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1 Introduction

Abstract. The invention of high power lasers with extremely short pulses

ranging from femto to nanosecond duration opened a plethora of new studies

and industrial applications ranging from laser based surgery, laser processing

of materials in the semiconductor industry and photonics and even to defense

applications. However, the spatial distribution of the laser light field is mostly

limited to Gaussian shapes, which can prove restrictive for many applications.

In this thesis, we study a combined approach of ultrafast laser ablation with

spatial beam shaping, which not only is interesting in terms of applications,

but also opens up new roads to understand the fundamental physical process

of highly non-linear interaction of light and matter. To prelude, we provide

an overview of the field and the theoretical and experimental background

necessary for the main part of the thesis.

1.1 Surface ablation

The laser is one of the hallmark inventions based on quantum physics. Lasers

are getting used more and more in every aspect of life, ranging from simple

applications such as barcode reading, laser printing and laser projection to in-

dustrial as well as defense applications. Fiber-optics communication technol-

ogy enables world-wide information sharing with high speed. Satellite based

internet technology is being developed currently, which is possible through use

of lasers. High power lasers are starting to get used for defense applications

such as directed-energy weapons. In semiconductor lithography, extreme ul-

traviolet (EUV) light, where EUV plasma source is pumped by high power

pulsed lasers, drives Moore’s law into the next decades.

The invention of chirped pulse amplification in 1980s for which the 2018 No-

bel Prize in Physics was awarded to Gérard Mourou and Donna Strickland,

opened up whole new possibilities to generate ultrashort laser pulses with pow-

ers up to the petawatt level without damaging the gain medium, making it

possible to study fundamental light-matter interactions with extreme spatial
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1 Introduction

and temporal resolutions [1]. This has led to fascinating studies in attosecond

science [2]. High-order harmonic generation in gas medium, pumped by the

intense and femtosecond laser pulses, made it possible to produce coherent

extreme ultraviolet pulses with attosecond pulse duration [3]. The attosec-

ond pulses are used to investigate ultrafast electron dynamics in various types

of materials and molecules [2] such as the measurement of the delay in pho-

toemission [4, 5], the observation of electon tunneling ionization [6] and the

measurement of the electron localization process in H2 and D2 molecules after

being excited by the attosecond pulses [7], to name a few. Due to the extreme

focused intensity > 1018 W/cm2, generated by the ultrafast lasers, studies

in relativistic optics and even ultra-relativistic optics are now also possible

as the enormous amount of energy that is deposited into the electrons and

protons in a material by the laser pulse can accelerate them up to relativistic

speeds [1]. On the other hand, as ultrashort pulsed lasers are now available

as robust and turn-key system, they are also an excellent technology for the

ablation of metals [8, 9], semiconductors [10, 11], dielectrics [12] and even bi-

ological materials [13]. Femtosecond laser ablation of material surfaces has

gathered particular interest from the scientific community as well as industry,

especially the semiconductor and the medical industry, due to its ability to re-

move material with extreme precision and low collateral damage. Therefore, it

is important to understand the physical phenomena behind femtosecond laser

ablation of silicon and aqueous materials.

The underlying physical processes behind femtosecond laser ablation are, in

contrast to the case of ns and µs pulse ablation, well separated over different

time scales [13–15], due to the ultrafast energy deposition and the non-linearity

of the processes. Although water, which is the main component in aqueous

materials, is an insulator and silicon is a semiconductor, we can in both cases

categorize the fundamental processes during femtosecond laser ablation into

four regimes based on the time scale of each process: (1) generation/heating

of free carriers (100’s fs), (2) heating of ions/molecules (1 - 10 ps), (3) ex-

pansion of vapor (ablation plume) (ps - ns), and (4) motion of liquid material

(µs - ms). In the first few hundred fs, the laser pulse couples to the material

through multi-photon absorption and impact ionization, which starts to gen-

erate a free carrier plasma [16]. Unlike ns and µs pulses, the optical properties

of the material change profoundly during the pulse propagation, mainly due to

the presence of dense electron plasma, which in turn influences the pulse prop-

agation. Even though the time scale of the pulse is short, the carrier-carrier
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1.2 Ultrafast time-resolved imaging: pump and probe microscopy

collision time is even shorter [17], so we can assume that the free carriers in-

side the plasma remain in thermal equilibrium with each other. On the ps

time scale, the electron plasma starts to couple to the lattice or the motion

of the atoms/molecules and heat diffusion takes place. The resulting super

heated material will expand, creating an ablation plume, containing electron

plasma, ions and neutral atoms. In the case of semiconductors, a thin layer

of material underneath the plume will be in the liquid state. From ps to ns,

the ablation plume expands supersonically in the normal direction [18]. The

recoil pressure will cause the liquid material to move on a µs to ms time scale.

The motion of the liquid can be particularly violent, leading to crowning and

splashing, as evidenced by the ablation aftermath [19]. Understanding the

physical mechanism behind material removal, or in other words what exactly

drives the liquid motion during ablation, is an extremely important and chal-

lenging problem. There are two processes that can lead to liquid motion in this

case: the aforementioned strong recoil pressure from the expanding ablation

plume and the ejection of liquefied material due to a gradient of the surface

tension, the so-called Marangoni effect [20]. Studying expansion dynamics of

the ablation plume is essential in figuring out which process is dominant dur-

ing material removal. However, so far most studies of on the ablation plume

dynamics have been done under weak focusing condition [18,21–23], which is

fundamentally different from strong focusing condition, as we will argue this

in next sections. Moreover, the understanding of femtosecond ablation under

strong focusing condition is vital due to its high spatial resolution and low

collateral damage, which is indispensable for applications that require ultra

precision and material removal efficiency such as cell surgery [24] and silicon

wafer ablation [25].

1.2 Ultrafast time-resolved imaging: pump and

probe microscopy

The most powerful tools to study femtosecond ablation dynamics are so-called

time-resolved pump-probe schemes [18, 24, 26–30]. Material is excited by an

energetic pump pulse, from an amplified laser source. A part of the pulse is

delayed and used to image the material either in reflection, transmission or

scattering mode. This probe pulse is often generated by frequency doubling

a part of the laser pulse. The time delay is controlled by an optical delay
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1 Introduction

line for short time delays, typically less than 100 ns. For longer delays, the

probe pulse can also be derived from a second laser, in which case the delay

is generated by an electronic circuit.

These techniques can be further categorized into two groups based on imag-

ing method. One is time-resolved side-imaging including absorption imaging

(also called shadowgraphy) [18,24,26], although one could also use phase con-

trast imaging (using for instance the Schlieren or Zernike methods). Many

studies of femtosecond ablation involving weak focusing are done by time-

resolved shadowgraphy [18,24], where a pump pulse is focused onto the sample

in one direction, while a probe pulse is impinged on the sample from a direc-

tion perpendicular to the pump and the transmitted probe light is captured

by a camera. However, shadowgraphy is not suitable for ablation studies with

a strong focusing, as the small lateral size of the plume does not have enough

optical thickness to give sufficient optical contrast. For example, in the case

of strong focusing, the diameter of the shockwave during the first few ns is

around 30 µm [26, 30] while it is around 2 mm in the case of the weak focus-

ing [18]. Seminal work shown in Ref. [26] shows the ablation dynamics with

strong focusing inside bulk water using shadowgraphy. To get sufficient signal,

the authors implemented an averaging method where every image is actually

an average of 100 images, and even then, the signal to noise ratio is rather

poor. Another method is time-resolved reflectivity imaging [27–30], where

both pump and probe pulse are sent through same focusing element. The re-

flected probe light is sent back to the element and recorded by a camera. This

has several advantages over the side-imaging method. Due to comparatively

large change in reflectivity coming from ablation features [30], it is possible

to perform single-shot ablation studies with high spatial resolution. It is also

much easier to implement experimentally and compatible with high numerical

aperture (NA) microscopy, yielding a high spatial resolution.

Here, we describe the experimental setup used in this thesis and provide a

general description about its main aspects. Our setup is based on Ref. [30]

with additions that are discussed in Chapters 2 and 4. We use the above

mentioned time-resolved reflectivity imaging, also called transient reflectivity

microscopy, with a high NA objective1 to study dynamics of ultrafast laser

ablation at a water/air interface. Fig. 1.1 shows the schematics of the setup.

A femtosecond pulse with a pulse duration of 150 fs and a wavelength of 800

1Nikon CFI60, 100x, NA=0.8
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1.2 Ultrafast time-resolved imaging: pump and probe microscopy
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Figure 1.1: Transient reflectivity microscopy setup. Adapted with permission

from Ref. [30].

nm, depicted in red, is generated by a femtosecond regenerative amplifier2.

This pulse is split into two pulses, one is the pump pulse used to excite the

water surface and the other one is a probe pulse used to image the surface

after the excitation. The probe pulse with a wavelength of 400 nm, depicted

in blue, is generated by frequency doubling one of the split pulses with a

BBO (beta barium borate) crystal. A λ/2 waveplate and a polarizing beam

splitter are used to control pump pulse energy. During actual experiments,

neutral density filters, not depicted in the figure, are used to modify the pulse

energy in calibrated steps. An optical delay line is used to precisely control

the delay time between the pump and probe pulse. The delay time can range

from 10 fs to 100 ns. In this thesis, we mostly use a fixed delay of 10 ns to

study the gas expansion regime. The pump beam is then strongly focused

by the objective onto the sample, resulting in a beam waist of 3.1 µm [30].

The probe beam is focused onto the back focal plane of the objective thus

providing wide field illumination of the sample. The reflected probe light is

then imaged on an electron multiplying CCD camera3 using a f=300 mm tube

lens (TL). Filters (F)4 are placed inside the setup (inside the probe path and

in front of the camera) so that there is no light with a wavelength of 800 nm

2Hurricane, Spectra-Physics
3Andor, Ixon 885
4λ0 = 400 nm, ∆λFWHM = 10 nm
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in the probe path and only reflected probe light is collected by the camera.

Fig. 1.2(b) shows a cuvette in which the objective and the sample are mounted.

The gaseous atmosphere inside the cuvette can be changed with a circulating

system with a supply and an exhaust.

Now we discuss some previous results obtained with this setup that preceded

this thesis [30]. Fig. 1.2(c) shows typical transient reflectivity images measured

in an air atmosphere with time delays from 0.2 ps to 100 ns, showing the

underlying dynamics of the ablation process. As illustrated in Fig. 1.2(a),

the processes involved in fs laser ablation at a water/air interface are well

separated in time. During first few hundred fs to a ps, the laser pulse excites

water molecules and ionizes them, producing a dense electron plasma, which

result in bright spots at the center of images (images c1-c3). Then the electron

plasma starts to thermalize with the atomic nuclei and thermal energy of the

plasma dissipates into the surrounding water medium (images c4-c6). This

energy redistribution leads to heating of the water and thus to evaporation,

which produces rapidly expanding vapor that show up as black disks at the

center of images. This happens rapidly during 20 ps to 100 ns (images c7-c18).

Fig. 1.3(a)-(e) show representative images from different time scale regimes.

Corresponding azimuthal averages (f)-(j) and illustrations of the physical pro-

cesses involved (k)-(o) are also shown. Fig. 1.3(a), (b) and (e) are particularly

interesting. The strong increase in relative reflectivity in Fig. 1.3(a) and (b)

is due to the dense electron plasma [30, 31]. However, there is a reflectivity

dip in the center of Fig. 1.3(b), which is attributed to the start of the evap-

oration [30, 31] already at 2 ps. From Fig. 1.3(e) and (j), one can see there

is a sharp edge surrounding the ablation plume and shockwave-like feature.

This feature resembles a surface ripple in a normal-incidence imaging method.

However, this is not a surface ripple because the surface ripples would not

depend on the surrounding gas atmosphere whereas the shockwave-like fea-

ture we observe does depend on the surrounding gas atmosphere, as shown in

Fig. 1.4. The expansion of the plume is expected to be highly elongated in a

vertical direction [30], shown in Fig. 1.3(o), which will be further discussed in

next section.

As shown in Fig. 1.4, the authors of Ref. [30] recorded transient reflectivity

images in the presence of different gas atmospheres. The authors use 1,1,1,2

tetrafluoroethane (TFE), air, and Helium with densities 4.25 mg/cm3, 1.20

mg/cm3, and 0.18 mg/cm3 respectively. From the figure, one can see that the

shockwave-like feature is more visible for denser gas atmosphere. This can
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Figure 1.2: (a) Time-line of ultrafast ablation of water and illustration of in-

volved processes. Representative images from (c) are indicated

with arrows labelled c1 to c18 at corresponding time-line posi-

tions. (b) Detailed schematics of the sample cuvette. (c) Typical

transient reflectivity images recorded at pump-probe delays from

0.2 ps to 100 ns. Pump pulse fluence is 25 J/cm2. Reproduced

with permission from Ref. [30].
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1.2 Ultrafast time-resolved imaging: pump and probe microscopy

be understood as the heavier gases have a lower sound velocity, so the mach

number of initial plume expansion is higher, leading to a sharper discontinuity

between the expanding plume with supersonic (in air) or hypersonic speed (in

TFE) and the surrounding atmosphere, creating much more optical contrast.

The associated shockwave will obviously also be stronger. Another important

thing to note is that the size of the ablation plume stays roughly the same for

all the gas atmosphere at each time delay, from 500 ps to 10 ns. This suggests

that the dynamics of the lateral expansion of the ablation plume is only weakly

dependent on the atmosphere. However, the dynamics of the vertical expan-

sion should obviously be different as the expansion slows down more quickly

for heavier gases due to the fact that the expanding plume gathers up mass

faster. This will be discussed further in Section 1.6. A study on the vertical

expansion requires the side-imaging methods which, as discussed before, are

unpractical under strong focusing conditions. An approach using a strongly

elongated pump pulse will be discussed as an outlook of the thesis.

0.5 ns

TF
E

10 m

2 ns 5 ns 10 ns

Ai
r

He

Figure 1.4: Atmosphere influence on ablation dynamics. Transient reflectivity

images of expanding vapor in the presence of tetrafluoroethane

(TFE), Air and Helium. Adapted with permission from Ref. [30].
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1 Introduction

1.3 FDTD simulation of electron dynamics during

the excitation

As previously discussed in Sections 1.1 and 1.2, ablation of liquids and semi-

conductors are a combination of different processes that are well separated in

time. In this section, we provide a general description of a numerical model

simulating the electron plasma dynamics and initial energy deposition process

during the first ps of water ablation, which is a crucial first step to under-

stand the eventual ablation plume expansion. The model was developed by

our group and a full description of it can be found in Refs. [31–33]. In this

thesis, we use the model to calculate the heat deposited into the material by

the excitation pulse. Here we discuss the relevant aspects of the model.

As a fs laser pulse propagates through the material, it changes the material

properties by creating a dense electron plasma in the impact region. The

plasma in turn affects the optical properties of the material, thereby altering

the pulse propagation. This problem can be described by a coupled set of

equations, specifically the Maxwell equations and material equations. The

Maxwell equations are used to calculate the optical propagation of the pulse

through the material. The result of this calculation is used as input for the

material equations, from which the optical properties such as susceptibility

and electric conductance of the material are extracted. The extracted optical

properties are then inserted back into the Maxwell equations.

The Maxwell equations in a material are

∇×E = −∂B
∂t
, ∇ ·D = ρf ,

∇×H =
∂D

∂t
+ jf ,∇ ·B = 0, (1.1)

where jf is the free current density and ρf is the free charge density. The

auxiliary fields are given as

D = ε0E + P,H =
1

µ0
B−M. (1.2)

For optical frequencies, we can neglect the magnetic permeability of the mate-

rial and consider only the electric susceptibility, which is in general a function

of both a position and time. The effects of free currents and charges can be

taken into account implicitly in the electric susceptibility [33]. In that case,

to avoid double counting, the free currents and charges are removed from the

10



1.3 FDTD simulation of electron dynamics during the excitation

Maxwell’s equations, which yields

∂H(r, t)

∂t
= − 1

µ0
∇×E(r, t), (1.3)

∂E(r, t)

∂t
=

1

ε0ε(r, t)
∇×H(r, t), (1.4)

from which the electric and magnetic field in the material are solved using a

two-dimensional finite-difference time-domain (2D FDTD) routine [32,33].

When the pulse interacts with an unperturbed material surface, it excites

electrons from the valence to the conduction band through strong field (multi-

photon) absorption, as there are no free electrons present in the conduc-

tion band for insulators and single-photon absorption is impossible as the

photon energy is too low. On top of that, free-carrier absorption (inverse

bremsstrahlung) creates additional electronic excitations in the conduction

band. Once the electrons in the conduction band have sufficient thermal en-

ergy, they can produce more free electrons by collisional excitation, a process

known as the avalanche ionization. All these processes can be captured by

the multiple rate equation (MRE) method [12, 16, 34], in which we discretize

the conduction band into effective energy levels spaced by the photon energy.

The method is summarized in the equations

ρ̇0 = −W1ptρ0 +WSFI + 2αρk,

ρ̇1 = −W1ptρ1 +W1ptρ0,

...

ρ̇k−1 = −W1ptρk−1 +W1ptρk−2,

ρ̇k = −αρk +W1ptρk−1, (1.5)

where ρi is the electron number density at ith energy level and α (1 fs−1) is

the avalanche ionization coefficient [31]. The total number of energy levels is

k = Ueff/~ω, where Ueff is the ionization potential of the material and ~ω is

the photon energy. W1pt is the one-photon absorption coefficient and WSFI is

the strong-field ionization rate, which is computed as a function of the electric

field strength at the pulse wavelength [31]. The electron plasma temperature

and number density can be computed using

kBT =
2

3

∑k
j=0 j~ωρj∑k
j=0 ρj

and ρ(r, t) =

k∑
j=0

ρj(r, t), (1.6)
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1 Introduction

where kB is the Boltzmann constant. Typically one finds that there are 0.1 - 1

excited electron per atom/molecule at a temperature of several 10000 Kelvin,

for typical ablation conditions [35]. Therefore, it is justified to use a Boltzmann

distribution to describe the electron plasma [35]. The scattering rate of the

electron plasma is a sum of an electron-electron Γe−e and an electron-phonon

Γe−p scattering rate as

Γ(r, t) = Γe−p(r, t) + Γe−e(r, t). (1.7)

The Γe−p is 1 fs−1 [31], while the Γe−e is given as [34]

Γe−e(r, t) =
4πε0
e2

√
6

me
(kBT )3/2. (1.8)

Here e and me are the electron charge and mass respectively. Following

Refs. [31–33], the dielectric function can be computed using

ε(r, t) = εmat −
ω2
p(r, t)

ω2 + iωΓ(r, t)
+

3

4
χ3|E(r, t)|2, (1.9)

where εmat is the dielectric constant of unexcited material at the pulse wave-

length, χ3 is the third-order nonlinear susceptibility and ω2
p(r, t) = e2ρ(r, t)/meε0

is the plasma frequency.

Calculate ρ using 
MRE and SFI

Solve Maxwell’s equations 
via 2D-FDTD

( , + )

( , + )

Dielectric function ε(r , t+δt, ρ,  )
Scattering rate Гee(r , t+δt, ρ, T)
Electron temperature T (r , t+δt, ρ, T)

2D-FDTD cycle for pump pulse 2D-FDTD simulation box

E(r ,t)

PML

PML

PM
L

PM
L

air

water

Source

Electron 
plasma

(a) (b)

Figure 1.5: (a) Schematics of a calculation routine with an excitation pulse.

(b) Simulation box. PML denotes the perfectly matched layer that

minimizes the reflection. Adapted with permission from Ref. [31].

Fig 1.5(a) shows a schematic of one cycle of the 2D FDTD routine. At

every half optical cycle δt, the electric field distribution is calculated. Then
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1.3 FDTD simulation of electron dynamics during the excitation

the model updates the MRE and the electron plasma density is obtained.

Using those values, we calculate the dielectric function and plasma conduc-

tivity based on Eq. 1.9. These values are used for the next cycle [32, 33]. In

Fig 1.5(b), the 2D simulation box (z-x) we used is shown. The air/material

interface is located at z=0. Perfectly matched layers (PML) are used to min-

imize the reflected fields coming from the edges of the box.
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Figure 1.6: Heat distribution inside water at 700 fs after the pump pulse peak

intensity. The pump pulse fluence is 21 J/cm2.

In Fig. 1.6, we show a calculation result of a heat distribution inside water

as the material, relevant to Chapter 2. We compute the heat distribution at

700 fs after the pump pulse peak intensity whose fluence is 21 J/cm2. Based

on Eq. 1.6, the heat distribution inside the material is taken as 3/2kBTρ,

which is the kinetic energy of the electron plasma. The FDTD calculations

are done in two dimensional Cartesian coordinate system. However, when we

calculate the absorbed energy we assume the material has a 3D cylindrical

symmetry [32, 33]. Thus, we do 3D cylindrical integration of the total heat

distribution to compute the absorbed energy. We assume that the thermal

energy of the plasma has not dissipated into surrounding bulk water as the

evaporation of the water molecules happens in ps time scale, shown in Fig. 1.2.

The energy of the electron plasma is what drives the eventual plume expansion

during the first 10 ns because the recombination of the electrons and the ions

does not happen significantly even within 30 ns [36]. Although water does not

have an electronic band structure strictly, the model describes well the water

ablation. It is originally developed for a fused silica [32, 33], which is also an

amorphous material.
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1.4 Beam shaping

Beam shaping, changing the structure of a coherent light beam in space and

time into desired patterns utilizing non-trivial optics, has become a powerful

tool to investigate light-matter interaction [37, 38]. There are different ways

to shape laser beams [37,38]. At the source, intra-cavity mode control is used

to create ultra-pure modes for high-intensity laser beams [37]. Outside the

source, various static optical elements such as diffractive and refractive optical

elements are used to shape the light field [38]. With recent developments

of liquid crystal spatial light modulators, adaptive optics has emerged as a

powerful way to control the light field dynamically due to its high versatility

and ease of implementation compared to its static counterparts [39]. Control

of each aspect of light such as temporal, spatial distribution and polarization

brings benefits. For example, temporal pulse shaping is used to compensate

dispersion due to pulse propagation over long distance [37]. Radially and

azimuthally polarized beams are used to create tight foci with smaller beam

waists compared to a Gaussian beam [37]. Spatial beam shaping is used to

create custom intensity light fields at a desired plane [37]. In this thesis, we

focus on spatial beam shaping.

Spatial beam shaping has been utilized in various fields in the form of holo-

graphic beam shaping after the development of liquid crystal spatial light

modulators. For example, in atomic physics it is used for creating holographic

atomic traps [40–42]. In biophysics, it is used for creating optical tweez-

ers [43, 44], producing integrated microfluidic systems based on two-photon

polymerization [45] and inducing a temperature gradient on gold nanoparti-

cles, i.e. thermoplasmonics [46]. In optics, it is used for imaging through multi-

ple scattering materials [47]. In ablation, it is mainly used for laser processing

of materials with spatially shaped laser pulses [48], for instance to generate

multiple excitation spots to reduce processing time [49, 50] and to produce

foci with extended depth of field to create nano-scale holes [48] and material

removal with spatially shaped foci such as a donut and TopHat [35, 51, 52].

We use spatial beam shaping in Chapters 2 and 4 of this thesis.

1.5 Outline of this thesis

In this thesis, we present experimental and numerical studies on applications

of the spatial beam shaping in ultrafast laser ablation of different types of
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material surfaces. This thesis is organized as follows:

In the previous Sections, we have discussed relevant recent work done by

our group and the others.

In Section 1.6, related to the plume expansion dynamics, we present a

derivation and numerical study of two point blast models [53, 54], originally

developed for three dimensional expansions, in two and one dimensional ex-

pansion. Based on the results, we clarify the difference between the strong

and the weak focusing regimes in ablation.

In Chapter 2, we simultaneously induce the double excitations at a wa-

ter/air interface with a SLM. By dynamically changing the distance between

the excitations, we map out the velocity field of the gas front at two different

pulse energies. Our FDTD calculation of absorbed energies suggests that the

plume expansion dynamics deviates from the standard point blast model [53]

often used to describe the expansion.

In Chapter 3, we experimentally study the ablation of gel and water as

both have similar optical and material properties. Also the gel provides an

aftermath, which would not be possible in the ablation of water as the surface

recovers after every pulse excitation. During the first 10 ns, we find the similar

expansion dynamics in both water and gel over a large range of pulse energies.

We measure the volume of the gel craters produced during ablation with an

optical profilometer and provides an estimate on the removed mass. To get

more insight, we calculate the absorbed energies corresponding to the pulse

energies. We find a surprisingly similar trend in the removed gel volumes and

the absorbed energies.

In Chapter 4, we present a beam shaping method for the ablation of

silicon wafers. We numerically study an algorithm [55] used to create high-

fidelity TopHat beam shapes. We experimentally create the beam shapes at

the intermediate image plane of our setup, and study its light efficiency and

root mean squared errors. We then demonstrate the TopHat patterns through

a high NA objective.

Finally, in Chapter 5, we summarize the results of the thesis and provide

an outlook on future studies.

1.6 Point blast models

As discussed in the previous sections, transient reflectivity microscopy allows

us to image the ablation plume and the shockwave-like features surrounding
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it. To interpret such images, it would be helpful to have a model to describe

the expansion of the plume. In this section, we discuss two models that could

describe the expansion physics and present new calculations for 2D and 1D

expansion. We then comment on how we define the strong and weak focusing

in ablation.

A model often used in the ablation is the Sedov-Taylor (ST) model, first

derived assuming a spherical blast geometry [53]. However, as described in

Section 1.2, the plume expansion during ablation at the water/air interface

has highly elongated, non-spherical geometry. So it would be interesting to

derive the ST model for a 1D expansion. For completeness, we will also derive

the 2D case. We will do so with a highly simplified model which, unlike the

full derivation by ST, does not compute the radial dependence of the pressure,

temperature and density, but rather only determines the scaling as a function

of time. This approach is commonly used in literature on supernova remnant

(SNR) physics [54]. Drawing inspiration from SNR physics, we also discuss

the free expansion model that is used to describe the initial expansion phase

of the supernova explosion [54]. We numerically integrate our models in three,

two, and one dimensions for the time scales relevant to the plume expansion

and discuss the transition between these models.

1.6.1 Sedov-Taylor model in non-spherical geometries

The standard ST model describes the spherically symmetric expansion of a

point-like blast. Here we derive scaling results in 2D and 1D. To the best our

knowledge, these derivations have not been published before.

Sedov-Taylor model in 2D expansion

If E is the initial energy released by a point blast explosion and we assume

that all energy is converted into kinetic energy, we can write it as

E =
1

2
mv2. (1.10)

The moving mass m is assumed to be the mass of the surrounding medium

being gathered up by the expanding blast and v is the expansion velocity. We

can write that mass as

m = ρπr2L, (1.11)
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where the length L is a constant assuming a cylindrical expansion, ρ is the

mass density of the medium and r is the radius of the blast wave. Thus the

energy is

E =
1

2
ρπr2Lv2, (1.12)

from which we can derive

v =

√
2εL
ρπ

r−1, (1.13)

where εL = E/L is the linear energy density. This can be also written as

dr

dt
=

√
2εL
ρπ

r−1, (1.14)

which, through direct integration yields

1

2
r2 =

√
2εL
ρπ

t, (1.15)

from which we can derive that

εL =
1

8
ρπr4t−2. (1.16)

In conclusion, the shockwave front r as a function of time t scales as

r ∝ t1/2. (1.17)

Sedov-Taylor model in 1D expansion

In exactly the same fashion, we can derive a relation of the shockwave front,

radius r in one dimension. This time assuming a longitudinal expansion, the

mass is

m = 2ρrA, (1.18)

where A is a constant area. Following the same steps, we can arrive at,

εA =
4

9
ρr3t−2, (1.19)

where εA = E/A is the surface energy density and

r ∝ t2/3. (1.20)
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To sum it up, based on the ST model for a 3D [53] to 1D expansion, we can

write the shockwave front radius as a function of time as

3D : E ∝ ρr5t−2 → r ∝ t2/5 (1.21)

2D : εL ∝ ρr4t−2 → r ∝ t2/4 (1.22)

1D : εA ∝ ρr3t−2 → r ∝ t2/3 (1.23)

1.6.2 The free expansion regime

The derivation of the ST model assumes that the expanding blast wave is

initially massless, i.e. that the only relevant mass is the mass it gathers

up during the expansion. Early in the expansion, this is obviously a bad

approximation, as the initial mass of the ablated material is dominant. It also

results in an obviously unphysical behavior; the initial expansion velocity is

infinitely large. Therefore, we look for an alternative derivation that takes into

account the initial mass. In plasma physics and in the physics of supernova,

this case is referred to as the free expansion regime. We will now discuss this

regime in three, two and one dimension.

Free expansion model in 3D expansion

In analogy with the derivation of the ST scaling laws, we start by writing

down the mass as a function of the radius r of the blast wave. In contrast to

the ST case, we take into account the initial mass m0 of the ablation plume.

This yields

m = m0 +
4π

3
ρ(r3 − r3

0), (1.24)

where ρ is again the mass density of the surrounding atmosphere and r0 is the

initial radius of the blast wave. As before, we assume that all available energy

is converted to kinetic energy and write

E =
1

2
mv2 =

1

2

(
m0 +

4π

3
ρ(r3 − r3

0)

)
v2, (1.25)

which we solve for v to find the following differential equation

dr

dt
= v =

√
2E

m0 + 4π
3 ρ(r3 − r3

0)
. (1.26)

This differential equation can be easily solved numerically, but it is instructive

to first consider some limiting cases. Specifically, we will look at what happens
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at early times. In this case r ≈ r0 and as a result 4π
3 ρ(r3 − r3

0) � m0, or in

other words, the mass gathered up by the expansion is small compared to

the initial mass. The radius r to which this holds obviously depends on the

mass density ρ of the atmosphere. In this limit, the right hand side of the

differential equation becomes constant and we find that the expansion velocity

becomes

v0 =

√
2E

m0
. (1.27)

Using this definition, we can rewrite the above differential equation as

dr

dt
=

v0√
1 + 4πρ

3m0
(r3 − r3

0)
. (1.28)

If we introduce an effective volume Veff = m0/ρ, which is a volume of sur-

rounding atmosphere with the same mass as the initial mass and if we write

this effective volume in terms of an effective radius reff , we find

dr

dt
=

v0√
1 + (r3 − r3

0)/r3
eff

. (1.29)

Numerically integrating this equation for typical initial condition (v0 = 5 km/s,

r0 = 1 µm, reff ≈ 9.3 µm), yields the orange line in Fig. 1.7. To compare

this result to the ST scaling law, we can use two approaches. The simplest

approach is to compute the total energy 1
2m0v

2
0 and plot the resulting r(t) ac-

cording to the three-dimensional ST model [53]. This approach is illustrated

as the blue line in Fig. 1.7. Alternatively, and perhaps experimentally more

relevant, we can fit the long time behavior of the free expansion result with

the ST scaling law and extract the energy from that fit. In order to find a

proper fit, we have to allow for an initial radius. As can be seen in the green

curve in Fig. 1.7, the fit yields a negative value for the initial radius. More

interestingly, for these initial conditions, it turns out that the energy retrieved

from the fit is roughly 80% higher than the actual initial energy.

Free expansion model in 2D expansion

Following the approach we used above, we find that in two dimensions, the

differential equation describing the cylindrical blast wave expansion becomes

dr

dt
=

v0√
1 + (r2 − r2

0)/r2
eff

, (1.30)
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Figure 1.7: The free expansion model in 3D. The free expansion model in 3D

(orange) and the Sedov-Taylor model in 3D (blue) as a function

of the plume expansion time are shown. The green line is a long

time behavior of the free expansion result fitted with the Sedov-

Taylor model in 3D. The dashed line represents the experimentally

relevant plume expansion time.
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where reff has in this case been defined such that Veff = πLr2
eff , with L the

same constant length as in Eq. 1.11. We numerically integrate this equation

for the same initial conditions as we used in the three dimensional case and

compare with the two-dimensional ST law. The result of this calculation is

shown in Fig. 1.8, with the colors of the lines as they were used before. We see

again that the ST law predicts a much larger expansion for the same linear

energy density εL. If we fit the two dimensional free expansion result with

the two dimensional ST law, we find that the ST fit requires a negative initial

radius and yields a roughly 85% higher linear energy density.
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Figure 1.8: The free expansion model in 2D. The same colors denote the same

lines as in Fig. 1.7.

Free expansion model in 1D expansion

Finally, we can follow the same procedure for the one dimensional case. The

differential equation, predictably, becomes

dr

dt
=

v0√
1 + (r − r0)/reff

, (1.31)
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where reff is defined such that Veff = 2rA, in accordance with Eq. 1.18. The

results of the numerical integration and the comparison with the relevant ST

law is shown in Fig. 1.9. As before, the ST law deviates significantly from the

numerical result.
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Figure 1.9: The free expansion model in 1D. The same colors denote the same

lines as in Fig. 1.7.

It is important to note that the discrepancy between the ST result and

the free expansion result is larger for lower dimensions. This can be easily

understood as follows. When r becomes very large, the effect of the initial

mass becomes smaller, as the mass that has been gathered up by the blast wave

becomes much larger than the initial mass. For higher dimensions, mass is

gathered up faster as a function of radius, which means that the system starts

to follow a ST-like behavior already for smaller radii. The initial expansion of

the ablation plume is highly supersonic and therefore mostly one dimensional,

i.e. perpendicular to the surface. This means that the volume of superheated

material, which starts out as an extremely flat disk, will rapidly get thicker.

An interesting question then becomes: does the ablation plume change aspect

ratio during its expansion? This obviously depends on the initial radius of the
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plume and on its final height. We can use this as a criterion to distinguish

between weak and strong focusing. In the case of weak focusing, the expansion

runs out of steam before the aspect ratio changes. The expansion therefore

tends to transition into an isotropic, ST-like expansion. We can define strong

focusing as the situation in which this does not occur during the time scale

that is being investigated.

In the following two Chapters, we will assume that we are in the strong fo-

cusing regime, i.e. that the expansion is dominated by the vertical component

throughout the experiment. To verify this requires side-imaging, which is un-

feasible as discussed before. The following two Chapters essentially describe

the methods to learn more about the expansion dynamics without directly

observing the vertical expansion.
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2 An optical method for

micron-scale tracer-less

visualization of ultra-fast laser

induced gas flow at a water/air

interface

Abstract. We study femtosecond laser-induced flows of air at a water/air

interface, at micrometer length scales. To visualize the flow velocity field, we

simultaneously induce two flow fronts using two adjacent laser pump spots.

Where the flows meet, a stationary shockwave is produced, the length of which

is a measure of the local flow velocity at a given radial position. By changing

the distance between the spots using a spatial light modulator, we map out

the flow velocity around the pump spots. We find gas front velocities near the

speed of sound in air vs for two laser excitation energies. We find an energy

scaling that is inconsistent with the Sedov-Taylor model.1

2.1 Introduction

Laser ablation is currently applied in research fields ranging from life-science

to laser materials processing [1–4]. In particular, the use of femtosecond laser

pulses is very appealing to induce ablation, mainly due to the ultrafast laser

energy deposition and the extreme non-linearity of the process [5–8]. These

1This chapter is based on “An optical method for micron-scale tracer-less visualization

of ultra-fast laser induced gas flow at a water/air interface”, Dashdeleg Baasanjav, Javier

Hernandez-Rueda, Allard P. Mosk, and Dries van Oosten, accepted for publication in Ap-

plied Optics. D. B. and J. H. R. contributed equally to the experimental work presented in

this chapter. D. B. carried out the data analysis and calculation. All authors contributed

to the interpretation.
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induced gas flow at a water/air interface

mechanisms have very distinct advantages, such as significantly reducing the

heat-related collateral effects and achieving a sub-diffraction limit spatial res-

olution [7]. Besides these technical advantages, the ultrafast nature of the

laser excitation leads to a concatenation of several processes that are spread

over different time-scales, which is especially interesting to compartmental-

ize the problem. On the time-scale of the order of the pulse duration, the

laser energy is absorbed and a hot electron plasma is created. Depending on

the photon energy and the electronic properties of the target, the absorption

process can be mostly non-linear (i.e. dielectrics, semiconductors) or linear

(i.e. semiconductors, metals). For water (a dielectric) the initial absorption is

due to multiphoton ionization, and therefore non-linear. However, the excited

electrons also induce linear absorption, through inverse bremsstrahlung and

impact ionization [9, 10]. On the picosecond time-scale, the electrons ther-

malize with the atoms and molecules, which can lead to a phase change. In

the specific example of water, this leads to the production of a volume of

strongly supercritical water. This volume will then rapidly expand, subject-

ing the target underneath to a strong recoil pressure, leading to liquid flow

and potentially to splashing, on the microsecond time-scale. To understand

this liquid flow, it is of course paramount to know the initial thermodynamic

conditions. To determine these initial conditions, the dynamics of the ablation

plume expanding into the background gas needs to be fully understood. The

dynamics during ultrafast ablation of liquids have been investigated using a

number of time-resolved imaging methods, providing a wealth of information

on the expansion of the plume [9–20]. However, the flow velocity of the gas

that surrounds the expanding plasma cannot be directly visualized, as the

length scales are far too small for traditional methods using tracer particles

and the available time-resolved imaging techniques cannot resolve the subtle

changes on the refractive index of the gas flow on the micrometer scale.

We recently reported on the generation and visualization of shockwaves at

a water/air interface using multiple excitation spots in close proximity [21].

The resulting (opposing) gas flows produced at each irradiation spot can have

a relative velocity exceeding the speed of sound, resulting in stationary shocks.

These shocks give significant optical contrast in a reflectivity measurement,

because they extend along the line of sight, as illustrated in Fig. 2.1. In

this chapter, we demonstrate the use of a spatial light modulator to change

the distance between the excitation spots on-the-fly. We use this method to

investigate the radial dependence of the gas flow velocity around the excitation
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Figure 2.1: Illustration of the experimental setup. Light from an amplified

femtosecond laser is split into two paths. One path (pump, in red)

is reflected on a spatial light modulator (SLM), shaping the phase

of the beam. The surface of the SLM is imaged in the back focal

plane of a microscope objective. The other path (probe, in blue)

is first frequency doubled and focused in the back focal plane of

the same microscope objective, leading to wide-field illumination.

The pump-probe delay is set using a delay line in the probe path.

The inset illustrates the geometry of the laser-excited water surface

using a double pump.
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spots. We determine the local flow velocity by measuring the length of the

resulting shockwaves and discuss energy dependence of the flow velocity field.

Finally, we discuss future application of our method.

2.2 Experimental setup

In Fig. 2.1, we show a diagram of the setup. Laser pulses from an amplified

femtosecond laser (Hurricane, Spectra-Physics), with a duration of 150 fs and

a wavelength of 800 nm are first split into a probe and a pump path using

a polarizing beam splitter (PBS). For the experiments, we use a single laser

shot that is picked using a mechanical shutter. The probe pulse is frequency

doubled using a beta barium borate (BBO) crystal. Subsequently, the probe

beam is focused in the back focal plane of a microscope objective to achieve

wide field illumination. The pump beam is reflected on a spatial light mod-

ulator (SLM, Holoeye Pluto-BB for 700-1000nm), which is used to imprint a

phase pattern on the beam. This phase pattern is imaged in the back focal

plane of the objective using two lenses in a 4-f arrangement. We use phase

maps of binary gratings that result in two dominant (±1st) diffraction orders,

resulting in two adjacent spots on the sample surface. By varying the period

of the grating, we can vary the separation between the spots.
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Figure 2.2: (a) Typical intensity patterns achieved in an intermediate image

plane. (b) Corresponding binary gratings displayed on the SLM.

As a proof of principle, Fig. 2.2(a) shows typical illumination patterns
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recorded at the Fourier plane of the 4-f system with highly attenuated fs

laser pulses. Fig. 2.2(b) shows the corresponding grating patterns displayed

on the SLM. In all illumination patterns, a small amount of light can be seen

in the center, corresponding to the zeroth order (specular) reflection of the

SLM. Also, in the bottom image, weak higher order spots can be seen. As

long as these spots are sufficiently below the ablation threshold, they do not

affect the measurements. The illumination patterns shown in Fig. 2.2(a) are

imaged onto the surface of a sample that consists of 25 mL of milli-Q deminer-

alized water. The light reflected from the surface is collected by the objective.

The reflected pump light is blocked by a bandpass filter (400±10 nm). The

reflected probe light is used to image the laser-excited water/air interface, by

means of a tube lens (TL). The image is recorded using an electron multiply-

ing CCD camera (Andor, Ixon 885). In all experiments describe in the work,

we set the delay between the pump and the probe to 9 ns.

2.3 Transient-reflectivity measurement results

In Fig. 2.3, we display transient reflectivity images obtained during the double-

spot ablation process using several grating periods. For all images, we observe

two dark circles at the laser excited locations. We attribute these to the re-

duced reflectivity due to the expanding ablation plume that absorbs and scat-

ters the probe-light. We also observe ring-like features concentrically around

these spots. These appear to be related to shockwaves in the surrounding air.

We verified this by replacing the air above the water surface with helium, in

which the rings are absent, as shown in Section 1.2. Most interestingly, we

observe a strong stationary shock in between the two spots. This shockwave is

caused by the fact that the opposing air flows resulting from the adjacent spots

have a relative velocity that is strongly supersonic. With decreasing distance

between the spots, the length of this stationary shock changes. In Fig. 2.3(c),

we see that the stationary shock has a small curvature. This can be attributed

to a slight imbalance in the energy of the two pulses as systematically demon-

strated elsewhere [21]. Such an imbalance can, for instance, be caused by a

slight tilt of the water surface produced by small vibrations. To assess the

imbalance, the radii of the black regions are computed for each image using

a Hough transformation (HoughCircles, OpenCV), see red circumferences in

Fig. 2.3(b).

For a given pulse energy, the average and standard deviation of all radii are
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(a)

10 m

(b)

(c) (d)

Figure 2.3: Transient reflectivity images obtained at a pump-probe delay of 9

ns and a fluence of 18 J/cm2, for varying pump spot separation.

The arrows in (a) points to weak shockwaves. The red circles in

(b) illustrates the radius of the black regions as determined using a

Hough transform. The arrows in (c) indicate the stationary shock

caused by the opposing gas flow from the two excitation spots.

The arrows in (d) show the bifurcation of the shockwave.
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2.4 Gas front velocity estimation

calculated. Images in which both radii are within one standard deviation of

the average are used in the rest of the analysis. In Fig. 2.3(d), we see that the

stationary shock bifurcates at both ends. We can understand this as follows.

When the gas flow reaches the shockwave, the increased local pressure causes

the flow to partly deflect sideways. In the case of Fig. 2.3(d), the vapor and

the shockwave are so close together that this deflection leads to a significant

flow velocity component parallel to the stationary shock. This parallel flow

adds to the radial flow, causing the flow to significantly exceed the speed of

sound, resulting in the bifurcating tails of the stationary shockwave.

2.4 Gas front velocity estimation

In Fig. 2.5(a), we plot the length L of the stationary shock as a function

of d, where 2d is the distance between the centers of the excitation spots,

for two peak-fluences (18 J/cm2 and 21 J/cm2) on the sample surface. In

the measurement of the length, we take into account only the straight section,

discarding the bifurcating tails if they occur (as is the case in Fig. 2.3(d)). The

circled data points correspond to the images in Fig. 2.3 (the letter indicating

the relevant subplot). We observe that as the distance between the pump

spots is increased, the length of the shock grows until it reaches a maximum,

after which it decreases again. This decrease can be attributed to the fact that

at the pump-probe delay of 9 ns, the air flow is only just reaching the halfway

point between the two excitation spots. The dashed vertical lines in the graph

correspond to the distance at which we first observe the bifurcation of the

shockwave. As can be seen, the occurrence of the bifurcation does not seem

to significantly change the trend. Nevertheless, care should be taken when

interpreting the results for shorter distances, as the bifurcation indicates a

significant deflection of the flow.

As argued in [21], to observe these stationary shocks, the velocity from each

excitation spot must be such that the component perpendicular (v⊥) to the

shock, shown in Fig. 2.4, is larger than half the velocity of sound (vs = 343

m/s). In this way, the perpendicular components satisfy vup⊥ + vdown⊥ ≥ vs.

Therefore, the length L of the stationary shock is determined by the point

where v⊥ = vs/2. At this position, the perpendicular velocity can be written

as v⊥ = vd/r, where r =
√
d2 + (L/2)2 and v is the radial flow velocity due

to a single excitation spot. From this equation and the above criterion, we
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Figure 2.4: Geometrical scheme of the double pulse excitation.

find that

v = vs

√
4d2 + L2

d
. (2.1)

This equation is used to convert the length into a radial velocity. The result

of this conversion is shown in Fig. 2.5(b). For a spot separation of 14 µm

(d = 7µm) and a fluence of 18 J/cm2, we find a velocity of 280±27 m/s. This

value is in agreement with our previously reported results on the ultrafast

laser ablation dynamics of water using double beam illumination at a single

separation distance [21]. We see that, as expected, the radial velocity decreases

as a function of the radial distance r. We also see that, surprisingly, the radial

velocity seems almost independent of the incident pulse energy. Note that

for large spot separations, the radius r seems to decrease again. This is a

consequence of the fact that the length L decreases for large d. Beyond the

maximum in L, the results plotted in Fig. 2.5(b) are therefore unreliable.

The solid vertical lines in the graphs mark the average radius of the black

regions in Fig. 2.5 and, as before, the dashed vertical lines correspond to the

distance where we first observe bifurcation of the shock, indicating the point

where deflection of the flow becomes important. For shorter distances, Eq. 2.1

therefore underestimates the local flow velocity.

The black circles in Fig. 2.5(b) are the data for 21 J/cm2 but with r scaled
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Figure 2.5: (a) Shockwave length as a function of distance d between pump

and the shockwave, for 18 J/cm2 (blue) and 21 J/cm2 (red). The

dashed vertical lines indicate the distance below which bifurcation

of the stationary shock is observed. The circled data points cor-

respond to the typical images in Fig. 2.3, the letter indicating the

relevant subplot. (b) Corresponding velocity as a function of ra-

dial distance r. The solid vertical lines indicate the radius of the

black disk in the images. The open black symbols are the data for

21 J/cm2 with the scaled r-axis, such that the points best overlap

with the data for 18 J/cm2.
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down by a factor 1.36±0.07 (corresponding to the ratio of the radii of the black

regions for the two energies), leaving the velocity unscaled. The fact that the

datasets for 18 J/cm2 and 21 J/cm2 (corresponding to E1 = 3.4 µJ and E2

= 4.0 µJ per spot, respectively) then collapse onto each other suggests an ap-

proximately quadratic scaling with incident energy (as (E2/E1)m ≈ 1.37 with

m = 1.9± 0.3). However, the relevant energy for the gas flow is the absorbed

rather than the incident energy. We therefore need to take into account how

the absorbed energy depends on the incident energy. In transparent materials,

the light absorption is in first order mediated by multi-photon ionization and

avalanche ionization, which scale with different powers of the incident laser

intensity, In and I, respectively. If we consider only multi-photon absorption,

the order of the process n is defined as the number of laser photons needed to

overcome the ionization potential of water U/~ω = 6, where U = 9.5 eV and

~ω = 1.56 eV. We could thus assume that the absorbed energy Eabs scales

as Eabs ∝ E6, with E the incident energy. However, this does not take into

account the effect of avalanche ionization. Therefore, we run a full calculation

of the deposited energy within the irradiated water volume by using a finite-

difference time-domain algorithm combined with the multiple rate equations

method (MRE), as we recently reported [9] and as briefly discussed in Sec-

tion 1.3. From the simulation, we find that the ratio of absorbed energies,

given the pulse energies used in the experiment, is ∼ 1.29, whereas the ratio

of the pulse energies is ∼ 1.18. This suggests a scaling of Eabs ∝ En, with

n ∼ 1.5, as opposed to the power 6 we naively assumed on the basis of the

multi-photon ionization. Using this result, we find that the quadratic scaling

in the incident energy corresponds to a scaling with the absorbed energy to the

power of 1.3± 0.2, rather than the E
1/3
abs scaling one might expect on the basis

of the Sedov-Taylor solution for a three dimensional point blast model [22].

Obviously, a full study of the energy scaling behavior would require experi-

ments at significantly more laser energies. Yet, these results already lay bare

a) the obvious limitations of applying the Sedov-Taylor model to an expansion

that is not necessarily self-similar and b) the need to account for both linear

and non-linear excitation.

2.5 Conclusion and outlook

In summary, we demonstrate the use of a spatial light modulator to visualize

the light-induced-flow velocity field during ultra-fast laser ablation. We have
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reconstructed the fs-laser induced air flow velocity profile for two different

excitation energies. We find that the flow velocity is almost independent of

the laser pulse energy, but that the radial scale of the velocity field depends

approximately quadratically on the laser pulse energy. By computing the

absorbed energy as a function of the incident pulse energy, considering both

non-linear and linear laser excitation using an MRE model, we show that

such an energy scaling is incompatible with a Sedov-Taylor like behavior,

illustrating the limitations of applying the Sedov-Taylor model in this context.

The use of a spatial light modulator opens up the possibility of creating exotic

illumination patterns that would lead to more complex effects. For instance, a

toroidal excitation pattern would lead to converging gas flow on the liquid/gas

interface. One can envision the use of such converging shockwaves to focus

an ablation plume, which might have application in pulsed laser deposition.

Furthermore, our method of flow visualisation using spatial light modulator

can readily be applied in such illumination geometries.
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3 Femtosecond laser-ablation of

gel and water

Abstract. We study the expansion dynamics of super-heated material dur-

ing ultra-fast laser ablation of water and gel, using transient-reflectivity mi-

croscopy. We find that the expansion dynamics of water and gel, as observed

during the first few nanoseconds, are extremely similar over a large range of

ablation energies. We measure the crater topography of the gel after irradi-

ation with a single laser shot, using optical interferometric microscopy, and

estimate the mass that is ejected during the ablation. We calculate the laser

energy deposited during irradiation by simulating the precise spatial distribu-

tion of the electron plasma density and temperature. We link the amount of

removed mass obtained experimentally with the simulations of the deposited

laser energy.1

3.1 Introduction

The advent of femtosecond (fs) laser amplification has, over the last three

decades, enabled the study of the interaction of extremely intense light fields

with dielectric materials. Many of these studies focused on the use of the

above-mentioned interaction to produce permanent material changes, which

gave rise to the field of fs-laser micromachining of transparent materials [1–4],

half way between the fields of photonics and materials science. Similarly, per-

manent fs-laser-induced changes have singularly important applications in the

field of laser-based surgery, i.e. neurosurgery and ocular surgery [5–10]. A key

problem in laser-tissue interactions is the so-called photomechanical damage

that results of the conversion of light energy into mechanical energy [11–13].

1This chapter is based on “Femtosecond laser-ablation of gel and water”, Javier

Hernandez-Rueda, Dashdeleg Baasanjav, Allard P. Mosk, and Dries van Oosten, accepted

for publication in Optics Letters. D. B. and J. H. R. contributed equally to the experimental

work presented in this chapter. D. B. carried out the data analysis and calculation. All

authors contributed to the interpretation.
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Light-tissue interactions are very complicated to model and so understanding

the physical mechanisms that mediate the interaction of intense ultrashort

laser pulses with water is crucial, since water is the main constituent of bio-

logical tissue.

Laser-water interactions have extensively been studied, with nanosecond

[14–16], picosecond [16, 17] and femtosecond laser pulses [18–22]. Here, it is

of paramount importance to realize the different 1) laser energy absorption

mechanisms and 2) the time-scales in which absorption occurs. For short

(pico- to nanosecond) pulses the energy is absorbed mainly through the exci-

tation of impurities in water and later on via avalanche ionization [23]. Once

the laser creates a plasma it keeps supplying energy to that plasma up to

several picoseconds or nanoseconds, which means that the super-heated ma-

terial expands while the laser field is still present. For ultrashort laser pulses

the energy absorption is mediated via strong field ionization (i.e. multiphoton

and tunneling ionization) and avalanche ionization [24–27], similarly to the

situation in a transparent solid target [28–33]. In this case, the energy depo-

sition is ultrafast, which leads to a distinct separation in time of the energy

deposition (< 1 ps) and the material expansion onset (50 ps-1 ns) [18, 22].

This separation helps to compartmentalize the problem. Recently, our group

reported on a model that explains the laser-induced electron plasma proper-

ties in water during the first picosecond. The model simultaneously accounts

for laser pulse propagation and nonlinear energy absorption considering a dy-

namically evolving dielectric function of excited water, which is validated using

the experimentally acquired transient reflectively [27]. It therefore provides

an estimate of the spatial distribution of the deposited energy. The expan-

sion dynamics is also quite well studied (mainly for longer pulses as explained

above), but information about ejected water mass is hard to obtain due to the

lack of an aftermath.

In this chapter, we use single femtosecond laser pulses to investigate laser

ablation of water and a porcine-based gel. Using time-resolved microscopy we

link distinct features of the material expansion during the nanosecond time-

scale. This comparison enables us to establish a reasonable correspondence

between the ultrafast laser ablation in gel and water. Furthermore, the use

of the gel specimen has two clear benefits, it is a better tissue phantom than

water is and it provides a measure of the ejected mass that is estimated by

measuring the volume of the single-laser-shot-generated craters. We use model

calculations [27], to estimate the energy that is deposited using different laser
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fluences and compare it to the ejected mass.

3.2 Setup and gel preparation
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Figure 3.1: a) To prepare gel samples with a sufficiently flat surface, the gel is

mixed (1) and allowed to partially set (2), after which an optical

flat is gently dropped onto the surface (3). After the gel has fully

set, the optical flat is removed and the sample is mounted in the

ablation setup (4). b) The gel sample is mounted in a cuvette, such

that the composition of the gas above the gel can be controlled.

The gel is illuminated by a focused pump pulse (depicted in red)

and a wide-field probe pulse (depicted in blue). The reflection

from the probe is used to image the surface on a CCD camera.

The experimental procedure is shown in Fig. 3.1. To prepare the gel sample,

we mix 1.5 g of gelatin from porcine gel (G2625-100G Sigma-Aldrich) with 15

ml of mili-Q demineralized water at a temperature of approximately 50 ◦C,

after which we pour 3 ml of the hot gel mixture into a plastic container with

a 2 cm diameter. We allow the gel to partially set, waiting for 5 minutes at

room temperature, after which we gently place a polished fused silica glass

substrate (λ/20) onto the gel surface, as illustrated in Fig. 3.1a. After the gel

has fully set, we remove the glass substrate, leaving a small and flat surface (1

cm2) suitable for ablation experiments. The optical experiments are carried

out in the transient reflectivity microscope, previously described in [21] and

also in Section 1.2, and summarized in Fig. 3.1b. Single femtosecond laser

pulses from an amplified Ti:Sapphire laser are focused on the gel surface using
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3 Femtosecond laser-ablation of gel and water

a microscope objective. The laser pulse duration is 150 fs (full width half-

maximum) and the central laser wavelength 800 nm. The objective and the

gel are enclosed in a container that allows us to control the atmosphere above

the gel. Part of the light from the laser is split off and frequency doubled.

These much weaker pulses are delayed using an optical delay line and then

also sent through the objective. The reflection from this probe light is imaged

using a camera as a function of pump-probe delay.

3.3 Time evolution of gel ablation

Typical results of the transient reflectivity measurements are shown in Fig. 3.2,

which were carried out above a gel surface. We interpret the dark disk in the

center of this images as the ablation plume that propels upwards, towards

the objective. The ring-shaped feature that can be seen concentrically around

the disk appears to be associated with a shock-wave in the surrounding atmo-

sphere, as the radius and the strength of the features at a given pulse energy

and pump-probe delay can be strongly influenced by changing the composition

of the background gas. For the measurements shown here, the background gas

was tetrafluorethane (TFE), which produces a particularly strong ring. When

air is used as a background gas, the ring is much weaker and when Helium is

used, no ring can be observed for the pulse energies used here, as discussed in

Section 1.2. An exact study of the behavior of the ring is, however, outside of

the scope of this work.
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0.5 ns

10 m

1 ns 3 ns

5 ns 6 ns 9 ns

Figure 3.2: Transient reflectivity images obtained at several pump-probe de-

lays, during the ablation of gel in an atmosphere of tetrafluo-

rethane. We clearly note a dark disk in the center, with a ring

shaped feature centered around it. The laser energy per pulse was

set to be 5 µJ.
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3 Femtosecond laser-ablation of gel and water

3.4 Gel vs Water ablation: Ablation aftermath

Water and gel are to some extent expected to behave similarly under ablation

condition; they have comparable mass densities of 1.00 g/cm3 and 1.10 g/cm3,

respectively. Furthermore, the gel has a refractive index of 1.36-1.38 [34, 35],

which is close to that of water. Also, linear optical absorption of both water

and gel is negligible at the pump wavelength. However, the nonlinear optical

properties of the gel are largely unknown. To compare water and gel, we

therefore determine the radius of the black disk and the ring by performing

an azimuthal average of each image, measured at a fixed pump-probe delay of

10 ns and as a function of the incident pulse energy. The result of this analysis

is shown in Fig. 3.3. The blue symbols in the graph correspond to the radius of

the black disk and the orange symbols to the radius of the ring. The differences

in properties of water and gel apparently have only a minor influence on the

expansion of the ablation plume, as we clearly see that there is no significant

difference between the behavior of those features when measured on gel (closed

symbols) or water (open symbols). This strongly suggests that the ablation

behavior of gel and water are also very similar in this energy range. Crucially

this means that we can combine what we can learn from gel with what we

already know about water, as we will do in the following. In particular, this

means that we can estimate the amount of material that is ablated (in either

water or gel) by measuring the surface topography of the gel after ablation.

We measure this topography using the optical profilometer. Typical result

of such measurements are shown in Fig. 3.4. The top row shows topography

maps of two ablation craters created by a single laser pulse with energies of

5.0 µJ (Fig. 3.4(a)) and 2.5 µJ (Fig. 3.4(b)). Note that these maps contain

some roughness around the crater (caused by the initial surface roughness),

which limit the accuracy of the measurements discussed below. The bottom

row shows the associated azimuthal averages. From these averages, we can

obtain the depth of the crater (measured from the bottom of the crater to the

top of the rim), the radius (which we define as the width measured halfway

between the bottom of the crater to the top of the rim) and the crater volume

(which we define as the volume inside the radius).

The results of this analysis are shown in Fig. 3.5. The top graph shows the

depth (blue points, left y-axis) and the radius (orange points, right y-axis)

as a function of the incident pulse energy. The error bars are the standard

deviation taken over up to three craters created using the same pulse energy.
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Figure 3.3: This graph compares the radii of modification of water (open sym-

bols) and gel (closed symbols), measured at a pump-probe delay of

10 ns. The blue symbols correspond to the radius of the dark disk,

the orange symbols correspond to the radius of the ring shaped

feature.
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The bottom graph shows the estimate of the removed volume (blue points,

left y-axis). The volume seems to show a subtle threshold behavior around an

incident pulse energy of 2.5 µJ, although we should be careful not to attach

to much value to that single data point.
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Figure 3.4: Surface topography of the gel after strong (a) and gentle (b) abla-

tion, obtained using optical profilometry. The bottom panels (c)

and (d) show corresponding azimuthal averages around the center

of the ablation craters.

As we have argued above, the behaviour of gel and water appear sufficiently

similar to combine what we can learn from experiments on the ablation of gel

with what we already understand about the ablation of water. We therefore

use our previously established finite-difference-time-domain model for the ab-

lation of water [27], briefly described in Section 1.3, to compute energy that

is absorbed by the water for each of the experimentally used incident pulse

energies. Specifically, we compute the part of the energy that is stored in the

form of the heat of the resulting electron plasma. These energies are indicated

as the ticks on the top x-axis and also shown in the bottom graph (orange
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3.4 Gel vs Water ablation: Ablation aftermath

circles, right y-axis). Note that the scale of the right y-axis is chosen such that

the electron heat for that pulse energy coincides with the average measured

crater volume.
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Figure 3.5: (a) Crater depth (blue symbols, left axis) and radius (orange sym-

bols, right axis) as a function of incident pulse energy. (b) Crater

volume (solid blue symbols, left axis) and the electron heat as ob-

tained from model calculations (open orange symbols, right axis)

as a function of incident pulse energy.

Remarkably, the measured volume and the computed electron heat coincide

over a large range of incident pulse energies. In fact, the overlap is fortuitously

good, given the error bars. This suggests that under the conditions of our

experiment, the ablation plume has a specific energy that is independent of

incident pulse energy. If we subtract from this specific energy the latent heat of

evaporation and assume the remainder is used as kinetic energy of the plume,

we find a velocity for the plume of 5± 1km/s for the three energies above the

apparent threshold at 2.5 µJ. As this number is highly supersonic, it is likely

that most of the energy is indeed converted into vertical kinetic energy. As
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3 Femtosecond laser-ablation of gel and water

a result of that and the strong focusing we employ in our setup, the plume

in our experiment is expected to develop into a highly elongated shape, in

contrast to the well studied case of weak focusing [15,16,19,20].

It is as of yet unclear to us why the effective velocity we find would be inde-

pendent of, or at least insensitive to, the incident pulse energy. Furthermore,

we currently do not know what determines this velocity. One could argue

that it should be related to the sound velocity in the super-critical and highly

ionized material in the ablation zone. Yet this sound velocity is hard to obtain

independently.

3.5 Conclusion

In conclusion, we have shown that the ablation plume dynamics of water and

aqueous gel are extremely similar. We have used this similarity to combine

aftermath results of the ablation of gel with numerical models established to

describe the absorption of ultra-short laser pulse by water. This has allowed

us to estimate the initial velocity of the ablation plume, which is surprisingly

insensitive to the absorbed laser energy. This surprising feature could in future

be studied further using more intricately shaped ablation beams, possibly

combined with side-imaging or other methods.
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4 Shaped light beams for laser

processing of materials

Abstract. In semiconductor industry, laser ablation has great potential for

application throughout the fabrication process. However, uncontrolled debris

produced during the process leads to a great reduction in the wafer quality and

therefore impedes widespread adoption of the technology. We propose that

spatial beam shaping can lead to new ways to control the ablation process and

thereby the ejection of debris. As a first step, we demonstrate high-fidelity

spatially shaped beam patterns through a high numerical aperture objective.

4.1 Motivation

Laser processing of materials is heavily utilized in science as well as in industry

[1], ranging from macro scale manufacturing [2] to micro/nano fabrication [3].

A special use case is in the semiconductor industry. As this industry is pushing

for ever smaller structures to pursue Moore’s law [4], one step taken on this

road is the use of laser ablation to dice silicon wafers instead of “big” metal

blades [5, 6]. The advantages of using a laser over mechanical blades are

plenty: high precision, small cut size, less damage and high cutting speed.

Most importantly, multiple cuts can be made at the same time using laser

ablation, something that is impractical with conventional cutting techniques.

All these advantages lead to higher throughput. However, there are the issues

of uncontrolled debris produced during ablation [5] and of potential structural

brittleness of the devices after dicing [6]. To control this process, we have

to understand the physics underlying the ablation process. We propose that

spatial beam shaping will be a tool to control the ablation of the wafers.

During femtosecond laser ablation, the spatial distribution of light onto the

surface of the sample can have a profound impact on the shape of the crater.

Simply put, the parts of the sample that are exposed to the high intensity

center of the laser beam might be heated to such an extent that they vapor-
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4 Shaped light beams for laser processing of materials

ize, whereas the surface exposed to the tails of the beam profile might only be

molten under the influence of the laser. Furthermore, parts deeper into the

sample will generally remain cooler than parts close to the surface, resulting

in a molten layer of material in between the solid material and the vaporized

material, as illustrated in Fig 4.1(a). Obviously, the rapid expansion of the

vapor (discussed in Chapters 2 and 3) will result in a recoil pressure that can

expel the liquid. As illustrated in Fig 4.1(b), a TopHat like intensity distribu-

tion would minimize the size of the liquid pool surrounding the vapor. This

can potentially be used to suppress debris formed by the expulsion of liquid

material. Besides this practical application, shaped beams can also be used

to better understand the mechanisms that cause liquid flow during ablation.

As mentioned before, one such mechanism is the recoil pressure. Another

mechanism is so-called Marangoni flow [7], which is caused by temperature

gradients in the liquid. Being able to apply precise gradients on top of the

TopHat intensity distribution, which we call a TiltedHat pattern, can assist

in inducing and studying Marangoni flow.

Figure 4.1: Ablation of semiconductors. The left figure is with a Gaussian

intensity distribution. The right figure is with a TopHat intensity

distribution. Ablation plumes and molten materials are depicted

in blue and orange colors respectively.

In this chapter, we develop a beam shaping method for the ablation ap-

plications using high numerical aperture (NA) optics. We propose to use a

liquid crystal spatial light modulator (LCoS SLM or SLM in short) in combi-

nation with digital holography to perform beam shaping. Such a SLM is an
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4.2 Beam shaping

ideal candidate due to the ease of implementation and high versatility. Most

importantly it has a high light efficiency compared to the efficiencies reached

with other adaptive optics elements such as digital mirror devices (DMDs). To

program the SLM, we use the high-fidelity Mixed-Region-Amplitude-Freedom

(MRAF) algorithm [8] to create the intensity pattern. It is an ideal choice for

ablation due to the fact that it can create intensity profiles with high-fidelity

and a sharp boundary between ablation region and outside region, where there

are only low intensity speckle below the ablation threshold. High-fidelity and

the sharp boundary are absolutely necessary criteria for ablation. First, we

test our modified MRAF algorithm both numerically and experimentally at

the Fourier plane of a 4-f system. We then demonstrate our beam shaping

method by achieving high-fidelity TopHat patterns through a high NA objec-

tive as a first step towards the ablation applications.

4.2 Beam shaping

Over the last two decades, beam shaping in laser processing of materials has

developed into a mature field that is highly relevant to industry [9]. Many

methods to shape the light beam have been developed so far [10]. Laser

processing/ablation of material surfaces using static optical elements such as

refractive optical elements (ROEs) [11–13] and diffractive optical elements

(DOEs) [14–16] have been demonstrated. With the advent of adaptive optical

elements such as DMDs and SLMs, it is now possible to dynamically control

the spatial, temporal and polarization attributes of the laser beam [9]. Ab-

lation with a deformable mirror [17] has been demonstrated, but the degree

of freedom of the mirror to shape the light field is very limited compared

to the other adaptive optics elements such as DMDs and SLMs. Therefore

it is hard to create complicated structures. A DMD is a possible candidate

to spatially shape the beam. TopHat patterns with a high-fidelity [18] have

been demonstrated; however, a low experimental light efficiency (below 10 per-

cent) [18,19] prohibits its usage in ablation experiments. Ablation with SLMs

has been demonstrated [20–25]. Especially TopHat multi-shot ablation has

been demonstrated [24, 25]. The studies used the normal Gerchberg-Saxton

(GS) algorithm which suffers notoriously from speckle [24], thus the authors

had to use an averaging method to suppress the effects of speckle in the abla-

tion pattern. Such an averaging method is obviously unsuitable for single-shot

ablation studies. Therefore, we show the MRAF algorithm is the best possible
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4 Shaped light beams for laser processing of materials

choice currently available in terms of light efficiency and creating high-fidelity

targets for single-shot ablation studies.

4.2.1 MRAF TopHat/TiltedHat algorithm

In holographic beam shaping [26], the incident light intensity distribution at

the SLM plane is often known to be a Gaussian laser spot. We also know

the desired intensity pattern in the Target plane, for instance a TopHat or

TiltedHat pattern. The challenge is to determine a phase distribution on

the SLM, known as a kinoform, such that the light field with that phase

pattern goes through all optical elements creating the desired intensity at the

Target plane, which is usually chosen to be the Fourier plane of the SLM

[26]. There is no constraint on the phase at either planes. The iterative

Fourier transform algorithm (IFTA) solves the problem by using this phase

freedom to minimize the difference between the desired intensity pattern and

the calculated intensity distribution at each iteration. A well-known example

is the GS algorithm. The method that is currently considered to be superior,

is the MRAF algorithm, which is a modified GS algorithm first proposed to

create arbitarily shaped holographic atomic traps [8, 27, 28]. Other possible

solutions exist; however, each has disadvantages: the genetic algorithm which

is computationally demanding [29] and the direct search method, which uses

only a few phase levels and is therefore not good for creating complicated

structures [30,31]. New methods have been introduced such as the conjugate

gradient method [32], but its TopHat light efficiency appears too low to make

it practical. Machine learning combined with the IFTA is proposed [33] but

it has only been applied for creating simple intensity control of an array of

points.

In this work, we use a modified version of the MRAF algorithm. In the

MRAF algorithm, the Target plane is divided into two sections [27]: the noise

region, where the light amplitude is uncontrolled, and the canvas, where the

desired amplitude (TopHat/TiltedHat) is imposed at each iteration, as de-

picted in Fig. 4.2. The original MRAF paper [8] introduces an ad-hoc pa-

rameter to control the relative amplitude in the canvas and noise region, from

which the authors later compute the efficiency, i.e. the power in the target

pattern divided by the total incident power. We rewrite the constraint such

that we rather use the efficiency as a parameter directly, which we call ηTarget.

Figure 4.3 shows a typical computational result of a TopHat pattern created

with MRAF. We constrain the amplitude of the target pattern such that it
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Figure 4.2: Diagrammatic representation of the MRAF algorithm. F repre-

sents the Fourier transform [8,26,27].

contains 40 percent of the total incident power, i.e. ηTarget=0.4. Figure 4.3(a)

and (b) show the TopHat pattern imposed at the Fourier plane during the first

iteration and a calculated high-fidelity TopHat after 1500 iterations, respec-

tively. Figure 4.3(c) and (d) show the horizontal and vertical cross sections

inside the canvas region of Fig. 4.3(a) and (b) plotted together. We also take

into account that during an experiment there will always be zeroth diffraction

order or unshaped light reflected from the SLM, by shifting the pattern away

from the center of the Fourier plane with an appropriate choice of the initial

phase [8]. Due to this shift, MRAF cross sections show more noise on the left

edge. A TiltedHat pattern computed using similar parameters is shown in

Fig. 4.4. Unlike the GS algorithm, which is known to create speckles in the

patterns already in the calculation [24], the MRAF algorithm produces the

high-fidelity TopHat/Tilted patterns without any speckle.

Figure 4.5 presents numerical tests we have done with MRAF. Figure 4.5(a)

shows the RMS error of the TopHat and TiltedHat as a function of the effi-

ciency parameter ηTarget. Both TopHat and TiltedHat results have very low

RMS error (below 10 percent) for very high efficiency parameters. The high

fidelity of the algorithm, even with a high light efficiency ηTarget, is obviously
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Figure 4.3: A TopHat pattern computed with MRAF. (a) TopHat pattern

(normalized) with 40 percent efficiency (ηTarget=0.4) is imposed

in the Fourier plane during the first iteration. (b) Final calculated

TopHat pattern (normalized by the maximum intensity of TopHat

pattern) in the Fourier plane after 1500 iterations. (c) is horizontal

and (d) is vertical cross sections, respectively, inside the canvas

region from (a) and (b) plotted together.
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Figure 4.4: A TiltedHat pattern computed with MRAF. (a) TiltedHat pattern

(normalized) with 40 percent efficiency (ηTarget=0.4) is imposed in

the Fourier plane during the first iteration. (b) Final calculated

TiltedHat pattern (normalized by the maximum intensity of Tilt-

edHat pattern) in the Fourier plane after 1500 iterations. (c) is

horizontal and (d) is vertical cross sections, respectively, inside the

canvas region from (a) and (b) plotted together.
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Figure 4.5: Characterization of the MRAF algorithm. (a) RMS error of the

TopHat and TiltedHat patterns are shown for different values of

the efficiency parameter ηTarget. (b) RMS error for the TopHat

pattern with three different efficiency parameter values, calculated

as a function of a number of iterations.
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4.2 Beam shaping

crucial for ablation experiments. For ablation to occur, the intensity (or flu-

ence) of the pattern must be higher than the ablation threshold. In other

words, the higher the light efficiency of the pattern, the better for ablation

experiments. Also the fidelity of the pattern (RMS error) is important to

control the depth of the crater created by ablation, as the intensity inside the

pattern determines the depth.

The plot shows that until an efficiency parameter of 0.7, the TopHat and

TiltedHat patterns have the same RMS error. Therefore we perform the rest

of the tests with only the TopHat pattern. In Fig. 4.5(b), we show the RMS

error of the TopHat pattern as a function of a number of iterations we use

in the algorithm at three different values for the light efficiency parameter.

It appears the higher the light efficiency parameter, the faster the algorithm

converges even though the IFTA does not formally guarantee convergence

[32]. Even at a small value of the light efficiency parameter, ηTarget=0.05,

the algorithm converges eventually (after 3000 iterations). Also it validates

that 1500 iterations is enough for most of the ηTarget values we are interested

in. We did not test other parameters such as the size of the zero padding

surrounding the SLM plane, because extensive tests have already been done

[8, 27]. From these simulations, we see that the MRAF algorithm can create

the high efficiency (0.7) patterns with low RMS error (5%) within reasonable

calculation times.

4.2.2 Experimental setup

The setup used in the beam-shaping experiments is shown in Fig. 4.6. Light

from a continuous wave fiber coupled diode laser1 with a wavelength of 785 nm

is split into two beams with a polarizing beam splitter. One is blocked with a

beam-dump. The other is used to illuminate a phase-only SLM2. The SLM is

imaged onto the back focal plane of an objective3 with a 4-f system. The SLM

is used to imprint a phase pattern on the beam. The inset of Fig. 4.6 shows

a typical phase pattern used in the experiments. The shaped beam passes

through the objective, thus leading to a strongly focused intensity pattern at

the Target plane. The light reflected from the Target plane is captured by the

objective and imaged on an electron multiplying CCD camera4 using a f=300

1Thorlabs, LP785-SF100
2Holoeye Pluto-BB for 700-1000nm
3Nikon CFI60, 100x, NA=0.8
4Andor, Ixon 885
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4 Shaped light beams for laser processing of materials

mm tube lens.

The configuration of the setup is similar to the one shown in Fig. 2.1. The

main difference is that we use an additional CCD camera5 to image the inter-

mediate image plane. The advantage of using the 4-f system is that it offers

an image plane where we can physically block the zeroth diffraction order or

unshaped light, as well as high intensity light from the noise region that is

detrimental to the ablation experiments. The auxiliary camera provides an

extra capability of monitoring the light pattern going through the objective

as temporal instability of the SLM could cause intensity fluctuations in the

pattern.

4.2.3 SLM calibration

A correct SLM response is crucial for generating a high-fidelity intensity pat-

tern at the Target plane, as the phase patterns we use are highly complex,

as shown in the inset of Fig. 4.6. The SLM has liquid crystals sandwiched

between two planes that are connected to electrodes to which DC voltages

are applied [26]. The backplane is reflective while the front plane is trans-

missive. The applied voltages change the orientation of the liquid crystals,

thereby changing the effective refractive index of the liquid crystals. To set

the applied voltage, each SLM pixel is controlled digitally by a gray value, an

8-bit value that addresses the SLM pixels which is converted into voltage by

the SLM driving hardware [34].

The phase modulation of the SLM is given by [26,35]

φ =
4π

λ
d∆n, (4.1)

where λ is the wavelength used, d is the thickness of the liquid crystal layer,

and ∆n = neff − no is the difference between the effective and ordinary re-

fractive index of the liquid crystals. From this equation, one can see that the

phase response of the SLM depends on the wavelength of the light and there-

fore has to be calibrated for a given λ. Two main calibration methods have

been published, an interferometry based method [36] and diffraction based

method [35]. We use a simple diffraction based method. A binary grating

with a certain gray level is displayed on the SLM. The intermediate image

plane is recorded with the auxiliary CCD camera. We choose the period of

the grating such that ±1st diffraction orders are as far away from each other

5Basler, Dart daA1600-60um
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Figure 4.6: Schematics of the experimental setup. Light from a CW laser is

reflected on a spatial light modulator (SLM) and acquires an ad-

ditional phase. The intermediate image plane, where the zeroth

order light is blocked with a physical aperture, is imaged onto a

CCD camera. The SLM plane is imaged onto the back focal plane

of a microscope objective, leading to the desired pattern at the Tar-

get plane. The image in the Target plane is recorded in reflection

with an EMCCD camera. The inset shows the final calculated

kinoform (1000 by 1000 pixels) corresponding to the calculation

shown in Fig. 4.3. The phase profile is shown in grayscale where

white and black represent 2π and 0 phase, respectively.

69



4 Shaped light beams for laser processing of materials

as possible, similar to the top row of Fig. 2.2. We change the gray value from

0 to 255 and integrate the 1st order intensity. The resulting signal in the ±1st

diffraction orders should ideally be proportional to sin2(φ/2), where φ is the

modulated phase or gray value [35]. Therefore, we look for the back and front

plane voltage values of the SLM such that the 1st order intensity covers the

phase values from 0 to 2π as much as possible. At the same time, it should

fit with the sine squared function as well. In Fig. 4.7(a), we plot the first

order intensity as a function of the gray value for the optimum voltage values.

Our measurement data fit well with the sine squared function. Figure 4.7(b)

shows corresponding phase response as a function of the gray value. After the

calibration, the phase response is accurate within 0.08 rad.
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Figure 4.7: SLM calibration. (a) The first order intensity (normalized) as a

function of the gray levels of SLM response. The continuous line

is a fit for a sine squared function. (b) Dots represent the actual

phase response of the SLM while the line is an ideal linear response.
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4.2.4 TopHat with CW laser

We demonstrate the creation of a TopHat pattern using the CW laser im-

aged at the intermediate image plane. Figure 4.8(a) shows the experimental

TopHat pattern corresponding to the computed case shown in Fig. 4.3(b).

The vertical and horizontal cross sections of the pattern are also shown. The

dashed lines, where the cross sections are taken, are superimposed on the

pattern using corresponding colors. From the figure, one can see that we over-

exposed the zeroth order at the top-left corner of the pattern and the noise

region surrounding the pattern. The zeroth order and the noise region can be

easily blocked with a physical aperture at the intermediate image plane during

ablation experiments (see Fig. 4.6). There is an intensity gradient from the

top-left corner to the bottom-right corner due to the fact that the diffraction

efficiency of the SLM decreases as a function of the deflection angle with re-

spect to the zeroth order. This is a known effect due to the absence of sharp

edges in the phase profile of the physical device. Feedback can be used to

fix this type of error, as well as typical aberrations of an optical system [37].

However, even without feedback control, our algorithm creates a high-fidelity

pattern. The zero region between the pattern and the noise region has a very

low intensity across the cross sections, which is crucial for ablation studies,

as all signal in this region must be below the ablation threshold. The size of

the region stays the same, showing a clear separation between the signal and

noise regions. There is a small deviation from the square shaped pattern due

to aberrations in the optics. From the cross sections, we see the TopHat pat-

tern shrinks in the X direction, which we attribute to Petzval field curvature

of the relay lenses.

Besides the aberration, the main error in the pattern is a semi-regular fring-

ing. To reduce this error, we implemented a slightly low-pass filtered TopHat

pattern in the simulation, mimicking the finite NA of the system. Figure 4.8(b)

shows an experimental realization of the pattern and vertical as well as hori-

zontal cross sections. The low pass filtering of the TopHat in the simulation

does not have a significant influence on the final experimental result, there-

fore we do not use the low pass filtering in following experiments. According

to Ref. [27], the fringing error can be caused by the fact that the Fraunhofer

approximation is used in the MRAF algorithm. The authors of Ref. [27] there-

fore use a Helmholtz propagator instead of the simple Fourier transform. This

is not implemented in our case.

Figure 4.9 presents a systematic study of the experimental realization of the
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Figure 4.8: Experimental realization of the TopHat pattern. (a) Experimental

TopHat intensity pattern (background subtracted) corresponding

to Fig. 4.3(b) at the intermediate image plane. The graphs are

horizontal (HOR) and vertical (VER) cross sections of the pattern.

The positions where the cross sections were taken are indicated on

top of the pattern with the dashed lines and same colors. (b) The

slightly low-pass filtered TopHat pattern (background subtracted)

and corresponding cross sections. Here 1 pixel (pxl) is ∼13 µm.
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Figure 4.9: (a) The experimental light efficiency and (b) RMS error of the

TopHat pattern as a function of the efficiency parameter.
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TopHat pattern computed with MRAF. In Fig. 4.9(a), the actual experimental

light efficiency of the TopHat pattern is plotted as a function of the light

efficiency parameter (ηTarget). The experimental light efficiency is measured

as the ratio of the beam power in front of the SLM and the power going into the

TopHat pattern. We note that the experimental efficiency is approximately

a factor of 3 lower than the efficiency set in the calculation. This is due

to the fact that the SLM has a specular reflection and imperfect diffraction

efficiencies [34], and there is a loss in the optics. Figure 4.9(b) shows the

corresponding RMS error. In this analysis, we took out the aforementioned

intensity gradient in the pattern numerically, which can be achieved in the

experiment with the feedback-loop [37], and calculated the RMS error based

on the remaining fluctuations. The experimental RMS error closely follows the

trend of the predicted RMS error, depicted in Fig. 4.5(a), showing the fidelity

of our algorithm. Based on the result, we choose the highest light efficiency

pattern with the lowest RMS error for experiments presented in the remainder

of this chapter. This corresponds to the TopHat pattern with ηTarget=0.7.

4.3 Towards fs-laser ablation: Focusing through

high NA objective

In this section, we demonstrate the imaging of the TopHat pattern through the

high NA objective. The SLM plane is imaged on the back focal plane of the

objective through the 4-f system. However, due to the lenses allowed by the

space constraints, there is not enough demagnification necessary for the whole

light field to go through the back aperture of the objective. This leads to a loss

of information resulting in a low-fidelity TopHat pattern. Therefore we use

an aperture in the beam path such that all the light that hits the SLM goes

through the objective. Because of this, the efficiency is significantly reduced,

which can be remedied in a future version of the setup by a comparison of the

beam profile using lenses of different focal lengths.

There are two ways to implement this aperture in the experiment. One can

put a physical aperture in the beam path or a digital aperture on the SLM.

We implement a combination of these two, which is easier to realize in the

experiment. First, we introduce a circular aperture on top of the incident

Gaussian light field in the MRAF algorithm, and calculate the kinoform, as

shown in Fig 4.10(a) and (b), respectively. Note that the phase outside the
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aperture is essentially unconstrained by the algorithm. In the experiment

we put a circular digital mask with the same size as the aperture on top

of the calculated kinoform, as depicted in Fig 4.10(c). The advantage of this

procedure is that the phase mask is always perfectly aligned with the kinoform

displayed on the SLM. The phase mask in the experiment effectively works

as an intensity mask as all light that hits the flat phase area of the mask is

reflected into the zeroth diffraction order.

(a) (b) (c)

0.0

0.2

0.4

0.6

0.8

1.0

Figure 4.10: (a) Normalized Gaussian intensity apodized by a circular aper-

ture in the MRAF algorithm. (b) Kinoform calculated by the

MRAF, shown in grayscale where black and white represent 0

and 2π phase respectively. (c) Apodized kinoform displayed on

the SLM in the experiment, shown in grayscale where black and

white represent 0 and 2π phase, respectively.

The top row of Fig. 4.11 shows the calculated TopHat patterns with ηTarget=

0.7 and three different sizes. Due to the small aperture size, the light field

in the Fourier plane is constrained to a small region. Thus when we pro-

duce a TopHat pattern with a size that exceeds this region, the algorithm

leaves dark patches inside the pattern, as shown in the top-left corner of the

biggest TopHat pattern. The bottom two rows of Fig. 4.11 show the corre-

sponding patterns recorded at the intermediate image plane and the Target

plane, respectively. From the figure, one can see the experimental TopHat

patterns closely resemble the predicted intensity patterns in the calculation at

both the intermediate image plane and the Target plane. Even the intensity

distributions in the noise regions closely resemble the calculation.

The optimal aperture size is obtained based on the experimental pattern at

the Target plane. Aperture sizes smaller than the optimum value result in loss

of resolution as less degrees of freedom are available in the kinoform. Sizes

bigger than the optimum value generate low-fidelity patterns as well. This
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Figure 4.11: TopHat patterns through the objective. Top row shows the cal-

culated TopHat patterns. Middle and bottom rows show the

corresponding images recorded at the intermediate image plane

and the Target plane, respectively. All images are displayed in

normalized intensities.
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probably is due to the fact that the beam hits the optical elements inside the

objective causing internal reflection. Thus, by carefully choosing the aperture

size and implementing a hybrid approach in the simulation and experiment,

we achieve high-fidelity TopHat patterns through the high NA objective.

4.4 Conclusion and outlook

In conclusion, we successfully produced the TopHat intensity pattern through

a high NA objective as an important first step of single-shot ablation studies

using spatially shaped beams. To our knowledge, this has been achieved for

the first time. In the ablation community, creating high-fidelity custom shaped

intensity with a tight focus at the Target plane has eluded experimental efforts.

This is due to the fact that the GS algorithm is used to calculate the kinoforms

[25], which creates undesirable speckle in the patterns. An accurate calibration

of the SLM is also crucial as the calculated kinoforms are highly complex.

In our experiments, we typically use a pulsed laser system6 with a band-

with of 10 nm. Due to the long focal lengths of the lenses7 we use in the

4-f system, we are in the Fraunhofer diffraction regime [26], meaning different

wavelengths within the bandwidth experience different magnifications. A nar-

row spread in the wavelength spectrum, therefore results in a superposition of

the TopHat patterns with slightly different magnifications. The finite band-

width of the laser thus creates smoother edges in the pattern. However, the

TopHat patterns we use in the simulation already have smoother edges, shown

in Fig. 4.3(c) and (d), so the effects on the edges are expected to be negligible.

Therefore, our results are directly applicable to the ablation studies.

As an outlook, we see several possible improvements. First, the feedback

loop [37] is necessary to experimentally realize the TiltedHat pattern as the in-

tensity gradient along the pattern degrades the pattern due to the angle depen-

dent diffraction efficiency of the SLM. The lenses in the 4-f system have to be

changed so that the whole light field goes through the back aperture of the ob-

jective, which will significantly improve the efficiency of the TopHat/TiltedHat

pattern. With these improvements, our system will be able to effectively and

precisely shape laser beams for ablation.

6Hurricane, Spectra-Physics with λ0=800 nm, ∆λFWHM=10 nm
7f1=250 mm and f2=450 mm
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5 Summary and Outlook

Ultrafast laser ablation has opened up new possibilities to process materials

with extreme precision and low collateral damage. Therefore its potential

applications in industry can be wide-ranging. Currently, it is already being

used for instance in ocular surgery and silicon wafer dicing as mentioned in

Chapter 3 and Chapter 4 of this thesis. However, ablation is often utilized

based on a trial and error approach, without fully understanding the main

mechanism behind the material removal. In the work described in this thesis,

we elucidate key aspects of the physics of material removal by using time-

resolved transient reflectivity microscopy combined with spatial beam shaping.

The materials we study in this thesis are water and gel as they are simple

substitutes to study the ablation of tissue. As discussed in Chapter 1, the

process behind femtosecond laser light-matter interaction is well separated

in time scale, leading to a compartmentalization of the problem. In other

words, since the underlying processes follow each other in a successive manner,

understanding one is the starting point to understand the others. Within this

context, the main ablation features we study with our setup are the expansion

of the ablation plume and the surrounding shockwave-like feature.

In Chapter 2, we use two excitation spots simultaneously at a water/air

interface and change the distance between them using a spatial light modulator

(SLM). To realize this with traditional optical elements would be exceedingly

complicated. This method enables us to record a strong stationary shock

between the spots and map out the velocity field of the gas front, even when

the individual shocks themselves are hard to detect. Based on the length of

the strong shock, we measure the velocity field at two different pulse energies.

Remarkably the velocity after 9ns of the expansion hardly depends on the

absorbed energies. A scaling argument, combined with a FDTD calculation

points to a clear deviation from the standard Sedov-Taylor model often used

to describe the plume expansion.

An important quantity in ablation studies is the amount of removed mate-

rial. If the amount of removed material is known, one can gain insight into
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the dominant processes during material removal, such as evaporation, liquid

motion and resolidification. However, in the case of liquid materials, this

presents a challenge as the surface recovers after each excitation. To solve this

problem, we study the ablation of gel in Chapter 3, as with a gel, a crater will

remain visible in the aftermath. We measure the transient behavior of both

gel and water over a wide range of pulse energies at a set delay time. We find

an extremely similar expansion dynamics, which enables us to estimate the

removed material during water ablation based on the gel ablation aftermath.

From those measurements and FDTD calculations, we estimate the amount

of removed material and calculate the energy absorbed by the material. We

find that the removed mass and the absorbed energy follow a similar trend.

From this, we argue that the (highly supersonic) expansion velocity of the

ablation plume is almost independent of the laser pulse energy. However,

we currently do not have the experimental techniques to directly observe the

(vertical) expansion of the plume.

As liquid motion inside the molten layer of the material contributes to the

material removal process, it would be advantageous to control this flow. One

could control and study the flow using spatially shaped laser beams, such as

the TiltedHat beams discussed in Chapter 4. Therefore, we develop a beam

shaping method for laser ablation with high NA optics. We demonstrate high-

fidelity TopHat patterns as a first step towards reaching this goal.

In future research, we suggest to use spatial beam shaping to enable side

imaging under strong focusing conditions. This can be achieved by creating a

strongly elongated pump focus, with a flat intensity profile in the long direc-

tion. This will enable a direct measurement of the vertical expansion velocity

of the ablation plume. Thus, the beam shaping techniques developed in this

thesis give new prospects for future studies, and new insights into the dynam-

ics during ultrafast femtosecond laser ablation are certainly on the horizon.
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Ultrasnelle laser ablatie maakt het mogelijk om materialen om te bewer-

ken met extreme nauwkeurigheid en met weinig bijkomende schade. Er kan

daarom een breed toepassingsgebied in de industrie worden verwacht. Op dit

moment wordt ultrasnelle laser ablatie al gemaakt in oogchirurgie en voor het

op maat snijden van computerchips, zoals besproken in Hoofdstukken 3 en 4

van dit proefschrift. Hoewel ablatie dus al wordt toegepast, gebeurd dit vaak

zonder dat er een goed begrip is van welk mechanisme nu precies verantwoor-

delijk is voor het verwijderen van het materiaal. In dit proefschrift maken

we de belangrijkste aspecten van de natuurkunde van laser ablatie zichtbaar,

met behulp van onze ablatie microscoop (een tijdsopgeloste reflectiviteitsmi-

croscoop) in combinatie met ruimtelijke bundel vorming. We hebben ervoor

gekozen om onze experimenten te doen met water en gel, omdat deze kunnen

worden gezien als ver’e’envoudigde versie van biologisch weefsel.

Zoals we in Hoofdstuk 1, kan femtoseconde laser ablatie worden beschreven

dus processen die gescheiden zijn in de tijd. Met andere woorden, de belang-

rijke processes vinden na elkaar plaats en niet tegelijkertijd. Dat betekent

dat als we ’e’en proces begrijpen, we de beginvoorwaarden voor het volgende

proces kennen. In dit werk concentreren we ons bij ons experimentele werk

op de expansie van de ablatie pluim en op de schokgolfachtige ringen die we

daar omheen waarnemen.

In Hoofdstuk 2 gebruiken we twee laser foci om tegelijk ablatie te induceren

op twee plekken om een water oppervlak. Met behulp van een ruimtelijk licht

modulator kunn we de afstand tussen deze twee foci eenvoudig veranderen, iets

wat met traditionele optische element zeer ingewikkeld zou zijn. De twee abla-

tiepluimen verdringen de omringende lucht en waar deze twee luchtstromingen

op elkaar botsen, onstaat een sterke, stationaire schokgolf, zelfs wanneer de

stromingssnelheid ten gevolge van de individuele ablatiepluimen subsonisch

is. Door de lengte van deze stationaire schokgolf te meten als functie van de

afstand tussen de twee foci, kunnen we het radiele snelheidsprofiel in de lucht

rond de ablatiepluim in kaart brengen. Dit snelheidsprofiel blijkt slecht zwak
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af te hangen van de pulsenergie, dwz, de snelheidsprofielen zijn voor twee

verschillende pulsenergieen, op een schaling van de ruimtelijke as, nagenoeg

gelijk. Deze schalingswet lijkt inconsistent met het eenvoudige Sedov-Taylor

model dat vaak voor de expansie van de ablatiepluim wordt gebruikt.

Een belangrijke grootheid bij het bestuderen van ablatie is natuurlijk de

hoeveelheid materiaal die is verwijderd. Kennis over deze hoeveelheid geeft

inzicht in de dominant processen die verantwoordelijk zijn voor het verwij-

deren van het materiaal, zoals verdamping, vloeistofstroming en stolling. Bij

het bestuderen van ablatie van een vloeistof, zoals water, is het echter moeilijk

om dit te meten. Het oppervlak herstelt zich immers snel na de ablatie weer.

Om deze reden bestuderen we in Hoofstuk 3 de ablatie van gel, aangezien in

dat geval een krater zichtbaar zal blijven na ablatie. Om zeker te zijn dat

het water en de gel zich vergelijkbaar gedragen, meten we over een groot ge-

bied van pulsenergieen gedrag van de oppervlakte reflectiviteit in onze ablatie

microscoop. Het blijkt dat de expansie van de ablatiepluim bij water en gel

inderdaad zeer veel op elkaar lijken. Hieruit concluderen we dat we, als we

bij gel metingen doen aan de krater, we mogen veronderstellen dat water zich

vergelijkbaar gedraagt. Met andere woorden, we meten de hoeveel gel die is

verwijderd en concluderen dat dat ook de hoeveelheid water is die is verwij-

derd. Vervolgens berekenen we voor het geval van water hoeveel laser energie

er als functie van de laser pulsenergie wordt geabsorbeerd, met behulp van

een geavanceerd FDTD model wat in onze groep voor water is opgesteld. We

vergelijken deze energie die door het water is geabsorbeerd met de massa die

is verwijderd en vinden dat deze twee grootheden over een groot energiege-

bied precies op elkaar liggen, dwz de verwijderde massa lijkt recht evenredig

met de geabsorbeerde energie. Dit suggereert dat de expansie snelheid van de

ablatie pluim (vrijwel) onafhankelijk is van de geabsorbeerde energie. Het zou

daarom zeer interessant zijn om deze snelheid met een onafhankelijk methode

te meten, we hebben echter op dit moment geen experimentele techniek om

de verticale snelheidscomponent te bepalen.

Aangezien vloeistofstroming in de toplaag van het geableerde materiaal sig-

nificant bijdragen aan verwijderen van massa, zou het goed zijn als we deze

stroming zouden kunnen sturen of in ieder geval zou kunnen bestuderen. Daar-

voor kunnen we ruimtelijk gevormde bundel profielen gebruiken. Om dit mo-

gelijk te maken hebben we een methode ontwikkeld om met behulp van een

ruimtelijke licht modulator de gewenste bundelprofielen te realiseren. Bijzon-

der hierbij is dat we deze profielen, anders dan in voorgaand werk, kunnen
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projecteren door een microscoop objectief met een zeer hoge numerieke aper-

tuur. We laten zien dat we zogenaamde Hoge Hoed profielen en Scheve Hoed

profielen kunnen maken. Dit is een belangrijk stap richting het gebruik van

deze profielen in ablatie experimenten.

Voor nieuwe onderzoek stellen we voor om ruimtelijke bundel vorming te

gebruiking om de ablatie bundel om te vormen tot een lijn profiel, waarbij

de intensiteit constant langs de lijn. Het grote voordeel van deze techniek is

dat als we langs de lijn kijken, de ablatiepluim diep genoeg zal zijn om een

schaduw te werpen. We zullen op die wijze dus de expansie van de pluim

in zijaanzicht kunnen meten. Tegelijkertijd kunnen we echter loodrecht op

de lijn nog steeds een strak focus realiseren, iets wat in normale zijaanzicht

experimenten onmogelijk is. De bundelvormingstechnieken die we in dit proef-

schrift hebben ontwikkeld, kunnen we dus gebruiken om fundamentele nieuwe

inzichten te verkrijgen over laser ablatie, onder condities die direct relevant

zijn voor toepassingen.
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