gives the chance to work in a relation that resembles
the conditions of the quadratic phase approach. The algorithm adapts for changing target sizes to
ensure full illumination of both SLMs for all kinds of target structures and thereby reduces the
peak fluence. This is especially relevant since high-energy lasers are usually single mode and
thus have a high degree of spatial coherence which would cause a strong speckle pattern.

In Section 2, we present the calculation of the required phase masks. Experimental and
simulated results are shown thereafter in Section 3. We evaluate the results, show the maximum
fluence on the second SLM and compare the reconstructed holograms with results derived from
conventional methods. Besides that, we address experimental feasibility and the general stability
of the proposed method. Finally, we evaluate lateral and axial shifts of the target distribution.

2. Methods

The full control of amplitude and phase is made possible by the use of two phase-only SLMs. The
first SLM acts as an amplitude shaper on the plane of the second SLM where the second SLM
can apply the proper phase to shape the target distribution. The distance between the two SLMs
is chosen in such a way that both SLMs are fully illuminated by the laser beam when no beam
modulation is performed. Figure 1 shows a scheme of the relative distances. The configuration
resembles a 4-f setup with the first SLM as starting point and a lens in its focal distance. The
second lens is replaced by the second SLM which can act as a lens with focal length f, by adding
the proper wave front. This configuration also defocuses the 0™ order of diffraction of the first
SLM thereby avoiding possible damage by non-diffracted light on the second SLM. Another lens
is placed after the second SLM and forms the final image.

For the calculation of the phase masks first the target distribution E®% needs to be set. The
amplitude is given by the desired target amplitude E“& = |E'*"€%!|, The phase O = arg(E"“"e)
is assumed as a spherical wave front since the target plane is set out of focus. In principle, the
fluence on the second SLM varies with the dimensions of the final target size. To keep the
illuminated area almost independent of the final output, the focal length of the second SLM’s lens
term is adapted to control the magnification. The matrix method [33] gives a relation between
the size of the target object 2sareer and its size on the plane of the second SLM 2sspm,. This
relation is a function of the focal length f> which gives the opportunity to adapt f> to keep sspwm,
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constant independently of the size of the target image (see Supplement 1, Section 1):

_ &2dy - df?
2idy — f3 + dify

SSLM,

f 1

d; and d, are the distances from the focal planes to SLM; and the target plane, respectively (see
Fig. 1), and f3 is the focal length of the used focusing lens. The calculated focal length f; is
encoded in the target wave front @€ and the target distribution can be defined as

target
Etargcl — atargcl . ez(b . (2)

garget ez@‘afge'
(1) Set target
(2) Calculate f,

$slarget

d,
—
GS GS target target
Esim, Esim, Esim, E®

Fig. 1. Ilustration of the setup, algorithm, and the corresponding complex light field: To
achieve a certain image, the target pattern (1) needs to be set. The calculated focal length f>
(2) determines the corresponding spherical phase and the signal can be back-propagated (3)
to the plane of the second SLM. The required phase mask on SLM is iteratively calculated
with the GS algorithm (4).

Depending on the application, the target plane can be chosen in front of or behind the focus
position of the focusing lens. The physical implications of the choice are discussed in detail in
Section 3.4.

Then, the analytically correct phase and amplitude distribution on the plane of the second
SLM needs to be determined. An analytical distribution Ets‘ﬁf[: is calculated by propagating
the field backwards. The beam propagation calculations were performed with the method of
angular spectrum of plane waves [34]. The Fourier Transform # decodes the target signal E
into a spectrum of its individual spatial frequencies E and backwards with the inverse operation
1. A propagation in free space adds an additional phase term ® in Fourier space which can be
written as

prop. N N o
ST AT Ak _ hzK i 3)
where Az is the relative propagation distance in z-direction, k = 27" is the wave vector, k.

its perpendicular projection and A the wavelength. A lens introduces a spherical wave front
according to

plens k(2,2
&V = ), 4)

where f is the focal length of the corresponding lens and x and y are the coordinates in position
space. With these equations, the desired field on SLM; can be written as:

target - 1 2ta PP Japlens B
ESL%AZ —F 1{(}-[,}- '(E““ge‘-e heciyedy | L 'O | L e Phies | 5)
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target __ | Etargel

where E#¢t is the FT of the target distribution. The resulting amplitude SSLMZ SLMZ| needs
to be achieved with beam shaping since this amplitude and the corresponding phase will then
give the desired target image.

The GS algorithm gives the opportunity to shape the amplitude on the plane of the second
SLM. The iterative algorithm propagates between the planes of the two SLMs. The forward
propagation from the first SLM plane to the second one is

_ _ - cDPmP _ (chns (DP“’\'”
ESEMZ -7 1{¢[?~ I(ESGEMI ¢ A;:f]) o f=f1] e Ar:/,m,} (6)

and the corresponding back-propagation reads
- _ PP lens . qyProp.
Egt, =7 {T |7 (ESEMZ e ) e } ™

where f is the focal length of the lens as it is depicted in Fig. 1. The result of the iterative
propagation algorithm is the required phase front (I)(S}LSM1 on the plane of the first SLM to obtain
the calculated intensity pattern on the plane of the second SLM.

GS GS
Qgpy, = arg (ESLMl) 3

The initial amplitude on the first SLM can be any beam profile, e.g., Gaussian or top-hat, but it
needs to be properly defined in the calculation since the algorithm is sensitive to it. The resulting
phase mask does not work as a typical diffraction mask. There are broad areas with smooth
phase transitions which, as an additional benefit, reduce the effects of cross-talk in the LCoS
SLM [35,36]. An exemplary mask is shown in the upper left corner of Fig. 1. Note that the
intended large illumination area on the second SLM intrinsically leads to something resembling
a lens term on the first SLM. Since the beam-shaped profile fills the area on the second SLM,
the fluence on the second SLM is of a comparable strength to the initial beam on the first SLM
(compare Section 3).

The phase of the beam-shaped distribution on the second SLM’s plane is indeed uncontrolled.
This can be compensated with the second SLM. The phase for the target distribution is well
known from the back-propagation in Egs. (5) and (6) gives the resulting phase after beam shaping.
The SLM thus needs to compensate for the uncontrolled phase and reset it with the analytical
solution which already contains the corresponding lens term. The correction phase mask is thus
given by:

X target _ aGS

(I)g‘fﬁ;“““ =arg (el SLM . @ 'd)SLMZ) = mod2x [Cl)tsalrﬁ: - (DgEM7 . 9)

Therefore, by displaying @Gy, on SLM; and O on SLM the target image with
reduced speckle is formed.

3. Results

‘We used a 5 mW cw laser with a wavelength of 1064 nm to experimentally verify our method.
The LCoS SLM is the model P1920-1064 from Meadowlark Optics with an aspect ratio of 16:9
such that it can easily be separated in two virtual halves with 960 x 960 px each and only one
SLM is required. This reduces costs and calibration effort as the same system characteristics
are present. The look-up table for 1064 nm is evaluated according to [37]. The experimental
setup is shown in Fig. 2. A disadvantage of using just a single SLM twice is an increased angle
of incidence on the SLM due to the size of the optics. The angles of incidence (measured to
the normal) are 12 ° on the first half and 1.75 ° on the second half. It is preferable to choose a
small angle of incidence on the second plane since the tilt on the applied lens term disturbs the
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result. Two well-corrected lenses with a focal length of f;/3 = 200 mm (Nikon 200 mm tube lens)
are used to minimize errors on the wave front. The resulting intensity distribution is directly
recorded with a 12 bit monochrome CMOS camera (IDS UI-3080).

Linear polarizer

A =1064nm

Target

=

Mirror

3 = 200 mm
Mirror

Fig. 2. Experimental setup (dimensions not to scale): The light is sent through a linear
polarizer before it impinges on the first half of the SLM. Here, a phase term is applied to
shape the intensity pattern on the second plane. Two mirrors give the opportunity to direct
the light precisely to the second half and adapt for occurring rotations. Finally, the target
image is recorded with a camera.

3.1.  Experiment and simulation

Figure 3 shows experimental and simulated results of our proposed method. Starting with a
Gaussian beam as input (lower left corner), the algorithm calculates phase masks to approach
the ideal output shown in the upper left corner. In contrast to the usually confined target signal,
the theoretically back-propagated distribution on the plane of the second SLM consists of a
broad range of frequencies and is not band-limited [38]. The SLM is of finite size and cannot
resolve the full analytical solution. Even an ideally reconstructed amplitude distribution (see
Fig. 3 bottom) on the area of the second SLM cannot reproduce perfectly sharp edges and a
homogeneous surface. The theoretical outcome right next to the ideal structure in Fig. 3 is
not purely homogeneous but possesses values above and below its mean value, known as the
Gibb’s phenomenon [39]. In practice, the amplitude distribution on the second SLM is only
approximated by the GS algorithm. The simulated and experimentally measured intensity profiles
can be compared in the bottom row of Fig. 3. A slight speckle pattern overlays the distribution.
The appropriate phase correction forms the desired target signal (top row). Wave front distortion
and imperfect alignment mostly contribute to differences between experiment and simulation.
This distorts the mapping between the shaped amplitude and the applied phase correction. The
consequences are slight inhomogeneities as well as a reduction in efficiency. How the individual
facets of experimental deviations affect the target profile will be discussed in depth in Section 3.3.

The efficiency is defined as the ratio of the signal within the target area /ie; divided by the
total signal iora times the ratio between output Poupue and input Piypy power corresponding to
losses in the setup: Mol = 2212531 . 1;;::::‘. In our case, the SLM only reflects around 85% of the

light and the two lenses show similar losses. These losses can be avoided with proper IR coating
and are not intrinsic to our method. We thus additionally define the relative efficiency n:

Liigns P,
_ Z signal . output ) (10)
Z Liotal  Preference
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Fig. 3. From left to right: Ideal output and Gaussian input beam (wp = 3.1 mm). Target
distribution which results from the ideal but bandwidth-limited amplitude distribution.
Simulated outcome and experimentally measured data. The right side shows simulated data
for distances in direct Fourier relation. In the simulation, the input beam’s maximum fluence
is assumed to be 1 m—Jz Our used SLM has a destruction threshold of 15 G“zl which would
restrict the pulse energy to 259 uJ in case of our proposed method in contrast to a maximum

of 3.5 uJ for a direct Fourier relation (assuming a pulse duration of 1 ps).

where Preference 1S the total measured power in case that the SLM is used as a mirror with no
applied phase mask. This reflects the efficiency of the algorithm without the losses of the optical
components. The power measurement is performed with the power meter PM160 (Thorlabs).
The snowflake in Fig. 3 yields n = 65% efficiency (26% total efficiency) in the experiment and
n = 91% in the simulation. The simulation does neither consider losses of optical components
nor limitations of the SLM (e.g., cross-talk) but it measures the ratio of the diffracted light in the
target area versus the total amount of light. The alignment was performed without an external
correction loop. The results show that the method is stable and gives good results for normal
experimental conditions. For comparison, simulated results for a configuration in direct Fourier
relation are shown on the right side of Fig. 3. For the chosen system parameters, the snowflake
occupies around 10% of the linear field of view, corresponding to 1% of the total area. The
outcome is of the same quality and roughly same efficiency as our proposed method. The major
difference lies in the shaped amplitude which impinges on the SLM. In case of the snowflake, the
maximum fluence is around two orders of magnitude higher for a configuration in direct Fourier
relation even though the snowflake is relatively small with respect to the shapeable field of view.
Figure 4 shows the maximum fluence on the second SLM divided by the maximum fluence
on the first SLM for both methods together with the experimental results of the corresponding
target distributions. In case of our proposed method, individual structures give a variable peak
fluence but they usually do not exceed the input beam’s peak fluence by more than an order of
magnitude. Due to the variable lens term, a change in the structure size does not change the
maximum fluence as it is exemplarily demonstrated for different rectangles. This changes in a
direct Fourier relation, where the fluence on both SLMs differs by several magnitudes. The factor
drastically increases if the target structure is enlarged.

Ideally, the peak fluence on the second SLM is in the same order of magnitude as on the first
one. Our method gives solutions which lie in a range within the next higher magnitude. The
outcome is still bound to an analytical solution within the beam propagation and may exhibit
local peaks. Even with that limitation, the method still enables using significantly higher pulse
energies for ultra-short-pulsed laser applications.
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Fig. 4. (a) The calculated fluence on the second SLM is set in relation to the input Gaussian

Intensity in a.u.

beam as it is defined in Fig. 3. Left axis: ratio resulting from a direct Fourier relation; right
axis: ratio for our proposed method. Note that the exemplary structures maximally occupy
1% of the shapeable area for a direct Fourier relation. (b) Experimental results for exemplary
images with target distribution. A cross section underneath compares the ideal (black) and
experimental result (blue).

3.2.  Evaluation of beam uniformity and flatness factor

Figure 5 shows typical results of beam shaping where only the amplitude is constrained in the
target plane. While our method works on-axis as the O™ order is defocused, in a single SLM
implementation an off-axis geometry is needed to avoid the O order. The quality of the measured
structures can be evaluated with the beam uniformity U and the flatness factor FF [40]:

o (2 = (12

u )]

u _ (D
Imax B max([)’

an

FF =

12

where o is the standard deviation and g is the arithmetic mean, which is defined as the expectation
value of a variable x with (x) = u. We applied the two formulas on recorded rectangles which
can be found in Fig. S3 (Supplement 1) and in Fig. 4 for our proposed method (d> = 50 mm).
In case of an on-axis configuration, we intentionally left out the central area for the calculation
of the beam uniformity and flatness factor. Nevertheless, the O™ order of diffraction is a part
of the light field and cannot be neglected for the calculation of the efficiency. Since it is much
brighter than the rest of the light, it is saturated in the recordings. For both, an on- and off-axis
configuration, the value of efficiency is a bit overestimated even though the impact is low due to
the saturation. In case of our proposed method the 0™ order of diffraction is strongly defocussed
since it does either not see the applied lens term f> or relatively homogeneously illuminates the
second SLM. Since it does not strongly affect the outcome and can not be separated easily, this
efficiency value is also slightly overestimated.

However, we measured those profiles in the same setup with an unnecessarily shallow angle of
incidence (12 ° which is required in case of a second incidence). Under optimal conditions, the
efficiency could be slightly higher. Even though those efficiency values are not perfectly exact,
we show them together with the beam uniformity and flatness factor in Table 1.

It shows that the efficiency of our proposed method is not too far from conventionally derived
values. Note that the stronger reduction in total efficiency of our method is due to the second
pass on the SLM and the additional lens. Besides that, the beam uniformity and flatness factor
can be improved significantly.
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GS on-axis GS off-axis GSs off-axis Our method

mm mm mm mm

Fig. 5. From left to right: Experimental target distribution and cross section for our method,
GS algorithm, GS algorithm off-axis, and GS algorithm off-axis with quadratic phase
condition. Note the saturated spot at the center (off-axis: in the lower left corner) due to the
0" order.

Table 1. Experimental Evaluation of different Methods

Method 17 (Mtotat) v FF
Our method 73% (29%) 25% 54%
GS on-axis 81% (52°%) 46% 30%
GS off-axis 69% (44%) 47% 37%
GSg off-axis 70% (45%) 42% 399%

3.3.  Evaluation of stability

Our method works well for all kinds of conditions like sharp contours, thin lines, plain areas or
different levels of brightness as it is exemplary shown in Fig. 4. Slight concentric waves overlay
the structure. On plain surfaces, like the rectangle, they become visible. We attribute those
structures to cross-talk (especially from the concentric rings of the lens term on the second phase
mask) and interference with the 0" order of diffraction. LCoS SLMs exhibit cross-talk between
adjacent pixels and thus slight variations in diffraction efficiency occur. The cross-talk becomes
more dominant in the outer areas of both phase masks since rapid phase jumps occur more likely
in those regions. We found that it is helpful to reduce the diameter of the Gaussian input beam in
the calculation to directly compensate for a reduction in diffraction efficiency. In that way, the
algorithm directly designs the phase masks for less light in the regions with reduced diffraction
efficiency. In general, the focal length f> on the second SLM has to be chosen large enough to
avoid degrading effects by the cross-talk. For an ideal SLM the Nyquist theorem describes the
limits on the maximal phase change above which unwanted artefacts will appear in the final image
caused by undersampling (aliasing) on the SLM [41]. For a given pixel size this especially limits
the shortest applicable focal length of the lens term on the second SLM [42]. In the experimental
implementation it is however the cross-talk which drastically impairs the result before those limits
are reached. Besides those effects, various misalignment can be addressed in the simulation
which helps to model the stability of the experimental setup. The beam-shaped amplitude has
to match the correction phase mask over its whole extension. Lateral misalignment shifts both
patterns against each other. The simulation in Fig. 6 shows the impact on our method and in
comparison on a setup in direct Fourier relation. Since the amplitude in case of a direct Fourier
relation is rather centered around a few pixels, a shift reduces the efficiency more significantly.
Another kind of misalignment is an axial mismatch between the calculated propagation path
and the real distance to the plane of the SLM where the shaped amplitude combines with the
correction phase front. For both configurations the impact on efficiency is moderate. A mismatch
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in propagation distance slightly changes the size of the generated amplitude pattern on the SLM
and distorts the beam profile. Especially inhomogeneities occur because the strength of the

amplitude does not correspond to the calculation.
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Fig. 6. Various misalignment and its impact on efficiency for our proposed method (solid
line) and direct Fourier relation (dashed line). From left to right: lateral misalignment,
exemplarily shown for Ax = 1.5px. Axial misalignment for a mismatch of 5 mm, and
rotational misalignment at 1.5 °. The fluence is normalized to the perfect and undistorted
solution for both configurations.

Rotational misalignment around the z-axis (axis of propagation) also distorts the mapping.
It may occur as a side effect during beam shaping or because of a lateral shift between two
mirrors in the setup. Rotational misalignment can be corrected in the setup by adapting the tilt
of two mirrors against each other. In all cases of simulated misalignment, one can observe that
our method starts to suffer from speckle whereas the method in direct Fourier relation rather
decreases in efficiency (see Supplement 1, Section 4 for simulation results on plain rectangles
with an additional evaluation of beam uniformity U and flatness factor FF). The major drawback
is that there has to be an almost perfect mapping over the whole area of the SLM and unexpected
deviations on the wave front such as aberrations may distort this process. We obtained good
results by using well-corrected lenses (Nikon tube lens) without having the need to include
information about aberrations in the algorithm. The two different angles of incidence inherently
cause a slight compression or extension of the shaped field in one direction. We compensated
this in the calculation by modelling a target distribution which is stretched/compressed by this
factor. With those adaptations, we acquired quite good results without too much alignment effort.
The exact alignment procedure is explained in Section 2 of Supplement 1.

3.4. Evaluation of lateral and axial shifts

The generated pattern can be shifted laterally by applying an additional grating on the second
SLM. The maximum angle of deflection is thereby determined by the pixel size of the SLM.
Experimental results for a laterally shifted pattern with different grating periods are shown in
Fig. 7. For small shifts corresponding to a large period of the grating the homogeneity and
diffraction efficiency are preserved. As expected, the efficiency decreases for very short periods
due to worse sampling. For a period of 3 px we attribute the decrease in image quality to additional
cross-talk effects. If different target patters shall be multiplexed simultaneously, the shift has to
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be implemented beforehand in the target distribution. This automatically decreases the maximum
sampling size, illumination area and increases the cross-talk since the patterns are shifted to the
borders at the second SLM where rapid phase jumps appear more likely. We observed a reduction
in homogeneity which is exemplarily shown on the right side in Fig. 7. Besides a lateral shift, our
methods allows shifting the target plane continuously along the axial direction by adapting the
defocus d,. This has two consequences on the setup parameters. The focal length of the lens term
on the second SLM changes to maintain the same illumination conditions, optionally generating
an intermediate focus. Simultaneously, this changes the effective numerical aperture (NA) of
the system. Three recorded resolution patterns in Fig. 8 with a defocus of +50 mm, O mm and
—50 mm show this effect. The target distribution shows sharper edges at d = 50 mm. Even the
contour of the smallest structure can be approximated in the line plot whereas it is completely
unresolvable for the lower NA-configuration at d, = —50 mm. Slightly higher efficiencies can be
achieved if the focal length f> increases since this reduces the number of phase jumps and thus
cross-talk (78% instead of 73% for the rectangle which is evaluated in Table 1). The available
volume in which the pattern can be positioned is limited by the sampling on the second SLM
[43,44]. Note that our method does not change the axial confinement and provides the same
conditions as achieved with conventional methods.

Period 8 px Period 4 px

no shift Period 16 px Period 3 px  Lateral Multiplexing
-1 ] E 1 2
0 0 0 0 0
2
1 1 1 1
0 1 2 15 25 35 35 45 55 5 6 7 2 0
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2

Fig. 7. A lateral shift of the image can be performed with an additional grating on the
second SLM. All images are recorded with the same integration time. The quality and signal
strength decrease visually with increasing cross-talk and worse sampling for the lowest
period of 3 px which is almost at the lower limit of a binary grating (2 pixels). The right
image shows an exemplary result for two different laterally shifted structures.
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Fig. 8. The defocus d, can be chosen to shift the target distribution along the axis of
propagation.The three images show possible configurations. The line plots underneath give
a hint of resolvable scales since the applied lens term affects the NA. It is derived as the
average value within the resolution pattern and the intended signal area is marked within the
plot. Note that even in the initial focus of the lens f3 the 0t order of diffraction is completely
defocussed.
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Nonetheless, we see the main factor of choosing a positive or negative defocus d in whether
an intermediate focus is allowable. When using high-energy ultra-short-pulsed lasers, non-linear
interaction in the focus might lead to distortions in the wave front or in the worst case also to
additional energy loss if a plasma is ignited. When transparent media are illuminated, the defocus
should be chosen in order for the focus to be outside the material to mitigate risk of undesired
damage.

4. Conclusion

There are many ways to tailor light fields. Usually they offer a compromise between good
quality, high efficiency, experimental feasibility and laser power restrictions. The use of two
SLMs enables simultaneous phase and amplitude shaping to acquire high quality results. Our
method is based on that idea and is thus capable of diminishing speckle noise while keeping high
efficiency. By bringing the two SLMs intentionally out of a direct Fourier relation, the method is
not restricted to low-energy laser systems. By adapting the phase correction hologram, we make
sure that the illuminated area on the SLM stays large independent of the target distributions. The
shaped amplitude on the SLM is in a comparable order of magnitude to the initial distribution.
Additionally, the 0" order of diffraction is set out of focus on the SLM to negate a local peak
of high power and equally in the final target plane to keep high signal quality. Therefore, our
method is suited for high-energy ultra-short-pulsed lasers. The experimental setup can be aligned
without requiring a subsequent error reduction loop and is less sensitive in terms of efficiency
compared to a direct Fourier relation. The experimentally derived results are not completely free
from speckle (U = 25%) but the quality is quite good while keeping high efficiency (n = 73%)
along with experimental feasibility.
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5  Ultrashort Pulse Laser Processing

Ultrashort pulse laser material ablation with shaped intensity profiles is a
complex process that depends on many parameters. Both the beam profile
and the chosen material exhibit distinctive properties whose interplay make
process characterization a multidimensional problem.

The laser fluence determines the ablation regime and thus the process dy-
namics. Depending on the beam profile, local variations in fluence appear.
Methods for uniform beam shaping provide a homogeneous intensity pro-
file but this is not necessarily the case for the individual pulses. In case of
averaging-based methods, every pulse exhibits a strong speckle pattern and
only their accumulation will smooth the result. Contrarily, wave front and
amplitude shaping instantly generates a uniform beam profile.

Besides the influence of the beam shaping method, a full investigation needs
to include material-specific properties such as melting temperature, thermal
conductivity, and enthalpy of vaporization as they also affect the process
dynamics. Moreover, grain boundaries in the micro structure induce locally
varying characteristics. As the material’s grain structure strongly depends
on its fabrication process, not only can local variations be present, but the
whole grain structure may vary between batches.

To analyze this complex interplay and gain insights and process understand-
ing, the multidimensional problem needs to be simplified. This is possible
by starting with a specifically chosen material which is well-polished and
exists in an either mono crystalline or amorphous crystal structure. This
makes experimental results position-independent, predictable and thus re-
producible. Based on these conditions, a direct comparison of different beam
shaping methods is possible. Section 5.1 is based on publication [P4] and
gives an overview on effects which originate from the differing methodology
of beam shaping and the beam profile itself while material-specific influ-
ences are minimized. After having characterized the influences of beam
shaping, material-specific characteristics are considered in Section 5.2. This
is especially relevant for industrial applications as beam shaping needs to
be applicable to materials which are of industrial interest. For this reason,
shaped beam profiles will be tested on various metals, including standardized
and industrially used materials. The same laser wavelength at 1064 nm is
used for all ablation experiments. This provides high comparability, although
material-specific wavelength tuning could further optimize processing re-
sults. Further, this experimental design provides a statistical basis to deduce
material-dependent influences.
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5.1 Methods for Uniform Beam Shaping and Their Effect
on Material Ablation

[P4] Published at Applied Physics A, 10.1007/$00339-022-06004-Y.
Reproduced with permission from Springer Nature.
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Graphical abstract: Methods for Uniform Beam Shaping and Their Effect on Material Ablation

Averaging-based beam shaping and direct uniform beam shaping are com-
pared with each other to deduce methodology-specific characteristics.
Experiments are conducted using an identical setup to maintain experi-
mental conditions. While all presented methods within this thesis require
dedicated setups, averaging of individual phase masks can be realized within
most configurations. Thus, experiments are performed within the setup
for uniform beam shaping and averaging is realized by exchanging phase
masks as no scanning loop can be realized simultaneously. Averaging by
scanning already proved to achieve near-perfect ablation results on mono
crystalline silicon (Section 4.1.1 and Section 4.1.2) and it is thus sufficient
to revert to the well-established method of exchanging individual phase
masks to evaluate both methods in the very same setup. An amorphous
metal is chosen to avoid effects originating from the micro structure. Based
on the direct comparison of the ablation results, the methods for uniform
beam shaping are characterized and this analysis builds the basis for further
investigations on the material’s influence.

Ablation results show that both methods are comparable in the amount
of ablated material when working with the same (average) laser power.
While wave front and amplitude shaping is favourable for achieving sharp
edges, averaging is especially beneficial for ablating homogeneous areas as
Gerchberg-Saxton-based phase masks are not sensitive to the exact shape of
the input beam profile. This changes for wave front and amplitude shaping,
where the input beam profile and the exact propagation path are critical
parameters for the achievable quality. Small experimental deviations are
practically unavoidable, see Section 4.2, and these deviations are rather
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enhanced during material ablation as they reappear from pulse to pulse.

Highlights

+ Comparison of averaging and direct uniform beam shaping for material
ablation

+ Experiments with an amorphous metal (VIT 105 from Heraeus) to avoid
effects from the material’s micro structure

+ “Single pulse” uniform beam shaping provides sharper edges and averaging
is beneficial for ablating homogeneous areas

* Analysis of the duty cycle for speckle averaging by displaying different phase
masks on the SLM
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Abstract

Phase-only beam shaping with a spatial light modulator (SLM) is a powerful tool in laser materials processing. It enables
adapting the shaped profile to the ablation geometry and thereby tailoring the energy deposition. To mitigate speckle noise
in tailored beam profiles, methods for uniform beam shaping were proposed. The two main approaches either implement
averaging of speckled profiles or directly yield a uniform profile, i.e. by amplitude and wave front shaping. Even though both
approaches provide comparable results in optical homogeneity, the ablation process differs. Even though it is important to
know which method should be used for practical applications, a direct comparison of those two methods has not been studied
before to the best of our knowledge. By employing both techniques in one setup, we perform ablation experiments on amor-
phous metal and investigate the results with respect to quality, efficiency, and feasibility. Averaging is especially suitable for
ablating large areas with focus on homogeneity and simplicity. Amplitude and wave front shaping enables finer contours and
sharper edges besides the obvious advantage of a uniform profile for single shot applications. Additionally, it exhibits no Oth
order of non-diffracted light. These features arise from the inherently more sophisticated and complex experimental setup.

Keywords Ultrashort-pulsed laser materials processing - Beam shaping - Spatial light modulator - Speckle

1 Introduction

Ultrashort-pulsed laser (USP) sources nowadays provide
pulse energies up to several mJ and they find application in
many fields of laser materials processing [1-3]. However,
their potential often remains unused since the processing
quality and efficiency may be reduced due to a too high

P4 Lisa Ackermann
lisa.ackermann @Ipt.uni-erlangen.de

Clemens Roider
clemens.roider @lpt.uni-erlangen.de

Kristian Cvecek
kristian.cvecek @Ipt.uni-erlangen.de

Michael Schmidt
michael.schmidt@Ipt.uni-erlangen.de

Institute of Photonic Technologies, Friedrich-Alexander-
Universitit Erlangen-Niirnberg, Konrad-Zuse-Str. 3/5,
Erlangen 91052, Germany

Erlangen Graduate School in Advanced Optical
Technologies (SAOT), Friedrich-Alexander-Universitéit
Erlangen-Niirnberg, Paul-Gordan-Str. 6, Erlangen 91052,
Germany

8o

fluence. Ultrashort-pulsed laser material ablation is a non-
linear process as it scales nonlinearly with the fluence. The
optimum fluence indicates the position, where the volume
ablation rate per energy is maximized [4]. However, the pro-
vided peak fluence is typically orders of magnitude higher
than the optimum fluence.

To make full use of the provided pulse energy, beam
shaping with a phase-only spatial light modulator (SLM)
enables tailoring the intensity profile to optimize the amount
of deposited energy, inter alia, by distributing the light field
over a large area. The process is highly efficient, since
almost no losses occur. Furthermore, new phase masks can
be dynamically applied to adapt for new processing geom-
etries. Beam shaping with the SLM finds application in laser
materials processing [5] and there are reports employing a
liquid crystal SLM for high average power lasers [6].

Besides a direct modulation of the wave front, phase-
only beam shaping enables arbitrary intensity distribu-
tions in the target plane. Iterative algorithms like the
Gerchberg—Saxton algorithm are often used to calculate
the required phase masks [7]. Those phase masks are cal-
culated as a diffuser that redirects the light. Thus, each
region of the phase mask equally contributes to the target
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image. It is, however, not possible to control the full com-
plex light field with a single phase-only element. While
the amplitude can be constrained in the target plane, the
wave front remains uncontrolled and phase vortices occur,
which result in a speckle pattern overlaying the tailored
target structure [8].

Since speckle strongly impair the shaped intensity
pattern and thereby the processing result, methods for
uniform beam shaping in laser materials processing are
required. Several methods have been proposed, all of
which have their advantages and disadvantages. In this
paper we study two main approaches: averaging of inde-
pendent phase masks, and amplitude and wave front shap-
ing by employing two SLM planes.

In the case of averaging, several phase masks designed
for the same target structure but with different speckle
patterns can be sequentially applied on the SLM to obtain
a uniform result [9-11]. Thereby, the optical homogeneity
scales with ﬁ, where Npy, is the number of independent
phase masks [12]. Furthermore, shift averaging of a single
hologram completely averages out speckle [13].

If, however, each individual pulse needs to be speckle-
free, averaging is not an option. A single phase mask may
be used to get uniform results if only a small fraction of
the light field is used to shape the target distribution [14,
15]. Since this method is highly inefficient, it is inap-
propriate for laser material ablation. Another option to
achieve uniform beam profiles is adaptive beam shaping
with an encoded phase grating [16, 17]. The target pat-
tern is effectively cut from the remaining light by imag-
ing the SLM plane with a 4f configuration and applying a
phase grating to spatially separate the target image from
the remaining light in the Fourier plane. While this method
provides excellent results, only the separated portion can
be used.

To this end, two consecutive SLMs can be used to con-
trol the full complex light field [18-22], namely amplitude
and wave front, and by this make full use of the available
light. To apply this method to high energy lasers, the flu-
ence has to remain below the damage threshold of the
device and therefore the energy has to be distributed over

IEZb

Averaging of phase masks

a large area on the SLM. In prior work, we developed a
setup that meets those requirements [22].

Even though averaging and amplitude and wave front
shaping give similar results in optical homogeneity, the
ablation process on the material is different. For a fully con-
trolled light field, an already homogeneous intensity pro-
file interacts with the material whereas in the other case
each single profile is overlaid with a speckle pattern and the
homogeneity is only created by averaging.

For practical applications in laser materials process-
ing it is important to know which method should be used.
We analyze and evaluate both methods with respect to the
resulting quality and efficiency of the ablated profiles. Both
methods are implemented in the same setup to maintain the
same experimental conditions. To obtain a direct mapping
of the tailored beam in the ablation process, we work with
the amorphous metal Heraeus AMLOY VIT105 which pro-
vides homogeneous and isotropic material characteristics
since it exhibits no grain structure. Based on the analysis of
two fundamentally different methods for achieving a uniform
profile, we give suggestions which method should be applied
depending on the requirements.

The paper is structured in the following way: in Sect. 2,
we outline the method of amplitude and wave front shaping
for high-energy lasers. Thereby, we present the experimental
setup which can be adapted to accommodate both methods.
Information about the used laser source and the amorphous
metal sample with the ablation threshold follow thereafter.
Sect. 3 shows the ablation profiles resulting from both meth-
ods. Here, we gradually analyze the results on different cri-
teria, categorized within quality, efficiency, and feasibility,
to finally conclude the paper based on this analysis.

2 Methods

To achieve a certain amplitude distribution, phase-only beam
shaping with the SLM typically applies a phase mask which
is calculated with the Gerchberg—Saxton algorithm. Figure 1
exemplarily shows this for a rectangular target structure. Fig-
ure la indicates that this results in a speckle pattern which
can be averaged out with several independent phase masks
as Fig. 1b shows. While averaging still works with this basic

(c)

.

Amplitude and wave front shaping

Fig. 1 Methods for beam shaping: a phase-only beam shaping exhibits speckle, b averaging of independent phase masks can be used to get a
uniform beam profile, ¢ amplitude and wave front need to be controlled to fully shape the target structure
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(a)
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A =1064 nm

Fig.2 Experimental setup plotted in transmission for a amplitude and
wave front shaping, and b for averaging. ¢ Shows a 3D image of the
setup in case of amplitude and wave front shaping. It can be adapted
to averaging by removing the lens f; and applying a plane wave front
on the first SLM plane

configuration, amplitude and wave front shaping (Fig. 1¢c)
requires a more sophisticated setup. For this reason, our
experimental setup is designed for amplitude and wave front
shaping but it can easily be adapted to perform averaging.
We will thus first outline the concept of amplitude and wave
front shaping and present the experimental setup for this
method before we continue with the adaptions for averaging.

2.1 Experimental setup

Amplitude and wave front shaping

Two SLM planes are employed to create a uniform beam
profile. Based on the desired intensity pattern in the target
plane, the complex light field is backpropagated to the sec-
ond plane of the SLM. Shaping this amplitude and wave
front distribution will result in the target pattern. Thereby,
the first plane of the SLM is used to shape the amplitude
on the second plane of the SLM. The corresponding phase
mask is calculated with the Gerchberg—Saxton algorithm.
The resulting intensity pattern exhibits speckle but with that
method the amplitude itself can be controlled on the second
plane of the SLM. The target wave front is well-known from
the backpropagated light field and the second plane of the
SLM is now capable of applying the proper wave front. A
phase mask is applied that compensates for the arriving wave
front and likewise applies the proper wave front to shape
the full complex light field [18-22]. Figure 2a shows the
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setup in transmission. To avoid high peak fluences on the
plane of the second SLM, the setup is designed in a 4-f-like
configuration with a tube lens f; between the two planes.
Furthermore, an additional variable lens term f, is part of
the second SLM’s phase mask and controls the magnifica-
tion of the target structure. This enables target structures
of arbitrary scale while the illuminated area on the second
SLM stays constant.

The target structure is finally imaged with a lens f; into
the target plane. An additional benefit of the 4-f-like setup
is the vanishing Oth order of non-diffracted light since it is
inherently defocussed on the second SLM and in the target
plane. We additionally introduce an adaptable defocus in
the target plane since this enables some modifications of the
numerical aperture (NA).

In our experimental implementation, we work with one
liquid crystal SLM (Meadowlark P1920-1064) that is split
in two individual areas as Fig. 2c shows. While a relatively
long focal length can be chosen for f; to image the target
structure on a camera (IDS UI-1240LE-M-GL), it can be
exchanged with a short focal length lens (f; = 50 mm (Thor-
labs LA1255-B) or f; = 18 mm (Thorlabs LSM02-BB)) to
focus on the surface of the sample and ablate material. The
distance between the second SLM’s plane and the imaging
lens can be chosen freely as long as the target structure is
calculated on-axis. Since the NA changes with the applied
lens term on the second SLM as a consequence of magnifi-
cation control, we add a positive defocus of a quarter of the
used focal length to keep the NA high.

Averaging

To maintain the same experimental conditions for aver-
aging of individual phase masks, the same setup is used. A
plane wave front is applied to the first plane of the SLM to
use it as a mirror. Additionally, the lens between the two
SLM planes has to be removed. The remaining elements
build the typical setup for phase-only beam shaping as can
be seen in Fig. 2b. By providing different starting conditions
for the Gerchberg—Saxton algorithm, independent phase
masks are calculated. The target structure thereby appears
in the focus of the lens f;. It is shifted slightly off-axis to
separate it from the Oth order of non-diffracted light. Based
on the results in [11], we use 40 different phase masks to get
a smooth averaged profile.

2.2 Laser parameter

The laser system Cepheus (Photon Energy) emits 12 ps
pulses at a wavelength of A = 1064 nm. The repetition
frequency is set to its minimum at 20 kHz where the laser
system provides the highest pulse energy (150 pJ). Inappro-
priate coating of the tube lens and high losses at the back-
plane of our SLM strongly reduce the laser power such that
we measured 55 pJ on the surface of the material. Those
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Mode profile
(b)

(@) of USP beam (c) TEMg, mode

USP beam

Kl

Fig.3 a Recorded intensity profile of the used ultrashort pulsed
(USP) laser source in front of the SLM (w, = 2.5mm). The asym-
metric mode profile affects the homogeneity of the beam shaped out-
put. For comparison an intensity image of a snowflake shaped with
this laser mode (b) and a snowflake shaped with a mode-filtered
TEM,, mode (w, =3.1mm) ¢ are shown for amplitude and wave
front shaping
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Fig.4 Determination of the ablation threshold according to Liu [23].
Each measurement was performed three times (n = 3)

are technical limitations of our used system and no general
constraints. The reflectivity of our SLM’s aluminium mir-
ror is 85 % whereas dielectric mirrors are available which
achieve a reflectivity > 95 %. The same applies for the anti-
reflection coating of the tube lens. Based on measurements
of shaped rectangles in [22], the total efficiency is 73 % for
amplitude and wave front shaping, whereas phase-only beam
shaping results in 81 % on-axis and 69 % off-axis if those
two losses are excluded. This shows that both methods are
almost comparable in their optical efficiency. To work with
comparable laser fluences for both methods, we reduced the
laser power in the case of averaging slightly since the tube
lens was removed from the setup.

We made ablation experiments with 500 and 1000 pulses.
In both cases, we apply 40 different phase masks for aver-
aging. For 1000 pulses, a new phase mask is applied after
25 pulses. In the case of 500 pulses, either 12 or 13 pulses

@ Springer

are applied until a new phase mask is loaded to end up with
500 pulses in total. To provide similar conditions for ampli-
tude and wave front shaping, we added regular pauses even
though no new phase masks needed to be loaded on the
SLM. Similar to averaging, a pause of 1s was added after
25 pulses for 1000 pulses. In case of 500 pulses, a pause of
1's was added after 50 pulses.

It is worth mentioning that the mode profile of our laser
source is relatively bad. A recorded image can be seen in
Fig. 3a. Based on this recording, we fitted a beam width of
w, = 2.5mm. While phase-only beam shaping with phase
masks based on a diffuser mask should not exhibit any
dependence on the mode profile, our method is more sensi-
tive to deviations from an ideal Gaussian input. Comparing
camera images recorded with a high-quality mode-filtered
Gaussian beam reveals a reduction in homogeneity as can
be seen in Fig. 3b, c.

2.3 Material parameter

To achieve a direct mapping of the shaped beam profile
within the ablation process, we use the Zirconium-based
amorphous alloy Heraeus AMLOY VIT105. We specifi-
cally chose this material because it does not exhibit a grain
structure which otherwise would locally affect the ablation
result and probably limit the achieved quality from a mate-
rial’s perspective.

The ablated samples are cleaned in an ultrasound bath to
remove residuals around the ablation area. We use the confo-
cal laser scanning microscope Olympus LEXT OLS 4000 to
perform depth and size measurements.

In preceding experiments, we determined the ablation
threshold of the amorphous metal VIT105 according to
Liu [23]. Therefore, we conducted two different measure-
ment series: one within our setup with the lens for ablation
experiments (f; = 50mm and w, = 2.5 mm) and another
series with a lower NA (f = 100 mm f-6-lens, Rodenstock
F-Theta-Ronar, wy, = 1.5mm) outside the setup (compare
Fig. 4). The latter experiments serve as a reference since the
relatively high NA in the first case makes it difficult to get
precise results due to the low slope resulting from the small
hole diameters. The ablation threshold is around 0.15 % for
1000 pulses with a pause of 1 s after 25 pulses. The refer-
ence measurements gave Fy = 0.18 LLZ and F, = 0.22 ﬁ
for 100, and respectively 10 pulses. Those values match well
with the determined ablation threshold for 1000 pulses.

3 Results and discussion
In the following section, we present ablation results and

evaluate them with respect to quality (roughness and
homogeneity, shape accuracy, Oth order of non-diffracted
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light, influence of the laser fluence), efficiency, and
feasibility.

Figure 5 shows ablation profiles and the correspond-
ing intensity images. In the upper left corner the target
structure can be seen. The laser fluence is F =3 - Fy
(Fy =0.15 i and calculation with a pulse energy of
55 pJ, where 80 % of the light shapes the target structure).
For speckled profiles in the case of averaging, this value
accounts for the mean fluence even though individual
speckle peaks may be far above that value. The first row
shows phase-only beam shaping results with a single
phase mask. The overlaying speckle pattern mirrors in the
ablated profile which makes it difficult to recognize the
initial target structure. The Oth order of non-diffracted light
appears in the lower left corner beside the target struc-
ture. The second row shows the averaging results for 40
different phase masks. The smooth ablated profiles show
that speckle can be averaged out well even though each
single pulse exhibits a strong speckle pattern. A simulated
intensity profile and the corresponding camera recording
can be seen in the left column. The images for the cam-
era recordings are generated with a 300 mm lens and are
thereafter projected to the target structure’s size where the
ratio between the two focal lengths gives the scaling. The
ablated profiles for amplitude and wave front shaping can
be seen in the third row. Similar to averaging, this method
gives smooth results. Again, the simulated intensity profile

Fig.5 Comparison of abla-
tion results with 500 and

1000 pulses for phase-only
beam shaping, averaging,

and amplitude and wave front
shaping (f; = 50 mm). Camera
images and simulated intensity

Target

Lo 30um
distributions are added on the
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and a camera recording of the beam are shown in the left
columns.

3.1 Quality

Roughness and homogeneity

To compare the homogeneity of the ablated struc-
tures, we evaluated the roughness R, along the outer cir-
cle’s line as average of the profile height deviations from
the mean line [24]. In case of averaging, we measured
R2¥(500 pulses) = 0.7 pm and R%¥(1000 pulses) = 1.8 pm.
In comparison, amplitude and wave front shap-
ing results in RMWF(500 pulses) = 1.2pm  and
RASWE(1000 pulses) = 1.8 um. While the line roughness
for both methods is relatively comparable, it more than
doubles after averaging with 1000 instead of 500 pulses. In
both cases 40 different phase masks are applied but averag-
ing happens faster for a lower number of pulses and this
provides a smoother surface. We also expect the roughness
for a uniformly shaped beam profile to marginally increase
with a higher number of pulses since the prevalent rough-
ness from 500 pulses tends to strengthen with further pulses
being applied.

The ablation profile in case of amplitude and wave front
shaping is very sensitive to small inhomogeneities in the
profile. A slight deviation from the targeted structure not

Ablation: 500 pulses

: -y

‘ &,
o S
£! ; @
rH L
G \
£ P av b
3! o
= 5 o ¥ soum

0 0.5 1 10 -5 0 5 10 20 -10 0 10 20
Intensity (normalized) Depth in pm Depth in pm
@ Springer



5.1 Methods for Uniform Beam Shaping and Their Effect on Material Ablation

877 Page6of9

L. Ackermann et al.

only reproduces with every single pulse but also affects the
incoupling of new pulses due to an increased roughness/
inhomogeneity in the surface structure. This may cause
strengthened deviations in the final ablation profile. Com-
paring the intensity image of the camera measurement with
the ablated profiles shows that slightly weaker illuminated
areas result in less ablation or a thinner width of the ablated
circle. Furthermore, the outer ring of the smiley shape was
intentionally set slightly brighter than the inner part. This
still can be recognized in the case of averaging whereas this
nuance disappears for amplitude and wave front shaping.

Shape accuracy

Besides homogeneity, there is a clear difference in the
sharpness resulting from both methods. The contours for
amplitude and wave front shaping are sharper and show clear
edges even though both experiments were performed in the
same setup with the identical beam diameter and optical
elements. 20 averaged line profile along the outer circle in
Fig. 6 stress this observation. Radial slices of the outer ring
are shown as mean edge contour: averaging results in a less
steep and deep but broader profile. Here, the resolution is
limited to the diffraction limit of the optical system, namely
the beam diameter and the focal length of the imaging lens.
If however, the amplitude is shaped beforehand, this step
already selects only the relevant frequencies which are
required to shape the target structure. This affects the reso-
lution and provides sharper edges and thus finer details. This
is an inherent effect of the pre-shaped amplitude whereas
phase-only beam shaping is restricted to the initial light dis-
tribution on the SLM plane.

0" Order of non-diffracted light

Due to the 4-f-like configuration for amplitude and wave
front shaping, the Oth order of non-diffracted light is defo-
cussed on the plane of the second SLM. Since here only the
wave front is adjusted to obtain the proper analytical solu-
tion, there appears no focused Oth order of non-diffracted
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Fig.6 Mean edge contour of the outer circle. The profile shows a
sharper slope and a clear edge for amplitude and wave front shap-
ing. Apart from that, the amount of ablated material is equal for both
methods
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Fig.7 Dependence of the ablation result on the laser fluence: the
first image in the upper row shows the simulated ablation profile for
amplitude and wave front shaping on basis of the recorded intensity
image in Fig. 3b with the fluence set to F = 1.6 - F;,. The color map
here is normalized to the maximum ablation depth. The two images
on the right show averaged profiles with differing laser fluence. The
lower row illustrates the results for amplitude and wave front shap-
ing in dependence of the chosen laser fluence. To shape the complex
structure of a snowflake with the limited laser power, we used a micro
scanner objective f; = 18 mm. All measurements are done with 500
pulses (50 pulses with 1s in between). A median filter with a kernel
size of 3 X 3 px was applied to the recorded depth shapes to suppress
outliers from low-signal areas. The threshold fluence is Fy, = 0.15 Lz
and we assume that 80 % of the measured laser power shape the la.rg?:t
structure

light, neither while working in the focus, nor while working
in the defocus. Phase-only beam shaping only enables shift-
ing the target structure off-axis to separate the Oth order of
non-diffracted light away from the shaped profile or applying
an additional lens term to work in the defocus.

The marked optical axis in Fig. 5 denotes the position of
the Oth order of non-diffracted light. It is focussed for phase-
only beam shaping and averaging whereas it is vanished for
amplitude and wave front shaping.

Influence of laser fluence

The nonlinear ablation process in ultrashort-pulsed
laser material interaction can be approximated logarithmi-
cally [25]. This indicates that the chosen laser fluence is
a relevant parameter to tune the homogeneity and flatness
of the ablation profiles. As Héfner et al. [11], the quality
of averaging improves with higher fluences since intensity
fluctuations from the speckle profile have less impact on the
ablation profile. Besides this difference in homogeneity and
apart from the ablation depth itself, there appear no local
deviations in flatness as the upper row in Fig. 7 indicates.
Inhomogeneities in the intensity profile for amplitude and
wave front shaping however strongly reduce the flatness of
the ablated results especially close to the threshold fluence.
While the ablated snowflake in Fig. 7 for F = 2.8 - F;, gives
a uniform ablation profile, the weaker illuminated outer parts
(compare the camera recording in Fig. 3) start to disappear
for F = 1.6 - F,. The same effect can be observed in the
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simulated ablation profile for F = 1.6 - F;,. Deviations in
the resulting intensity profile are rather enhanced for low
fluences but they tend to disappear for higher fluences with
respect to the threshold fluence.

3.2 Efficiency

Judging efficiency with respect to the amount of ablated
material gives comparable results for both methods. Even
though the ablated volume per applied energy is similar,
averaging requires regular pauses for switching with the
result that only a fraction of the emitted pulses can be used,
leading to a reduced duty cycle. Here, two different systems
have to be synchronized: the ultrashort pulsed laser typically
emits pulses with a repetition frequency f,, of several tens
of kHz for materials processing, whereas typical frame rates
[, of a liquid crystal SLM are around several Hz. 7 gives a
measure for the non-instantaneous response of the liquid
crystals until a new phase mask is loaded.
The duty cycle is given by:

NI

[N[/NPM+ﬁcp'T —‘
repfs

DutyCycle =
frcp/fs : NPM :

for Ny > Npy > 1,

(6]

where N, is the total number of pulses needed for the desired
depth, and Npy; is the number of applied phase masks. The
brackets [ |in the equation indicate the ceil-operation. Fig-
ure 8 sketches the relative distances for the corresponding
number of pulses. The denominator in Eq. 1 counts the total
number of pulses provided by the laser during the machine
time. This involves the number of passing pulses within
the SLM’s response time f,.,, - 7 plus the number of pulses
which shall be applied to a single phase mask N, /Npy;. Due
to the fixed frame rate of the SLM, we can not directly take
this sum but we have to find the next greater multiple of the
number of pulses within the SLM’s time frame f,, /f;- This
gives the total number of pulses for a single phase mask.
Multiplied with the number of phase masks Npy we can
calculate the duty cycle.

This duty cycle multiplied with the optical efficiency
gives the total efficiency of the setup.

Contrary to a naive guess, the total efficiency does not
monotonically decrease with an increasing number of
applied phase masks (compare Fig. 9) nor monotonically
increase with an increasing number of applied pulses (com-
pare Fig. 10). This is a result of the fixed frame rate of the
SLM leading to a large dead-time if the time where a single
phase mask is displayed can only be used partially for pro-
cessing. Therefore, the number of used phase masks should
be chosen such that the argument of the ceil-operation is
close but still below an integer value.
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Fig. 8 Sketch of the relative distances for the corresponding number
of pulses

As typical frame rates of commercially available liquid
crystal SLMs are about 60 Hz, the total efficiency is signifi-
cantly reduced for a high number of phase masks. Typical
response times, i.e. rise/fall times, -defined as the time a
change from 10 % to 90 % takes and vice versa - for liquid
crystal SLMs in the near infrared range from a few mil-
liseconds to a few tens of milliseconds. Note that after the
response time has elapsed the SLM will not have reached
its full diffraction efficiency yet but only after the settling
time, which is on the order of tens of milliseconds. Settling
times can be reduced to about 3 ms by applying overdrive
and phase change reduction [26]. Depending on the appli-
cation, either the response time or the settling time can be
chosen for 7 in Eq. 1.

A higher frame rate increases the efficiency especially for
a low number of phase masks but still the efficiency is low if
few pulses and a large number of masks is needed.

If the SLM does not have a fixed frame rate but switching
can be performed on demand, the duty cycle is only influ-
enced by the response time 7. A corresponding equation for
the duty cycle can be derived by taking the limit of the frame
rate towards infinity in Eq. 1:

N,

N+ 7 Npy - f

lim DutyCycle =
e e" @

lo
g+ Ny

with #, = N, /f,, being the optimal processing time. This
equation can be either interpreted in terms of pulses, where
the denominator corresponds to the sum of used and unused
pulses, or in terms of time, where the denominator corre-
sponds to the prolonged processing time due to switch-
ing. In this case, the duty cycle will be close to unity if
N> 7 - Npy * frep- Therefore, for a large number of used
pulses and a low laser repetition frequency, averaging could
be a viable option from an efficiency point of view.
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Fig.9 Duty cycle as a function of the number of phase masks: appro-
priate system parameters and a carefully chosen number of applied
phase masks enable a high duty cycles even for low frame rates

3.3 Feasibility

Apart from the required synchronization in the case of aver-
aging, a setup for phase-only beam shaping can be built
with little effort especially since not a lot of optical compo-
nents are required and alignment is easy. For amplitude and
wave front shaping, there has to be a near perfect mapping
between the preshaped amplitude profile and the applied
phase mask on the plane of the second SLM. Besides more
optical components, this requires fine alignment and read-
justment from time to time.

4 Conclusion

Both, averaging and amplitude and wave front shaping give
convincing results. Depending on the chosen criteria, the
one or the other way of achieving a uniform ablation profile
seems to be more advantageous. Averaging is more reliable
when the focus lies on the ablation depth, whereas amplitude
and wave front shaping enables sharper and more precise

40 phase masks, f, =20 kHz
1 T T T T

60 Hz, 7=5ms
0.8+ 60 Hz, 7=25ms +
250 Hz, T=5ms
L2061 =
o
9
>
204 4
2 —
02f 1
0 I I I I
0 2000 4000 6000 8000 10000

Number of pulses N,

Fig. 10 Duty cycle as a function of the number of pulses: a high pulse
number, in general, increases the duty cycle but an unfavorable num-
ber might lead to a strong drop of the duty cycle due an increased
dead time

@ Springer

contours in the lateral plane. The introduced roughness does
not significantly differ between the methods. In both cases
approximately the same amount of material is ablated, how-
ever, the system parameters have to be chosen appropriately
that averaging can compete in efficiency. While averaging
requires almost no expense in alignment, the Oth order of
non-diffracted light completely vanishes for amplitude and
wave front shaping and only this method can be chosen if a
single pulse already needs to exhibit a uniform profile.
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5.2 Influence of the Material

Within the scope of this thesis, methods for uniform beam shaping were
designed and the ablation behaviour on mono crystalline Silicon (compare
Section 4.1.1and Section 4.1.2) and amorphous metal (compare Section 5.1) is
well-characterized. Based on these well-characterized methods, the influence
of the material can be investigated. This section presents provisional results
on the influence of the material which show clear trends but further research
is required to formulate a complete and well-founded theory.

This thesis focuses on structuring metal samples. They are polished to provide
a flat surface and squares with a dimension of 75 pm X 75 pm are ablated with
N = 1000 pulses at the same relative fluence with respect to the threshold
fluence for each metal. Working with different materials provides a wide range
of potential material-specific influence factors. This includes macroscopic
material characteristics such as thermal properties. In addition, the micro
structure of the material results in different grain orientations and grain
boundaries. Even though all these factors have an impact on the final result,
there are some expectations on the outcome:

+ The shape of the intensity profile is expected to determine the shape of the
ablated profile on the metal samples. Thus, a shaped square should result
in an ablated square on each individual sample. Process dynamics due to
material-specific effects are not expected to severely degrade and alter the
predicted outcome to an unrecognizable condition.

+ Ablation results for each individual material are expected to be reproducible
and position-independent. Effects caused by the material’s micro struc-
ture are not expected to dominate process dynamics. Furthermore, slight
deviations in surface finish are not expected to cause severe distortions. It
should thus be possible to reproduce the ablation results.

+ Even though the shaped beam profile and the relative fluence remains the
same for all experiments, the resulting uniformity of the ablated squares and
also the visual impression is expected to vary between different materials
as the process dynamics depend on material-specific properties.

While these assumptions need to be proven, shape fidelity, reproducibility,
and position independence are relevant requirements for an application in
industry. Further, potential reasons for deviations in uniformity between dif-
ferent metals need to be investigated. Based on that, counteractive measures
can be taken. This includes refining beam shaping methods and adapting
laser parameters.

After presenting the selected materials and the experimental setup, ablation
experiments are conducted to analyze shape fidelity, reproducibility, position
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independence, and the effect of surface finish. Based on these findings, a
statistical analysis of material-specific influence factors can be conducted.

5.2.1 Experimental Design

As a homogeneously ablated area is beneficial for statistical evaluations of
the material’s influence, an averaging-based method will be used for the
following investigations. The developed scanner setup, which is presented
in Section 4.1.1, provides the basic tools for uniform material ablation by
averaging. The method is based on scanning the beam over the phase mask
which changes the speckle pattern while the target image gradually smooths.
This provides near-perfect speckle averaging so that the averaged intensity
profile is smooth with only minor imperfections. To calculate the ablation
uniformity, the topography of the ablated profiles is analyzed with a laser
scanning microscope (Olympus LEXT OLS 4000). Similar to the analysis in
the preceding publications, the uniformity is evaluated according to [207]:

o 1/(112) — (W)’

U= = @ (15)
Here, o denotes the standard deviation and u is the arithmetic mean of the
ablated depth. p is defined as the expectation value of a variable u with
(u) = p. Itshould be noted that decreasing values of U describe an improving
uniformity with 0 % being the optimum value. While the resulting uniformity
of the ablation profile is referred as »ablation uniformity«, the uniformity of
the measured intensity profile is called »beam uniformity«.
The choice of metal samples for ablation experiments follows several cri-
teria. The selection should contain common industrially used metals, e.g.
the unalloyed deep-drawn steel DCo4 and the aluminium alloys AA6014
(AIMgo.6Si0.6V) and AWs5754 (AlMg3). Additionally, metals with a broad
range of thermal characteristics should be tested. It makes sense to choose
pairs of similar materials as similar behaviour indicates effects occurring from
the elementary distribution and common material characteristics. Besides
the two aluminium alloys, pure copper and CuSn6 (bronze) are investigated.
Further, vanadium shows similar thermal properties as DCo4 while TZM
(titanium-zirconium-molybdenum) resembles Silicon in this regard. Overall,
mono crystalline silicon serves as the main reference material while the amor-
phous alloy VIT 105 from Heraeus is excluded from the analysis as provisional
experiments evinced strong thermal effects and almost immediate melting
for pulse repetition frequencies at 20 kHz if no pauses are included as it
was the case in Section 5.1. As this analysis focuses on typical application
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scenarios, low repetition frequencies should be avoided.

The laser system Cepheus from Photon Energy emits 12 ps pulses at a wave-
length of 1 = 1064 nm with a pulse repetition frequency of 20 kHz. To
provide the same ablation conditions, all materials are polished and ablated
with N = 1000 pulses with the same relative fluence of F = 4.8F,. This
value is above the optimum fluence of a top hat profile which improves the
ablation uniformity as the logarithmic scaling reduces slight deviations in
uniformity with an increasing fluence. To scale the fluence for all selected
samples with this value, the threshold fluence for N = 1000 pulses is ex-
perimentally determined according to Liu [114] as shown in Table 1. The
corresponding measurements are attached to Appendix I.

Table 1: Measured threshold fluence for N = 1000 pulses according to Liu [114].

material |DC04 AWs5754 AA6oi4 TZM  Si \Y Cu CuSné6

0.1 0.13 0.14 0.14 0.17 0.20 0.21 0.23

Fth in ]/c:m2

According to the logarithmicablation model, compare Equation 6, the ablated
depth depends on the optical penetration depth which is material-dependent.
As the optical penetration depth scales the ablated depth linearly, the abla-
tion profiles for the same relative fluence should only differ in the achieved
depth while the resulting uniformity should be equal. Thus, structuring
all experimental samples with the same relative fluence makes the results
comparable and occurring differences can be deduced to material-specific
characteristics which are not included in the simple ablation model.

5.2.2 Ablation Results and Discussion

Shape fidelity, position independence and reproducibility is shown by
performing ablation experiments on several different positions on two
individually prepared samples for mono crystalline silicon, DCo4, and
copper. Additional samples were prepared with coarse polishing paper to test
material ablation with imperfect starting conditions. The detailed analysis
is attached to the Appendix II and Appendix III. In all cases, the ablated
profile geometry complies with the expected squares. An analysis of the
standard deviation for the measurement series of each material suggests that
ablation experiments are reproducible and position-independent. Further,
an imperfect surface finish does not affect the outcome severely. Preexisting
roughness is conserved during material ablation but does not affect the
surroundings.

Even though no metallurgical analysis of the grain structure was conducted,
experimental results by Sedao et al. indicate only a weak impact of the
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material’s micro structure [208]. Sedao et al. performed ultrashort pulse
laser ablation experiments on metallic surfaces with similar laser parameters
and analyzed the grain structure after cutting the ablated sample. When
comparing the grain boundaries in the bulk material with their distribution
in the skin region, it becomes apparent that ultrashort pulse laser ablation
affects the grain structure as the grain sizes are smaller in the skin region.
However, the ablated surface is more even than the original grain boundaries
in deeper layers of the bulk material. Thus, neither unexpected processing
results during the ablation experiments on shape fidelity, reproducibility, and
position independence, nor the flat surface finish in [208] indicate strong
effects due to the material’s micro structure. Based on these observations,
the grain structure is not expected to dominate process dynamics.

Visual differences in the resulting ablation profile can thus rather be assigned
to material-specific characteristics. The exclusion of the impact factors of
sample preparation, surface finish, and grain structure makes it possible to
do a statistical analysis of ablation profiles for various materials and deduce
material-specific influences.

Ablation Results for the Selected Metal Samples
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Figure 14: Ablation profiles for N = 1000 pulses (apart from CuSn6 which is ablated with
N = 500 pulses) and a laser repetition frequency of 20 kHz. The ablated squares measure
75 um X 75 um and the mean laser fluence is F = 4.8F, for all materials. The averaged laser
intensity profile is shown in the upper left corner as reference. The scale bar denotes 25 pm.
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Figure 14 shows recorded surface topographies of ablated squares for the
selected metal samples. While bluish hues denote the ablated depth, ex-
pelled material in the surroundings appears in reddish hues. Although
all evaluated metals demonstrate adequate results, the individual squares
exhibit significant differences which suggests an underlying influence of the
material, as the same fluence was used throughout on well-polished samples.
For comparison, an image of the corresponding averaged laser intensity
profile is shown in the upper left corner of Figure 14.

From the visual comparison, it is noticeable that the ablation uniformity
differs. While these observations need further quantification, the logarithmic
ablation model in Equation 6 covers variations of the ablated depth with the
material-specific optical penetration depth. Moreover, some ablated surfaces,
e.g. Cuand CuSn6, correlate better with the fluctuations of the averaged
intensity profile than others. Besides the differences in ablation uniformity,
these correlations will be further evaluated in this section (compare Figure 17).

Effectiveness of Speckle Averaging by Scanning

averaging by
scanning rapid
— — improvement

ablation results
for scanned path

averaging improves

[ with increasing
number of pusles

galvo

ablation uniformity U in %

number of pulses N

Figure 15: Uniform ablation by averaging provides a characteristic curve for the progression of
the beam uniformity with respect to the number of applied pulses.

Figure 15 shows that uniform ablation by scanning provides a characteristic
curve when plotting the ablation uniformity against the number of applied
pulses N. While the ablation profile suffers from a strong speckle pattern
for small numbers of pulses, it rapidly improves and then starts stagnating.
This happens when the beam has scanned the whole area of the phase mask.
Further scanning only leads to small improvements or slight fluctuations
until the achieved uniformity fully stagnates. As averaging by scanning
only provides near-perfect results with little speckle remaining, stagnation
happens on a plateau above the optimum uniformity of 0 %. Thus, a char-
acteristic curve describing the improvement of uniformity with increasing
pulse numbers is formed for a set of scanning frequencies f, and f,. It should
be noted that within the developed setup, the scanner movement is not
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synchronized with the laser emission. This causes a random starting position.
However, any initial differences in starting condition have negligible impact
as they equalize after a small number of pulses.
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Figure 16: Characteristic averaging curve of the chosen materials with individual subplots for
materials with similar characteristics and/or elementary composition.

The characteristic curve for a set of scanning frequencies makes it possible
to compare the ablation behaviour of different materials with respect to
the averaging curve of an ideal material. Therefore, a series of squares with
an increasing number of pulses is ablated on the polished metal samples.
Figure 16 shows the resulting curves. The corresponding squares are ablated
individually and each data point corresponds to a different position on the
sample. This is possible as the analysis in Appendix II did not indicate
position-dependent effects. This matches well with the continuously con-
nected data points in Figure 16. Besides the experimental measurements,
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an ideal averaging curve is simulated on basis of the logarithmic ablation
law in Equation 6 and the beam’s scanning curve across the phase mask
(fy = 813 Hz and f, = 987 Hz). These values are consistent with the analysis
in Section 4.1.1. All materials share the shape of the predicted curve. The
characteristic curve of silicon is close to the simulated curve of an ideal
material. While those two curves seem to set a limit for the achievable
uniformity, many other curves appear shifted along the y-axis with the same
shape. It is particularly striking that materials with similar composition also
follow a similar curve, compare e.g. copper and CuSn6 or the two aluminium
alloys. Therefore, Figure 16 also provides the corresponding subplots with
only those materials.

In contrast to the other curves, the uniformity of the copper alloy CuSn6
becomes worse after approximately N = 500 pulses. This might be explained
by the particularly high ablated depth. The aspect ratio increases and
the edges taper with increasing depth. Thus, they start to influence the
ablation process with additional reflections and this smooths the corners to a
bath-tub-like structure. As the ablation uniformity rather tends to stagnate
after N = 500 pulses for all materials, further evaluations with CuSné6 are
done on basis of the ablation result at N = 500 pulses. The significance
of such effects might also depend on the reflectivity of the corresponding
material.

Deduction of Material-Specific Characteristics

The analysis of the characteristic curve in Figure 16 indicates a deterministic
ablation behaviour. Materials with similar elementary composition exhibit a
similar development of ablation uniformity. Thereby, the predicted trend
of saturation occurs for almost all materials after approximately 500 pulses,
while the value of saturation depends on the material. This matches well
with the visually perceived differences in uniformity for the selected metals
in Figure 14. To further investigate the achievable ablation uniformity, the
topography of the ablated squares needs to be investigated. Some of the
ablated squares in Figure 14 exhibit strong similarities with the averaged
intensity profile, compare e.g. copper. This observation can be mathemat-
ically measured by calculating the correlation of the ablated squares with
the averaged intensity profile. To exclude effects from the varying depth,
the ablation profiles were normalized before they were correlated with the
recorded intensity profile. Figure 17 shows the resulting relation of the
correlation with the ablation uniformity for the chosen samples.

This analysis exposes a linear relationship between the achievable unifor-
mity and the calculated correlation. A stronger variability in surface, i.e.
worse uniformity, coincides with an increasing correlation between the
ablation profile and the averaged intensity image. This corresponds to a
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8.15 & 10* correlation vs. ablation uniformity
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Figure 17: Correlation between the recorded intensity profile and the ablated surface versus
the evaluated ablation uniformity. CuSn6 is greyed out as it was ablated with only N = 500
pulses.

linear mapping of the averaged intensity profile and the ablated structure.
However, the relation between the ablated surface and the shaped intensity
profile is more complex: the ablated depth can be estimated logarithmically
from the intensity pattern of each single pulse. The accumulation of the
results for each single pulse provides an estimate of the ablated square. The
ideal curve in Figure 16 is simulated based on that model and it coincides
well with the measured curve for mono crystalline silicon. The underlying
explanation for the linear relationship between the achievable uniformity and
the correlation requires further investigation and might be more complex.
However, the evaluated results show a clear trend. If it was possible to find
a material-specific parameter that shows a common relationship with the
calculated correlation, the ablation uniformity could be predicted from that
value. It is thus reasonable to consider the thermal properties of the chosen
metal samples.

To further analyze this assumption, Table 2 shows the thermal conductivity
K of the selected materials. This value is chosen as it provides a measure of
heat transport for the remaining heat within the material.

An evaluation of both thermal conductivity and correlation in Figure 18
shows a near-linear relationship. This relation suggests that the differences
in the ablation profiles can be related to thermal effects which are caused
by the varying thermal conductivity of the individual materials. This value
might directly affect material ablation or influence other material-specific
properties, e.g. the refractive index, which in return affects energy incoupling
and process dynamics.
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5.2 Influence of the Material

Table 2: Thermal conductivity of the selected metals (at room temperature). The correspond-
ings references are noted below the individual values of the thermal conductivity k.

material | DCog4 AWs5754 AA6014 TZM  Si A% Cu CuSn6

. 58 130 211 130 100 35 385 75
Kin —
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Figure 18: Correlation between the averaged intensity profile and the ablated surface versus
the thermal conductivity. CuSn6 is greyed out as it was ablated with only N = 500 pulses.

This finding not only shows material-specific limitations which cause worse
ablation uniformity, but also possible influence factors. It should be possible
to roughly estimate the ablation uniformity from the thermal conductivity of
a chosen material as the relation in Figure 19 shows. Having an estimation
and depending on the requirements, additional measures can be taken to
refine beam shaping: averaging by scanning and averaging by exchanging
phase masks can be combined to further improve the ablation uniformity.
The beam is scanned over the phase mask but instead of working with a
single phase mask, the phase mask can be exchanged during the scanning
movement. This provides improved speckle averaging at the cost of laser
dead times. In addition, the thermal behaviour of the ablation process
can be controlled to a certain extent by the appropriate choice of the laser
parameters. This involves the applied laser fluence, the chosen wavelength,
the pulse duration, and the repetition frequency of the applied pulses. By
adjusting these laser parameters, it should be possible to enhance or suppress
thermal effects to some extent. And since the dependence of the heat capacity
suggests that thermal effects have a significant impact on the quality, an
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Figure 19: Thermal conductivity versus the evaluated ablation uniformity. CuSné6 is greyed out
as it was ablated with only N = 500 pulses.

adjustment of these process parameters should provide further control on
the processing results.

Likewise, the presented measurements build the basis for further research
of the material’s influence. The results not only stress that the material has
a significant influence on the ablation process but also show the potential
dependence on thermal parameters. To validate these observations, further
experiments with well-characterized materials need to be conducted. Fur-
thermore, the grain structure needs to be analyzed before and after material
ablation (e.g. with electron backscatter diffraction, EBSD). Tailored beam
profiles with sharp edges can be set intentionally on grain boundaries. The
evaluated results should point out any influences of the grain boundary.
The developed beam shaping methods are not limited to shaping uniform
profiles of constant laser fluence. Deliberate adjustments in local fluence
could be used to correct unwanted effects such as reflection at edges. Like-
wise, complex structures of arbitrary shape and intensity distribution can be
directly realized.

Even though the current analysis does not provide an explanation of the
process dynamics, the measured results show clear trends, confirming that
experiments are reproducible and position-independent. The ablation
behaviour tends to be predictable and may primarily be related to the elemen-
tary composition and the corresponding material characteristics. This makes
the results predictable and it can be assessed whether the process parameters
and beam shaping method need to be refined or adapted accordingly.
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6 Nonlinear Beam Shaping

The spectral properties of LCoS SLMs are determined by the liquid crys-
tals within the display. As liquid crystals typically absorb UV light, LCoS
SLMs cannot be used to shape light within this spectral range even though
applications in surface functionalization [160], photovoltaics [161], and oph-
thalmology [162] would benefit from that technology. To this end, nonlinear
optics helps to expand the spectral range. The beam can be shaped in the vis-
ible or infrared spectral range and the frequency is converted thereafter. This
is possible as nonlinear conversion is a coherent process and the imprinted
phase information is conserved during frequency conversion. However, as
the frequency-converted outcome is given by several mixing fields, there
needs to be a control mechanism to tailor the outcome. Therefore, the mixing
fields can be distinguished by their optical properties, e.g. polarization. As a
second requirement, the shaped angular spectrum of wave vectors has to be
within the tolerance range of the crystal to maintain phase matching. Given
those requirements, a method for nonlinear beam shaping can be designed.

6.1 Polarization-Controlled Nonlinear
Computer-Generated Holography

[P5] Published at Scientific Reports, 10.1038/541598-023-37443-Z.
Reproduced with permission from Springer Nature.

nonlinear
/2 waveplate beam shaping 4-f imaging conversion

Graphical abstract: Polarization-Controlled Nonlinear Computer-Generated Holography

Second harmonic generation is one of the most popular nonlinear optical
processes and it will be used to demonstrate and investigate nonlinear beam
shaping. By choosing the type II crystal KTP for the nonlinear conversion,
polarization directly acts as the control mechanism. Therefore, only one
polarization component is shaped, while the other half of the field remains
unshaped. This provides an unambiguous assignment of the mixing fields.
The experimental implementation is simple as the SLM is polarization
sensitive. It is sufficient to add a half wave plate to the setup which introduces
diagonal polarization before the beam impinges on the SLM. The plane
of the SLM is thereafter imaged into the nonlinear crystal. Light in the

929


https://doi.org/10.1038/s41598-023-37443-z

6 Nonlinear Beam Shaping

infrared spectral range is frequency-doubled to the visible spectral range at
532 nm. The method is demonstrated for several exemplary beam shapes.
The recorded results at the second harmonic show that nonlinear beam
shaping provides results of the same quality as for linear beam shaping and
the conversion efficiency is comparable to values without beam shaping.
Modeling the nonlinear KTP crystal allows calculating the phase mismatch
which occurs due to beam shaping. This builds the basis for simulating the
frequency-converted beam-shaped result. As an outlook, proper crystals and
the corresponding concepts for UV beam shaping are discussed.

Highlights

+ Conversion efficiency similar to second harmonic signal without beam
shaping

* Analysis of the conversion process by modeling the nonlinear crystal and
simulating the relative conversion efficiency

* Quality and spatial intensity distribution same as for linear beam shaping

* Outlook on possible crystals for UV beam shaping
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Polarization-controlled nonlinear
computer-generated holography

Lisa Ackermann®?*?, Clemens Roider?, Kristian Cvecek?, Nicolas Barré'?,
Christian Aigner* & Michael Schmidt*?

Dynamic phase-only beam shaping with a liquid crystal spatial light modulator is a powerful technique
for tailoring the intensity profile or wave front of a beam. While shaping and controlling the light

field is a highly researched topic, dynamic nonlinear beam shaping has hardly been explored so far.
One potential reason is that generating the second harmonic is a degenerate process as it mixes two
fields at the same frequency. To overcome this problem, we propose the use of type Il phase matching
as a control mechanism to distinguish between the two fields. Our experiments demonstrate that
distributions of arbitrary intensity can be shaped in the frequency-converted field at the same quality
as for linear beam shaping and with conversion efficiencies similar to without beam shaping. We
envision this method as a milestone toward beam shaping beyond the physical limits of liquid crystal
displays by facilitating dynamic phase-only beam shaping in the ultraviolet spectral range.

The first operating laser in the early 1960s' was the dawn for many research fields in modern optics although
some of their fundamental effects were already demonstrated or proposed in theory decades earlier. Holography
and nonlinear optics emerged independently from each other but both fields benefited from the high coherence
and high power of new light sources.

Holography is based on the interference of light waves and incorporates phase and amplitude information to
go beyond photography. Dynamic phase-only beam shaping with a liquid crystal spatial light modulator (LC-
SLM) is a method emerging from holography for arbitrarily controlling the intensity distribution of the beam
with many applications in research’* and industry®~’. As this method only modulates the wave front, there are
no significant losses. As a drawback, liquid crystal displays are technically limited to the visible, near-infrared
and mid-infrared spectral ranges. This is not an insurmountable problem, as frequency conversion processes such
as second harmonic generation or sum frequency generation are coherent processes that preserve the phase of
the impinging fundamental wave. Combining nonlinear optics and holography allows for shaping the light field
at the fundamental while achieving the targeted outcome at the frequency-converted field. Even though both
research fields can be combined, the concept of nonlinear holography is only currently emerging.

Yariv showed decades ago that four wave mixing can be interpreted as holographic recording and reconstruc-
tion and proposed using it for the realization of real time holography?®. In this process, the interaction between the
fields can be interpreted as one field diffracted by the shaped pattern of another field. Meanwhile many investiga-
tions followed on the nonlinear conversion of structured light for the conservation of singularities”'* and orbital
or spin angular momentum and vortex beams'!~?%. Here, the physical principles of the nonlinear conversion of
structured light have been well-explored and several works use beam characteristics such as polarization'®?>%,
differing wavelengths'>!”!8 or non-collinear geometries® as a control mechanism for the nonlinear conversion
of optical vortices. The recent review paper published by Buono and Forbes gives an overview on nonlinear
optics with structured light?”.

Currently, there are two major approaches to nonlinear holography: directly structuring the nonlinear crystal
or imaging the plane of an LC-SLM into the crystal.

3D structuring of the nonlinear crystal leads to a modulation of the nonlinear susceptibility which shapes the
wave front of the emerging light field. Such elements are called nonlinear photonic crystals as the modulation
of the nonlinear susceptibility affects the beam generation and propagation®-**. There are demonstrations of a
binary hologram in a nonlinear crystal®, a structured element combined with structured light***” or plasmonic
metasurfaces®®*. Such 3D structured nonlinear crystals act as volume holograms or phased arrays and in theory
give more degrees of freedom as a thin hologram. As their implementation is technically challenging, the freedom
of design is so far strongly limited and furthermore only static solutions are possible. Such practical limitations
motivate the consideration of thin holograms which are easier to realize.

linstitute of Photonic Technologies, Friedrich-Alexander-Universitét Erlangen-Nurnberg, Konrad-Zuse-Strafle 3/5,
91052 Erlangen, Germany. 2School of Advanced Optical Technologies (SAOT), Friedrich-Alexander-Universitat
Erlangen-Nirnberg, Paul-Gordan-Stralie 6, 91052 Erlangen, Germany. “‘email: lisa.ackermann®@Ipt.uni-erlangen.de
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In a dynamic approach, the plane of a phase-only LC-SLM is directly imaged into the nonlinear crystal**-*.
It thus acts as a thin hologram and brings the SLM and the nonlinear crystal together in a common plane, where
the SLM dynamically shapes the wave front of the fundamental as if the hologram was directly structured into
the crystal. The phase mask on the SLM imprints a locally varying phase on the incoming light field which leads
to a modification of the resulting wave front where the slope corresponds to wave vectors forming the angular
spectrum. During the nonlinear interaction, all light fields which fulfill the phase matching condition interact
and create a new, frequency-converted outgoing wave. If the incoming fields are not distinguishable, i.e. the
fields are degenerate, all wave vectors will add up, resulting in a new outgoing wave that has an angular spec-
trum, containing all possible sums of incoming wave vectors. This complicates beam shaping of the outgoing,
frequency-converted wave as the initially applied angular spectrum at the SLM is not conserved. Consequently,
there needs to be a control mechanism which makes the incoming fields distinguishable.

Current approaches for second harmonic generation’-* are based on a degenerate type I phase matching
process and thus involve a non-collinear geometry to control the beam-shaped outcome. This imposes severe
limitations in the quality and the efficiency of the achievable results. We utilize type II phase matching and
demonstrate high-quality and highly-efficient nonlinear beam shaping in the second harmonic with a LC-SLM
in a collinear geometry:

Since the nonlinear conversion is only possible with phase matching, this constraint can be exploited for
beam shaping. In type II phase matching, only crossed polarization states can mix and through this assignment,
the two fields at the fundamental are clearly distinguishable even when working in a collinear geometry. This
concept is sketched in Fig. 1. By keeping one field unshaped while the other polarization carries the full phase
information, there is an unambiguous assignment of the frequency-doubled wave front for every wave vector. The
experimental implementation is simple as the polarization is set diagonally before it impinges on the SLM and as
the SLM is polarization-sensitive, only half of the light field is shaped. After imaging this plane into the nonlinear
crystal, only crossed polarization components add up for the second harmonic field. The same concept can be
transferred to sum frequency generation where the differing frequencies ensure a non-degenerate mixing process.

Based on those physical principles, we present a setup for nonlinear beam shaping with high quality while
the conversion efficiency is almost defined by the crystal’s conversion efficiency without beam shaping. Besides
showing experimental results, we model the chosen KTP crystal to estimate the relative conversion efficiency.
Finally, we discuss optimizing the conversion efficiency and give an outlook on the applicability of the method
for beam shaping in the ultraviolet spectral range.

Results

For second harmonic generation, two fields at the fundamental frequency, E;® and E,®, add up to the
frequency-doubled field. From the three wave mixing process follows a quadratic relation between the fields
E@®) o By @ . Ey@). The phase matching condition

K 2hy @) 4y @), o

requires the fundamental and the second harmonic to maintain their phase relationship during propagation
through the nonlinear material to avoid destructive interference and weak conversion. Here k; /2(‘“) are the wave

1} (® polarization direction
linear beam shaping

nonlinear beam shaping

4f imaging of SLM type ll
into nonlin. crystal crystal
(a A H’W n\
v o/

&7

Figure 1. Basic concept of nonlinear beam shaping with linear beam shaping as reference: The applied

wave front generates an angular spectrum of wave vectors which are centered around the optical axis. Their
distribution results in a target image in the far field. The plane of the SLM is imaged into the nonlinear crystal.
As for type II phase matching only crossed polarization states mix efficiently, the shaped light field can only
mix with the unshaped one. The addition of the wave vectors results in the tailored light field with only half the
initial deflection angle c.
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vectors at the fundamental frequency and k?® is the resulting wave vector at the second harmonic. We first pre-
sent the experimental results before we model the nonlinear crystal to evaluate the relative conversion efficiency.

Nonlinear beam shaping. With polarization as a control mechanism, nonlinear beam shaping can be
performed similar to linear beam shaping. The phase mask for wave front shaping can be calculated with the
same algorithms and tools as for linear beam shaping and the setup basically consists of a half wave plate, a LC-
SLM, a 4-f imaging telescope and the nonlinear crystal as Fig. 2 shows. However, as wave front shaping generates
an angular spectrum of wave vectors which are centered around the optical axis, the nonlinear crystal needs to
equally support vectors which slightly deviate from the optimum phase matching angle. This required angular
tolerance or acceptance is one characteristic of nonlinear crystals and it is defined for an angular deviation where
the conversion efficiency drops to half of its maximum value. We chose KTP as the nonlinear crystal for our
application as it exhibits a high angular acceptance.

Figure 3 shows experimentally recorded profiles of the second harmonic at 532 nm and images of the funda-
mental at 1064 nm (Fig. 3a-d) as reference. The corresponding phase masks are calculated with the Gerchberg
Saxton algorithm*. When tailoring the target image in the far field, the propagation can be mathematically
described by a Fourier transform. Thus, the intensity profile of the target image effectively reflects the generated
angular spectrum. Its size directly shows the required angles of the wave vectors which need to be supported
during frequency conversion. Consequently, the larger the targeted image size is, the higher the angular accept-
ance of the nonlinear KTP crystal needs to be, to equally convert the second harmonic signal for all wave vectors.

As a shorter nonlinear crystal exhibits a higher angular acceptance, second harmonic generation is sup-
ported for a broad spectrum of wave vectors and arbitrary target structures can be shaped over a large area. We
demonstrate this in Fig. 3e-h for four different target distributions with a 2 mm long KTP crystal. All structures
are homogeneously converted and the quality is comparable to the results at the fundamental. The read-out at
the second harmonic appears slightly degraded with respect to the fundamental. The impression of degradation
probably arises from a change in speckle size with respect to the structure size. We calculate the conversion
efficiency by dividing the measured power of the shaped target structure at the second harmonic by the power
at the fundamental. The conversion efficiency is around 6—8 % for all structures. Conversely, a 9 mm long KTP
crystal promises higher conversion efficiency at lower angular acceptance. The results of the two smaller target
structures for the 9 mm long crystal (Fig. 3i,j) are of the same quality as for the 2 mm crystal. The conversion
efficiency is > 30 % and this is only a little less than the initial conversion efficiency of the nonlinear crystal with-
out beam shaping which is around 40 %. For the 2 mm crystal the values are even closer with 8.5 % without and
values around 6—8 % with beam shaping. Those results demonstrate the applicability of nonlinear beam shaping
in a regime of high conversion efficiency while maintaining high quality. The homogeneous conversion in the
range of the initial conversion efficiency of the nonlinear crystal is due to a plateau in the conversion efficiency
for small angular deflections. We further investigate this favorable effect for beam shaping in the next section.
Figure 3k,1 also shows the limitations of nonlinear beam shaping when working beyond this plateau. The globe
and snowflake are almost cut at the borders as the required angles are not supported by phase matching. As parts
of the light field are not converted, the conversion efficiency decreases. These results are shown to demonstrate
the limitations outside the plateau of high conversion efficiency. It is nonetheless possible to shape a smaller
target structure which is magnified with a telescope afterwards.

Modeling the nonlinear crystal. The wave vector is a function of the wavelength and the corresponding
refractive index, which depends on the wavelength. Consequently, the phase matching condition in Eq. (1) is
generally not fulfilled if fields with different wavelengths are propagating through a dispersive medium. Birefrin-
gence is one effect which is used for phase matching: For a biaxial crystal the refractive index is determined by
three direction-dependent indices n, 1y, and n, along the principal axes*. The effective refractive index at any
position in space is given by their projection. This projection results in a refractive index ellipsoid as it is shown
in Fig. 4 for a KTP crystal. The direction of the polarization determines the refractive index which is perceived
by the corresponding light field.

LC- SLM
f1 =200 mm
; ' fz = 50mm y7p
crystal filter £ — 200 mm
. “"'-—u
f linear
diagonal polarization
polarization

/2 waveplate

Figure 2. Setup for nonlinear beam shaping: the polarization-sensitive LC-SLM shapes only half of the light
field. The plane of the SLM is imaged into the nonlinear KTP crystal and the unshaped and shaped field

components combine during nonlinear conversion and form the target structure.
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Fundamental

1064 nm

Second harmonic

532 nm
2 mm crystal

Second harmonic

532 nm
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Figure 3. Experimentally recorded results for nonlinear beam shaping for two different crystal lengths and
the initial result at the fundamental as reference. The measured conversion efficiency 7 is denoted above the
individual images.

Thus, phase matching can occur under a specific angle of incidence depending on the phase matching type.
Type II phase matching is fulfilled, if two crossed polarization states mix where their average value of the refrac-
tive indices corresponds to the refractive index of the second harmonic.

KTP is a biaxial crystal which allows for type I and type II phase matching at different angles of incidence
6 and ¢. As KTP exhibits a higher conversion efficiency for type II phase matching, this option is the typical
choice. The phase matching angles 6,, and ¢,, are marked in the refractive index ellipsoid in Fig. 4. The two red
curves along the three mutually perpendicular planes of the coordinate system indicate the effective refractive
index at the fundamental resulting for a field either polarized within the plane of incidence or perpendicular
to that plane. From a perspective of the highest symmetry, the beam oscillating perpendicular to the plane of
incidence is called the ordinary beam (dashed lines in Fig. 4) as the refractive index is the same for any angle
while a beam with the polarization axis within the plane of incidence is called the extraordinary beam (solid
lines in Fig. 4) as the effective refractive index is given by the corresponding ellipse defined by the two refrac-
tive indices of the axes spanning that plane. Likewise, the two green curves indicate the refractive index for the
frequency-doubled field. As the blue curve marks the mean value of the refractive indices at the fundamental for
the two polarization states, its crossin%point with the green curve marks the angles for type II phase matching

3 w () _ 08
according to (n,, + 1,/,) - 0.5 = 1,,".

Wave front shaping introduces a spectrum of wave vectors centered around the optical axis. Even in a collinear
geometry, the generated angular spectrum deviates from the ideal phase matching condition. This deviation
causes a refractive index mismatch and affects the conversion efficiency. Due to the high angular acceptance of the
chosen KTP crystal, a deflection along 80 and 8¢ only causes marginal contributions to the phase mismatch. Our
application for beam shaping is different from the general definition of the angular acceptance which accounts
for a deflection of the total field of the fundamental: The two mixing fields have a slightly different angle as the
shaped field is deflected while the other field propagates without any modifications along the phase matching
angle. The two incident beams in Fig. 4 refer to this scenario, where the ordinary beam is deflected along 8¢,
while the extraordinary beam follows the phase matching angle. In dependence of the deflection angles 86 and
3¢, this results in the phase mismatch Ak:

Ak =K Oy $) + K O + 50, b + 50)

2 )
— kO 0,y + 80/2, b + 56/2)
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Figure 4. Normalized conversion efficiency 7 for a lateral deflection of the ordinary/extraordinary beam and
projection along the two axes 86 and 8¢ for a 2 mm KTP crystal. Experimental measurements along these axes
are in good agreement with the simulated curves. The refractive index ellipsoid for the biaxial KTP crystal
(dimensions not to scale) shows the phase matching angles 6,,, = 90 ° and ¢,,, = 24.8 ° with the axes for beam
deflection along 86 and §¢. The deflection of the ordinary beam along 8¢ is indicated with two incoming fields
where the extraordinary beam is polarized along the xy plane of the crystal and the deflected ordinary beam is
polarized along the z-axis.

We calculate the refractive index mismatch for a deflection along 56 and §¢ by calculating the corresponding
refractive indices* for the wave vectors. In good approximation, the resulting wave vector at the second harmonic
is generated at half of the initial deflection angle, as this is the mean value between the deflected and undeflected
wave vector at the fundamental. The phase mismatch is thus given by the difference of the wave vectors projected
in the direction of the frequency doubled field. The relative conversion efficiency can be deduced from the pro-
jected mismatch Ak by solving the following equation:

AL
169 oc (I)? L sinc 2 <—2 ) ©)

This analytical relation between the second harmonic intensity I and the intensity at the fundamental )
with respect to the crystal length L and the phase mismatch Ak follows when solving the nonlinear wave equa-
tion for the assumption of low depletion and the slowly varying amplitude approximation®’. On this basis, we
calculate the relative 2D conversion efficiency for a deviation within the plane of 86 and 8¢ in Fig. 4. The projec-
tion along 86 and 8¢ is shown in the line plots. An arrow indicates the corresponding curve of conversion for the
exemplary deflection in front of the refractive index ellipsoid. According to Snell’s law and assuming the small
angle approximation, the internal angle corresponds to the external angle connected via the effective refractive
index which is perceived by the corresponding wave vector. The graphs in Fig. 4 show the external angle, as this
is the relevant value for beam shaping.

Besides calculating the relative conversion efficiency, we perform experiments for an angular deviation intro-
duced by the SLM for beam shaping. To evaluate different angles, we apply a blazed grating either in horizontal
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or vertical direction on the SLM and image this plane into the nonlinear crystal which has a length of 2 mm.
Similar to beam shaping, only one polarization component is shaped. The corresponding setup is sketched at
the bottom of Fig. 4. The coordinate system of the refractive index ellipsoid is rotated with respect to the beam
propagation axis as the beam propagates along the matching angle of the KTP crystal.

In the far field we measure the resulting power of the frequency-doubled field and divide it by the measured
power of the field at the fundamental. This results in two curves for the relative conversion efficiency, either in
the direction of 86 or ¢, with respect to no deflection at 0 ° at the optimum phase matching angle. As either the
ordinary or extraordinary polarization state can be deflected within the 56 and §¢ plane, two different scenarios
are possible and both are shown in Fig. 4. Deflecting the ordinary beam causes a highly symmetric profile of the
relative conversion efficiency and is thus the favorable option for our application.

Simulation and experiment are in good agreement and show that the conversion efficiency exhibits a broad
plateau. Within that range, the light is homogeneously converted, independently of the exact deflection angle.
Moreover, the conversion efficiency is not significantly reduced with respect to the actual conversion efficiency
without beam shaping. Thus, arbitrary intensity profiles can be shaped within that angular range without reduc-
tion in homogeneity or efficiency. The acceptance angle approximately reaches 4-2 ° for a 2 mm crystal and £1 °
for the 9 mm long crystal. It makes sense to compare this value with the maximum deflection angle of the SLM
which is determined by sin~!(1/(2u)) - 1/M, where u is the pixel pitch and M is the magnification between the
SLM and the crystal. The two smaller images in Fig. 3 approximately acquire 19 % of the SLM’s linear field of
view, while the two bigger images acquire 32 %. This corresponds to deflection angles of approximately 1.1 °and
1.9° (bearing in mind that the plane of the SLM is imaged with a factor of M = 0.25 into the nonlinear crystal
and thus the maximum deflection angle is £6 °).

At the phase matching angle 6,, = 90 °, the crystal is non-critically phase-matched along 86. This means when
expanding the mismatch Ak in a Taylor series, the first derivative d Ak/d6 = 0 due to the crystal’s symmetry
and thus only higher order terms with a weaker effect on the phase mismatch contribute®®. Besides the control
mechanism for the wave mixing process it is crucial to choose a nonlinear crystal with a high angular acceptance.
We consider temperature-controlled noncritical phase matching or quasi-phase matching as another option but
do not discuss this further within the scope of this paper.

Discussion

Nonlinear beam shaping is a powerful tool as it enables dynamic phase-only beam shaping in new spectral
ranges. To optimize this process, two parameters should be considered: While the conversion efficiency should
be maximized, the angular acceptance needs to be high enough to ensure homogeneous conversion of the angu-
lar spectrum. As both parameters are mutually dependent, we discuss the proper choice of the experimental
parameters to optimize the outcome. Moreover, we give an outlook on dynamic phase-only beam shaping in
the ultraviolet spectral range.

Optimizing the conversion efficiency with respect to the angular acceptance. When approach-
ing a high conversion regime, it is more critical to maintain proper phase matching as the phase mismatch gains
an increasing impact on the efficiency of the converted outcome. At high conversion, the angular range of toler-
ance narrows and this decreases the plateau of homogeneous conversion for the generated angular spectrum.
Equation (3) shows the impact of the experimental parameters on the conversion efficiency while keeping the
laser power constant. Both increasing the intensity and the crystal length promises higher conversion efficiency.
However, both parameters also affect the angular acceptance of the nonlinear crystal.

The effect of the crystal length L is directly stated in Eq. (3). While a longer crystal increases the relative con-
version with L?, it also increases the contribution of the phase mismatch as a multiplier of Ak in the argument
of the sinc function. We use the model of the nonlinear crystal to calculate the relative conversion of the target
structures for the 9 mm crystal as they are shown in Fig. 3.

The beam-shaped structures directly reflect the generated angular spectrum and thus the relative conversion
can be simulated when multiplying the target image with the calculated angular conversion. Figure 5 shows the
simulated results with the corresponding conversion efficiency. This value is calculated as the total measured
efficiency without beam shaping multiplied by the integrated relative conversion. Working beyond the limits
of phase matching results in weak conversion and the simulated as well as the measured values for the conver-
sion efficiency drop significantly. The experimental parameters should be chosen to work within the pleateau of
homogeneous conversion as otherwise not only the quality gets worse but also the efficiency drops significantly.
The comparison of the simulated and experimentally measured conversion efficiency explains the strong decrease
in efficiency for the two larger structures with their measured conversion efficiency marked as gray crosses in
Fig. 6. This decrease can be traced back to insufficient phase matching as the structures are chosen larger than
the angular acceptance. As simulation and experiment are in good agreement, proper experimental parameters
can be derived on that basis even in a high conversion regime.

Similar to the crystal length L, an increase in intensity also improves the conversion efficiency. It can either
be increased by increasing the power of the chosen light source or by reducing the illuminated area. As the laser
power is typically technically limited, we will focus on the second case. Here the plane of the SLM is imaged
with a certain demagnification into the nonlinear crystal to decrease the illuminated area. It is also possible to
illuminate the SLM with a smaller beam but this reduces the number of illuminated pixels and unnecessarily
increases the intensity on the SLM with respect to potential damage thresholds. It is thus beneficial to design
the telescope with the required demagnification. This demagnification increases the intensity in the nonlinear
crystal and scales the intensity with 1/M? to gain higher conversion efficiencies. Likewise, the telescope increases
the angular spectrum as the deflection angles are proportional to M. Similar to the crystal length L, this factor

Scientific Reports |

106

(2023) 13:10338 | https://doi.org/10.1038/s41598-023-37443-z nature portfolio



6.1 Polarization-Controlled Nonlinear Computer-Generated Holography

www.nature.com/scientificreports/

Nyn=37% Tyy=38 % =14 % Nym=23%
1 ¢
k)
., 2]
aF - ]
© »® 53
o
o
©
o

Figure 5. Simulated beam conversion for the 9 mm crystal. The simulated efficiency is calculated from the
integrated relative conversion multiplied with the efficiency of the 9 mm crystal without beam shaping (compare
Fig. 6).
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Figure 6. Measured output power vs. input power for second harmonic generation with a 2 mm and 9 mm KTP
crystal without beam shaping. The crosses indicate the conversion efficiency of the structures in Fig. 3 for beam
shaping, with the two intentionally cropped structures in gray.

also affects the phase mismatch Ak in the argument of the sinc function as it acts as a multiplier of the initially
induced angular spectrum. Consequently, the intensity needs to be considered when modeling the phase mis-
match to determine optimum parameters.

In our experimental setup we work with a telescope that decreases the image size by a factor of 0.25 and
thus increases the intensity by a factor of 16. This reduction affects the deflection angles and increases them by
a factor of 4 as the effective pixel size of the SLM changes. We consider that adjusting the intensity with respect
to the required angular spectrum for a given crystal length is reasonable. The resulting plateau should be exactly
within the required angular range—neither broader nor narrower—to ensure homogeneous conversion with
maximized efficiency.

Towards dynamic phase-only beam shaping in UV range. Dynamic beam shaping in the ultraviolet
(UV) spectral range is highly limited as many devices absorb the UV light, including liquid crystal displays.
This paper demonstrates nonlinear beam shaping from the infrared to visible spectral range. Nonetheless, other
conversion processes are possible, reaching from second harmonic generation at different fundamental frequen-
cies up to other nonlinear processes like sum frequency generation. Currently, there is research on new materi-
als with tunable birefringence in the UV spectral range for spatial light modulators with results showing light
modulation at 303 nm*. We see the potential of our method for approaching even deeper UV spectral ranges.

This section presents a few thoughts on proper nonlinear crystals and conversion processes for dynamic
phase-only beam shaping in the UV range.

Ultrashort pulsed laser systems often feature nonlinear crystals for frequency conversion, for example to the
second or third harmonic. High-energetic short wavelengths in the UV range of ultrashort pulsed laser systems
are thus often generated with nonlinear frequency conversion from the visible or infrared range. Consequently,
the initial conditions often enable a direct integration of nonlinear beam shaping into the laser setup and ideally
this can be performed with conversion efficiencies close to the initial values.
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To achieve high-quality results, the nonlinear crystal should have a broad angular acceptance and the con-
version process needs to be non-degenerate. Sum frequency generation with an LBO crystal from 1064 nm and
532 nm to 355 nm is one option. The major benefit of this crystal is the high angular acceptance. Similarly, sum
frequency generation with CLBO® from 1064 nm and 266 nm to 213 nm should be possible. In both options the
process is inherently non-degenerate as two different wavelengths mix. While the SLM can either shape the light
field in the infrared or visible spectral range, only the infrared light can be shaped in the latter case as the SLM
can not shape light at 266 nm. With one of the options suggested here or other nonlinear processes, we see the
potential of using nonlinear beam shaping to approach the UV spectral range. This enables dynamic phase-only
beam shaping beyond the physical limits of the liquid crystal display.

Methods

Nonlinear phase-only beam shaping with a liquid crystal display is possible as the applied phase information is
conserved during the frequency conversion. However, as second harmonic generation is a degenerate process,
the mixing waves need to be controlled by making the interacting fields distinguishable. We use the requirements
of type II phase matching to unambiguously define the outcome of the second harmonic. Under this condition,
only fields of crossed polarization can mix efficiently. A half wave plate, abbreviated with 4/2 in Fig. 7 is placed
in front of the SLM to generate diagonal polarization with respect to the SLM’s orientation. As the liquid crystals
are polarization-sensitive, only half of the field is shaped, while the other part remains unshaped. Consequently, a
shaped component can only mix with the unshaped plane wave front. In Fig. 7 the two polarization components
are indicated as the ordinary and the extraordinary beam. The polarization configuration in the figure refers to
where the ordinary beam is shaped. If the extraordinary beam is shaped, an additional half wave plate after the
SLM helps to rotate the polarization states correspondingly. This might be beneficial when working off-axis to
separate non-diffracted light as the area of quasi-homogeneous conversion is shifted away from the center of
the optical axis.

A telescope images the plane of the SLM into the nonlinear crystal. This ensures a homogeneous intensity
distribution within the nonlinear crystal which is required to convert all field components equally within a range
of proper phase matching. In good approximation, the resulting wave vectors at the second harmonic reduce to
half of the initially set angle of the shaped field component, as this is the sum of the two involved wave vectors.

The SLM is the model LSH0701010 from Hamamatsu (Hamamatsu, Japan) and has a pixel resolution of
800 px x 600 px with a pixel pitch of 20 um. The beam diameter on the LC-SLM is 14 mm. To increase the
intensity to obtain a higher conversion efficiency, we design our telescope to demagnify the beam by M = 0.25.
The corresponding focal lengths are fi = 200 mm and f, = 50 mm. Before the target distribution is imaged to
the far field with a f3 = 200 mm lens, the remaining IR light is blocked with the filter FL532-10 from Thorlabs
(NJ, USA). The laser system Fuego from Time-Bandwidth Products (CA, USA) emits 10 ps pulses at a repetition
frequency of 200 kHz at a wavelength of 1064 nm. The power measurements were done with the power meter
PM10 from Coherent (CA, USA) and PM160 from Thorlabs. We record RGB images with the camera model
UI-3000SE-C-HQ from IDS (Obersulm, Germany).

Conclusion

Nonlinear computer-generated holography is gaining increasing attention and there is a lot of research on
structuring nonlinear crystals but this process is technically challenging and static. These deficiencies can be
overcome by thin holograms generated with dynamic liquid crystal displays. However, research on nonlinear

diagonal
polarization
A2 f f2 KTP fs
e~ |
-7 filter T
SLM recording of @ recording of
fundamental second harmonic
(without 1/2)
_ _ .ordinary beam extraordinary beam __ extraordinary beam
1064 nm 1064 nm 532 nm

Figure 7. Experimental setup for nonlinear beam shaping: A half wave plate introduces diagonal polarization
on the beam impinging on the SLM. Thus, only half of the field is shaped while the crossed polarization
component remains unshaped. A telescope images the plane of the SLM into the nonlinear KTP crystal. Here,
the two polarization components mix and shape the targeted field. After a filter separates the second harmonic
from the fundamental, a lens images the target image, where the second harmonic signal is recorded. As the
shaped result is sensitive to the deflected polarization component, a half wave plate after the SLM allows for
changing the deflected and non-deflected polarization component.
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beam shaping is still in its infancy. We present a high-quality and highly efficient method for nonlinear dynamic
phase-only beam shaping with a simple concept: The mixing process needs to be non-degenerate by employing a
control mechanism and the angular acceptance of the nonlinear crystal needs to support the angular spectrum
generated by wave front shaping. Based on this, we demonstrate beam shaping at the second harmonic with
conversion efficiencies close to the ones without beam shaping. This is mainly due to the fact that we work at a
plateau of constant conversion efficiency for the generated angular spectrum. While working within that range,
the conversion efficiency is mainly given by the conversion efficiency without beam shaping and thus this method
is highly efficient. Furthermore, the quality of the frequency-converted result is of the same quality as for beam
shaping at the fundamental. We see high potential in this approach as it not only enables highly-efficient and
high-quality beam shaping with thin holograms but due to its simplicity, it can be easily combined with other
elaborated processes. Based on nonlinear beam shaping, the spectral range of dynamic liquid crystal displays
can be extended beyond the physical limits as we discuss here for the UV spectral range.

Data availability
Data underlying the results presented in this paper may be obtained from the corresponding author upon rea-
sonable request.
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Graphical abstract: Diminishing Speckle Noise during Nonlinear Phase-Only Beam Shaping

To diminish speckle during nonlinear phase-only beam shaping, it requires
only little adaptions to transfer the developed method of uniform beam
shaping by averaging in Section 4.1.1 to nonlinear beam shaping. As a first
step, a half wave plate introduces diagonal polarization before the beam
impinges on the LCoS SLM. Originally, the phase mask in the speckle
averaging setup (compare Section 4.1.1) is combined with an additional
Fresnel lens term. Its intention is to separate non-diffracted light from the
target structure. However, this requires shaping the full light field. While
separating non-diffracted light is highly beneficial, it intervenes with the
basic principle of nonlinear beam shaping where diagonal polarization on
the LCoS SLM causes only half of the light field being shaped. This step is
required to achieve an unambiguous assignment of the resulting field at the
second harmonic. Keeping the Fresnel lens term part of the phase mask
in the scanner setup would thus only shape half of the light field and only
this part is imaged back on the galvanometer mirror. Consequently, the lens
within the phase mask is exchanged with a physical lens. For the sake of
simplicity, this lens is directly positioned in front of the LCoS SLM display.
Both polarization components interact with this physical lens and only one
polarization component is shaped by the phase mask on the LCoS SLM.
After the beam leaves the scanner setup, the plane of the SLM is imaged into
the nonlinear KTP crystal. The resulting target structure in the focal plane
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appears uniform as the speckle pattern averages with the scanner movement.
The experimental results demonstrate the possibility of combining speckle
averaging with nonlinear beam shaping.

Highlights

* Uniform beam shaping at the second harmonic by averaging

+ Compatibility of nonlinear beam shaping with speckle averaging provides
high-quality results at the frequency-converted output

* Perspective of uniform beam shaping beyond the spectral limits of liquid
crystal displays
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The liquid crystal spatial light modulator (LC-SLM) is a powerful device to dynamically shape arbitrary intensity
distributions and finds application in research and industry. While wave front shaping is highly efficient and
thus favorable, the shaped intensity profile suffers from speckle noise and, moreover, LC-SLMs are technically
limited to the visible, near-infrared and mid-infrared spectral ranges. We make use of nonlinear optics to enlarge
the spectral range by shaping the light field at the fundamental but achieving the desired outcome at the second
harmonic [1]. Moreover, we diminish speckle noise by temporal averaging to achieve results of high uniformity
and quality. To this end, usually several different patterns are displayed sequentially on the SLM what results in
poor efficiency due to the low frame rate. We overcome this problem by using a single phase mask while the beam
is scanned over the SLM with a galvanometer scanner and subsequently de-scanned [2].

speckle averaging in phase-only filter
beam shaping by scanning the KTP crystal
beam over the SLM SLM . ‘\
B

o
. , & \ | polarization-controlled

“\nonlinear beam shaping

galvanometer scanne’\]' v
/0 A2 ‘

Fig. 1 Experimental setup to combine speckle averaging with nonlinear beam shaping.

—

44

Combining those two methods enables uniform beam shaping at the frequency-converted field. The experimental
setup is presented in Fig. 1. Moving the beam over a single phase mask provides excellent speckle averaging
and the galvanometer scanner, which introduces the movement, directly compensates for the applied angle as the
beam is sent back to it. Thus, the speckle pattern gets averaged, while the beam remains static. For frequency
doubling, the plane of the SLM is subsequently imaged into the nonlinear KTP crystal. As second harmonic
generation is a coherent process, the applied phase distribution from the SLM is conserved. However, the process
is also degenerate as two fields at the same frequency mix and they need to be made distinguishable to keep
control on the outcome phase. The crossed polarization states at type II phase matching may act as such a control
mechanism: When impinging on the SLM with diagonal polarization, only half of the light field is shaped as the
liquid crystals are polarization-sensitive. Consequently, only an unshaped field component mixes with a shaped
component and the frequency-converted wave front is determined by the initially applied phase mask on the SLM
while to deflection angles are reduced by half. We show experimental results for beam shaping at the second
harmonic in Fig. 2 with the results at the fundamental as reference. We envision this technique as step toward
beam shaping beyond the physical limits of the LC-SLM.

cond harmonic at 532 nm
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7  Summary and Conclusion

Dynamic phase-only beam shaping with liquid crystal displays is a versatile
and widely used tool in many research applications. Phase-only beam
shaping using LCoS SLMs does not cause significant losses and the outcome
can be dynamically adjusted. This provides high flexibility and the option
of dynamic process control. However, as phase-only beam shaping does
not allow sufficient control of the full light field, amplitude and wave front
cannot be shaped in the same image plane without inducing significant
losses. When aiming for a specific intensity distribution, the wave front in
the beam shaping plane is typically tailored so that the beam emerges into
the desired amplitude distribution while the wave front in the target plane
remains uncontrolled. This leads to so-called phase vortices. These phase
vortices cause destructive interference, which manifests itself as speckle
superimposed on the target structure.

Many methods have been developed to overcome this issue. However, typi-
cally, they provide a compromise between efficiency and quality. This thesis
developed and experimentally validated three methods for uniform beam
shaping. All of these maintain the initially high light efficiency and provide
beam shaping results of high quality. As the methods are conceived for
ultrashort pulse laser materials processing, they avoid excessive fluences on
the involved optical elements while featuring high feasibility. All developed
methods are application-oriented and thus especially robust in their practical
implementation. Two methods are based on averaging intensity patterns
without being limited by the frame rate of the liquid crystal display. To
achieve uniform beam profiles within each single pulse, the third method
employs two phase modulation planes.

Even though averaging-based methods and direct uniform beam shaping
provide intensity patterns of similar appearance, the methodologies differ
and this thesis investigates the thereby caused influence on material ablation.
The evaluation of the ablated profiles shows that both approaches result
in a similar amount of ablated material when working with the same laser
power and number of pulses. While wave front and amplitude shaping with
two phase-only beam shaping planes is especially beneficial for resolving
fine contours, averaging is the more robust method and especially powerful
when ablating uniform areas. On that basis, an averaging-based method was
chosen to further investigate the influence of the material on the processing
result. The method was used to ablate uniform areas on different metal
samples. While effects of the grain structure are not expected to dominate
process dynamics and a series of ablation experiments on each material
indicated position independence and good reproducibility, significant differ-
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7 Summary and Conclusion

ences in ablation uniformity appeared between the different materials. The
results reveal a correlation between the averaged intensity profile and the
topography of the ablated squares. This correlation suggests that thermal
material properties play an important role. As the resulting uniformity of
the ablated surfaces and the material-specific thermal conductivity show a
near-linear relationship, the achievable ablation uniformity can be estimated
based on the thermal conductivity. Having a prediction of the ablation
uniformity allows for assessing the expected outcome with the ability to
refine the developed beam shaping methods, e.g. combining averaging by
scanning with additional averaging of individual phase masks. To some
extent, it is also possible to optimize the outcome by adapting the laser
parameters as this influences the process dynamics.

Similar to the shaped intensity profile and the analyzed influence of the
processed materials, the laser wavelength is another crucial process parame-
ter to optimize the outcome. The laser wavelength determines the physical
mechanisms of light matter interaction and it thus needs to be chosen
carefully when aiming for precise and efficient laser materials processing.
However, liquid crystal displays are currently technically limited to the visible,
near-infrared, and mid-infrared spectral ranges. As some materials have to
be processed with UV light, the concept of nonlinear computer-generated
holography provides the basis for phase-only beam shaping at spectral
ranges beyond the current limits of liquid crystal displays. As nonlinear
light conversion is a coherent process, the phase information is conserved
and this method can be combined with phase-only beam shaping. It is
thus possible to shape the wave front at the fundamental and convert the
wavelength thereafter. While this thesis only analyzed the general concept of
frequency-converting the shaped light field from the infrared to the visible
spectral range, the results give an outlook on phase-only beam shaping at
the UV spectral range. This provides a wide range of new opportunities for
future research. Further, nonlinear beam shaping was combined with speckle
averaging to achieve uniform beam profiles at the second harmonic. Besides
improving the quality of the outcome, this experimental implementation
shows the applicability and compatibility of the developed methods.
Overall, this thesis contributes methods for creating uniform beam profiles
of arbitrary shape while maintaining high precision and efficiency. The
identification of potential influence factors of the beam shaping method and
the processed material helps to estimate and control the uniformity of the
ablated outcome. In combination with nonlinear light conversion, uniform
beam shaping is not limited to the spectral range of the liquid crystal display
and the wavelength can be adapted specifically to the requirements. This
enables precise and efficient ultrashort pulse laser materials processing for a
wide range of applications in research and industry.
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7 Summary and Conclusion

Contributions in brief

* Methods for uniform beam shaping featuring

high efficiency and quality,

high feasibility and practicality,
applicability to high-energy lasers,

and laser ablation results of high uniformity.

* Analysis of the influence of the material during laser ablation enables

- the identification of potential impact factors, e.g. thermal conductivity
- and the possibility to estimate and potentially adjust the uniformity.

* Nonlinear phase-only beam shaping

- isastep towards beam shaping beyond the spectral limits of liquid crystal
displays
- and uniform beam profiles can be achieved by speckle averaging.

= Uniform beam shaping at the optimum wavelength while elucidating
material-specific properties pertinent to ablation results with high uni-
formity.

17






8 Zusammenfassung und Ausblick

Die dynamische Wellenfrontformung mit Fliissigkristalldisplays ist eine
vielseitige und weit verbreitete Methode in vielen Forschungsanwendungen.
Reine Wellenfrontformung mit LCoS SLMs verursacht keine nennenswer-
ten Verluste und die Stahlform kann dynamisch angepasst werden. Das
gewahrleistet hohe Flexibilitat und die Moglichkeit zur dynamischen Pro-
zesssteuerung. Da die reine Wellenfrontformung jedoch keine ausreichende
Kontrolle tiber das gesamte Lichtfeld ermoglicht, konnen Amplitude und
Wellenfront nicht in der gleichen Bildebene geformt werden, ohne dass es
zu erheblichen Verlusten kommt. Wenn eine bestimmte Intensitdtsvertei-
lung angestrebt wird, wird die Wellenfront in der Strahlformungsebene in
der Regel so angepasst, dass der propagierende Strahl in die gewiinschte
Amplitudenverteilung miindet, wahrend die Wellenfront in der Zielebene
unkontrolliert bleibt. Dies fiihrt zu sogenannten Phasenwirbeln. Diese Pha-
senwirbel verursachen destruktive Interferenzen, die sich als tiberlagerndes
Specklemuster in der Zielstruktur manifestieren.

Es wurden viele Methoden entwickelt, um dieses Problem zu 16sen. In der
Regel ermdglichen sie jedoch nur einen Kompromiss zwischen Effizienz und
Qualitdt. In dieser Arbeit wurden drei Methoden zur ebenen Strahlformung
entwickelt und experimentell validiert. Alle diese Methoden erhalten die
urspriinglich hohe Lichteffizienz und liefern Strahlformungsergebnisse von
hoher Qualitdt. Da die Verfahren fiir die ultrakurzgepulste Lasermaterialbe-
arbeitung konzipiert sind, vermeiden sie iibermaf3ig hohe Fluenzen auf den
beteiligten optischen Elementen und zeichnen sich durch eine hohe Nutzer-
freundlichkeit aus. Alle entwickelten Methoden sind anwendungsorientiert
und daher besonders robust in der praktischen Umsetzung. Zwei Verfahren
basieren auf der Mittelung von Intensitatsmustern, ohne durch die Bildrate
der Fliissigkristallanzeige begrenzt zu sein. Die dritte Methode verwendet
zwei Phasenmodulationsebenen, um ebene Strahlprofile innerhalb jedes
einzelnen Pulses zu erreichen.

Obwohl die auf Mittelwertbildung basierenden Methoden und die direk-
te ebene Strahlformung dhnlich aussehende Intensitatsmuster erzeugen,
unterscheiden sich die Methoden und diese Arbeit untersucht den dadurch
verursachten Einfluss auf den Materialabtrag. Die Auswertung der abgetrage-
nen Profile zeigt, dass beide Ansdtze bei gleicher Laserleistung und Pulszahl
zu einer dhnlichen Menge an abgetragenem Material fithren. Wahrend
Wellenfront- und Amplitudenformung mit zwei phasenmodulierenden
Strahlformungsebenen vor allem zur Auflésung feiner Konturen vorteilhaft
ist, ist Mittelung die robustere Methode und besonders leistungsfahig, wenn
gleichformige Bereiche abgetragen werden sollen. Aus diesem Grund wurde
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8 Zusammenfassung und Ausblick

eine auf Mittelwertbildung basierende Methode gewahlt, um den Einfluss
des Materials auf das Bearbeitungsergebnis weiter zu untersuchen. Die
Methode wurde genutzt, um ebene Bereiche auf verschiedenen Metallproben
abgetragen. Wahrend nicht zu erwarten ist, dass Effekte der Kornstruktur die
Prozessdynamik dominieren und eine Reihe von Ablationsexperimenten an
den einzelnen Materialien positionsunabhangig und reporduzierbar waren,
zeigten sich signifikante Unterschiede in der Gleichférmigkeit der abgetrage-
nen Oberflachen zwischen den verschiedenen Materialien. Die Ergebnisse
weisen eine Korrelation zwischen dem gemittelten Intensitdtsprofil und
der Topographie der abgetragenen Quadrate auf. Diese Korrelation deutet
darauf hin, dass die thermischen Materialeigenschaften eine wichtige Rolle
spielen. Da die resultierende Gleichformigkeit der abgetragenen Oberflaichen
und die materialspezifische Warmeleitfdhigkeit einen nahezu linearen
Zusammenhang aufweisen, kann die erreichbare Abtragsgleichférmigkeit
anhand der Warmeleitfahigkeit abgeschatzt werden. Diese Vorhersage
ermdglicht die Beurteilung des zu erwartenden Ergebnisses und die Option
zur Verfeinerung der entwickelten Strahlformungsmethoden, z. B. die
Kombination von Mittelung durch Scannen und zusdtzlicher Mittelung
einzelner Phasenmasken. Bis zu einem gewissen Grad ist es auch moglich,
das Ergebnis durch Anpassung der Laserparameter zu optimieren, da dies
die Prozessdynamik beeinflusst.

Ahnlich wie das geformte Intensititsprofil und der analysierte Einfluss
der bearbeiteten Materialien ist die Laserwellenlinge ein weiterer ent-
scheidender Prozessparameter zur Optimierung des Ergebnisses. Die
Laserwellenldnge bestimmt die physikalischen Mechanismen der Licht-
Materie-Wechselwirkung und muss daher sorgfaltig ausgewahlt werden,
wenn eine prazise und effiziente Lasermaterialbearbeitung angestrebt wird.
Fliissigkristalldisplays sind jedoch derzeit technisch auf den sichtbaren, den
nah infraroten und den mittleren infraroten Spektralbereich beschrankt.
Da einige Materialien mit UV Licht bearbeitet werden miissen, bietet das
Konzept der nichtlinearen computergenerierten Holografie die Grundlage fiir
Wellenfrontformung in Spektralbereichen, die tiber die derzeitigen Grenzen
von Flussigkristalldisplays hinausgehen. Da es sich bei der nichtlinearen
Lichtkonversion um einen kohirenten Prozess handelt, bleibt die Phasenin-
formation erhalten, und diese Methode kann mit der Wellenfrontformung
kombiniert werden. Es ist also moglich, die Wellenfront der Fundamentalen
zu formen und die Wellenlange danach umzuwandeln. Wahrend in dieser
Arbeit nur das allgemeine Konzept der Frequenzkonversion des geformten
Lichtfeldes vom infraroten in den sichtbaren Spektralbereich analysiert
wurde, geben die Ergebnisse einen Ausblick auf Wellenfrontformung im UV
Spektralbereich. Daraus hinaus ergeben sich zahlreiche neue Méglichkeiten
fiir die zukiinftige Forschung. Auferdem wurde nichtlineare Strahlformung
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mit der Specklemittelung kombiniert, um ebene Strahlprofile in der zweiten
Harmonischen zu erzeugen. Diese experimentelle Umsetzung verbessert
nicht nur die Qualitat der Ergebnisse, sondern zeigt auch die Anwendbarkeit
und Kompatibilitat der entwickelten Methoden.

Die vorliegende Arbeit stellt Methoden zur Verfiigung, die ebene Strahlprofile
beliebiger Form mit hoher Prazision und Effizienz erzeugen. Die Identifi-
zierung potenzieller Einflussfaktoren der Strahlformungsmethoden und
des verarbeiteten Materials helfen bei der Abschatzung und Kontrolle der
Gleichférmigkeit des Abtragsergebnisses. In Kombination mit nichtlinearer
Lichtkonversion ist die ebene Strahlformung nicht auf den Spektralbereich
des Flussigkristalldisplays beschrankt und die Wellenldnge kann gezielt
an die Anforderungen angepasst werden. Dies ermoglicht eine prazise
und effiziente ultrakurzgepulste Lasermaterialbearbeitung fiir ein breites
Spektrum von Anwendungen in Forschung und Industrie.

Beitrdge in Stichpunkten

* Methoden zur ebenen Strahlformung mit

hoher Effizienz und Qualitat,

hoher Machbarkeit und Praktikabilitat,
Anwendbarkeit fiir Hochenergielaser,

und Abtragsergebnissen von hoher Gleichformigkeit.

* Analyse des Materialeinflusses beim Laserabtrag ermoglicht

- die Identifizierung potenzieller Einflussfaktoren, z. B. der Warmeleitfa-
higkeit

- und die Moglichkeit, die Gleichférmigkeit abzuschéatzen und eventuell
anzupassen.

* Nichtlineare Wellenfrontformung

- ist ein Schritt zur Strahlformung jenseits der spektralen Grenzen von
Flassigkristalldisplays
- und Specklemittelung ermdoglicht ebene Strahlprofile.

= Ebene Strahlformung bei der optimalen Wellenldange unter Ermittlung
von fir die Ablation relevanten materialspezifischen Eigenschaften, liefert
Ergebnisse hoher Gleichférmigkeit.
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9 Appendix - Further Results

I Ablation Threshold for Selected Metals

Figure 20 presents the measured data points for the determination of the
ablation threshold for the chosen materials in Section 5.2.1. The ablation
threshold is determined for N = 1000 and N = 100 pulses. The latter one
serves as reference. The corresponding measurement for silicon in included
in Section 4.1.1.
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Figure 20: Ablation threshold for N = 100 and N = 1000 pulses for the evaluated metal
samples in Section 5.2.

II  Analysis of Reproducibility and Position
Independence

Three distinctive materials silicon, DCo4, and copper were selected and
ablation experiments were each repeated on independently prepared samples.
Besides the ablation results in Figure 14, the additionally prepared samples
serve as a measure of reproducibility. While the results in Figure 14 are
referred as sample N2 1, the additionally prepared samples of the appendix
are referred as sample N? 2. Similar to the metal samples N2 1, the surfaces
of all samples N2 2 were polished and the laser parameters are consistent.
However, due to technical issues with the laser, the relative fluence for copper
was set to F = 3.9F,. The lower fluence in case of copper is expected to
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III Influence of Preexisting Surface Roughness

impair the ablation uniformity slightly as intensity fluctuations are more
pronounced.

To additionally evaluate the effect of position, ablation experiments on
sample N2 2 were conducted and evaluated at three different positions. As
Table 3 shows, the results provide good reproducibility, as a similar ablation
uniformity was achieved for both samples. Furthermore, the relatively
small standard deviation for sample N? 2 at different positions on the same
sample also indicates position independence. The differences between the
three materials are a lot more significant than the deviations between the
individual measurements and different samples.

Table 3: Analysis of reproducibility and position-dependence with two individual samples.
Sample N2 2 was evaluated at three different positions (pos.) and the error is given by the
standard deviation.

DCog4 Si Cu

N21 | N22 (3 pos.) | N21 | N22 (3 pos.) | N1 | N22 (3 pos.)
Uin % 14.8 12.0+0.1 9.4 9.3+ 0.9 25.6 | 265+ 1.5

material

Good reproducibility and position independence is important because only
the exclusion of these impact factors makes it possible to do a statistical
analysis of the material’s influence on basis of ablation results for various
distinctive metals.

III Influence of Preexisting Surface Roughness

To analyze the influence of surface roughness, additional samples with in-
creasing surface roughness were prepared by using coarse grinding paper.
The surface roughness was characterized using S,. This value is defined as the
arithmetic mean of height deviations with respect to the mean value within a
selected area [217]. For better comparability, the achieved surface roughness
on the ablated area was plotted versus the measured surface roughness in
the surroundings in Figure 21. The results show a trend of degrading surface
roughness with increasing preexisting roughness. Conversely, copper and
DCo4 show asslight trend of improvement. However, the differences between
the individual materials are more significant than differences due to rough-
ness.

Moreover, the selected ablation profiles of copper and DCo4 in Figure 21
suggest that the preexisting surface roughness is conserved instead of be-
ing filtered out. The scratches superimpose on the resulting profiles. The
impaired ablation uniformity can probably be attributed to the additionally
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influence of surface roughness on ablation profile
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Figure 21: Dependence of the ablation uniformity on the surface roughness S, for mono
crystalline silicon, pure copper and the unalloyed deep-drawn steel DCo4. Scratches due to an
increasing surface roughness reappear almost unaffected in the ablated profiles.

overlaying roughness. If the surface roughness was a crucial influence factor
of the ablation process, it would not reappear unaffected after ablation.
Even though surface roughness does not seem to affect the ablated profiles
strongly, the analysis in Section 4.1.1 and Section 4.1.2 shows a significant
dependence of the ablation uniformity on the surface conditions. Too slow
averaging is attributed to the generation of an uneven surface that strongly
affects the process dynamics. This is caused by a quasi-static speckle pattern
with speckle dimensions given by the resolution limit of the optical system.
Consequently, the ablated structures have similar dimensions while the high
fluences within such speckle peaks ablate more material than in the surround-
ings. This causes steep edges with an increased threshold fluence, potentially
above the applied laser fluence. This scenario rather resembles ultrashort
pulse hole drilling [218, 219] where material ablation gradually decreases until
it stagnates.

The results within this analysis suggest that slight imperfections in surface
finish do not have a strong impact on the ablated profile. They are conserved
during material ablation but do not further affect the surroundings. Visual
differences in the resulting ablation profile can thus rather be assigned to
material-specific characteristics. This finding is especially valuable as sample
preparation is hard to control whereas material characteristics like thermal
properties are well-defined.
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Kurzfassung

Bei der Lasermaterialbearbeitung ist die reine Phasenformung ein leistungs-
fahiges Instrument zur Gestaltung des raumlichen Intensitatsprofils und
zur Anpassung des Energieeintrags. Dies verbessert die Fertigungsprazisi-
on und Effizienz, was wiederum den Durchsatz und die Qualitat erhoht.
Das typische Gerat der Wahl ist der raumliche Lichtmodulator basierend
auf einer Flassigkristallschicht auf Silizium. Da er nur die Wellenfront des
einfallenden Lichtfeldes formt, werden kaum Verluste induziert, und der
sich ausbreitende Strahl geht in die gewiinschte Intensitatsverteilung tiber.
Da diese Methode jedoch keine ausreichende Kontrolle iiber das gesamte
Lichtfeld ermdglicht, iberlagern Speckle die Zielstruktur. In dieser Arbeit
werden Methoden zur Strahlformung entwickelt, die Speckle unter Beibehal-
tung hoher Prazision und Effizienz reduzieren. Die entwickelten Methoden
sind anwendungsorientiert und fiir ultrakurzgepulste Lasersysteme ausgelegt.
Abtragsexperimente dienen der experimentellen Validierung und ermaogli-
chen die Charakterisierung der entwickelten Methoden und des Einflusses
des bearbeiteten Materials. Da der formbare Spektralbereich von Fliissig-
kristalldisplays technisch beschrankt ist, ist nichtlineare Strahlformung von
besonderem Interesse, da sie genutzt werden kann, um diese Limitierung zu
iiberwinden. In dieser Arbeit wird eine Technik zur nichtlinearen Strahlfor-
mung untersucht, die mit schneller Specklemittelung kombiniert wird. Das
bereitet den Weg zur ebenen Strahlformung im ultravioletten Spektralbe-
reich bei gleichzeitiger Ermittlung materialspezifischer Eigenschaften, die
fiir einen Materialabtrag mit hoher Gleichmafigkeit relevant sind.






Abstract

In laser materials processing, phase-only beam shaping is a powerful tool to
form the spatial intensity profile and tailor the energy input. This improves
production precision and efficiency which in turn increases throughput and
quality. A common device of choice is the liquid crystal on silicon spatial
light modulator. As it only shapes the wave front of the incoming light
field, it induces almost no losses and the propagating beam emerges into
the targeted intensity distribution. However, as this method does not allow
sufficient control of the full light field, speckle overlays the target struc-
ture. This thesis develops methods for beam shaping counteracting speckle
while maintaining high precision and efficiency. The developed methods
are application-oriented and designed for ultrashort pulse lasers. Ablation
experiments serve as experimental validation and allow for characterizing
the developed methods and the influence of the processed material. Since
the shapeable spectral range of liquid crystal displays is technically limited,
non-linear beam shaping is of particular interest, which can be used to over-
come this limitation. This thesis investigates a technique for nonlinear beam
shaping which is further combined with rapid speckle averaging. This paves
the way towards uniform beam shaping in the ultraviolet spectral range while
elucidating material-specific properties pertinent to ablation results with
high uniformity.
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