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Abstract. Ultrafast lasers have gained momentum in material processing technolo-
gies in response to requirements for higher accuracy. Minimal energy diffusion and
high nonlinearity of interaction indicate the possibility of confining energy on the
smallest scales. The possibility of temporal beam manipulation allows adapting the
incoming energy rate to the material individual reaction. Optimal energy coupling
gives thus the possibility to guide the material response towards user-designed di-
rections, offering extended flexibility for quality material processing.

5.1 Introduction

The demand for precision in laser material processing requires the develop-
ment of irradiation tools that are able to localize the energy on small temporal
and spatial scales. Ultrashort laser pulses have therefore become instruments
of choice for material structuring on a micro- or even nanometer scale. The
high nonlinearity of the interaction, good energy confinement, and limited
heat diffusion offer challenging perspectives for judiciously designed direct
structuring processes, as well as for applications in nanosurgery, generation
of nanoparticles, or minimally invasive ablation for spectroscopic purposes
(see e.g. Chapters 6 and 8 of this book). However, new laser machining re-
quirements are imposing higher standards for optimal processing, envisaging
possibly reconfigurable technologies that are matter- and shape-adaptable in
a self-improving manner. This goal may be achieved by smart manipulations
of the laser beam in the spatio-temporal domain and by complex monitoring
of the ablation products for optimizing irradiation parameters. Light modu-
lation as a function of the materials reaction implies that a synergetic type of
interaction occurs between radiation and material which offers the possibility
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to regulate and actively improve the energy delivery. Recent technologies al-
low flexible manipulation of laser pulse characteristics, including its temporal
form, spatial distribution, spectral content, and polarization state. The energy
delivery can be adaptively controlled to guide the material response towards a
designed processing objective. Higher accuracy and novel material states may
be obtained in this way that involves a radical change in the materials stan-
dard response. The tailored interaction has an engineering aspect, related to
a precise definition of the excitation geometry, as well as a phenomenological
one, associated with controlling laser-induced physical phenomena. With the
focus on the latter, the present review summarizes several concepts of pulse
manipulation, emphasizing ultrafast pulse tailoring in the temporal domain,
and explore its potential in applications to material processing.

Primary processes induced by ultrafast laser radiation involve nonlinear
electronic excitation, energy transfer to vibration modes, and phase transitions
that occur on fast but material dependent time scales. Temporal laser con-
trol may thus facilitate synchronization between light and material response,
thus leading to efficient coupling of laser energy. In addition, new insights be-
come available concerning the physical effects of irradiation. However, due to
the complexity of interaction, optimal irradiation conditions require optimal
search procedures which allow to explore complicated and often only moder-
ately sensitive parameter topologies. Parameter landscapes can be built in this
way to determine relevant processing protocols and to collect information on
the control mechanisms. The capacity to predict best irradiation conditions
is paramount to smart laser processing technologies that can accommodate
dynamic material reactions, thus responding to a maximum of user demands.

After this introduction, section 5.2 will review basic laser pulse proper-
ties together with practical concepts of pulse manipulation in the spectral
Fourier domain. Specifically, the possibility to control pulse characteristics in
a programmable way using present light-modulator devices will be discussed
in subsection 5.2.5. Optimization strategies will be indicated in section 5.2.6.
Section 5.3 will then present selected aspects of application of these techniques
in material processing, starting in section 5.3.1 with a discussion of the pri-
mary physical factors prone to play a fundamental role in controlling energy
coupling and the time evolution of excited matter. Electronic excitation as-
pects as well as the possibility to drive specific thermodynamic trajectories in
metals and semiconductors upon relaxation (section 5.3.2) will be discussed.
Insights will be given into the generation of electron-hole plasmas in band-gap
materials or electronic heating in metals, emphasizing the consequences for the
subsequent transient states of matter, including the possibility to adaptively
achieve specific thermodynamic and mechanical states. Advances in surface
texturing will be indicated, pointing out the potential for nanoscale process-
ing. The presentation will follow how the dynamic light regulation creates the
premises to upgrade the degree of process control. Finally, section 5.3.3 will
consider practical implementation for processing bulk dielectrics.
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5.2 Fundamental and technical aspects of pulse shaping

5.2.1 Basics of ultrashort laser pulses

With very few exceptions, the generation of ultrashort pulses relies on the
technique of mode locking and is described in detail in several textbooks de-
voted to ultrashort laser pulses [1-3]. An ultrashort laser pulse can be viewed
as a Fourier-synthesized object with a large spectral bandwidth containing on
the order of 10° longitudinal laser modes. In a Fourier-transformed pulse all
frequencies are locked. Manipulation of these frequencies in phase and ampli-
tude constitutes the key tool for changing the temporal structure.

5.2.2 Frequency domain manipulation (mathematical formalism)

Assuming a linearly polarized light field, the temporal dependence of the real
electric field E(t) of an optical pulse may be written as a rapidly oscillating
scalar quantity (with a time dependent overall phase @(t)) which is multiplied
by a real valued temporal envelope function A(¢:

E(t)=A(t)cos[@(t)] = A(t) cos [¢ (t) + wot]

Here wyq is the carrier frequency and ¢ (t) a temporal phase. Changes of the
instantaneous frequency w (t) are described by the derivative of the temporal
phase ((t), i.e. Aw(t) = £((t). The real-valued electric field E(t) of an
ultrashort optical pulse at a fixed point in space and its equivalent in frequency
space E (w) (possibly complex-valued) are related by the Fourier transform
which we write as [1, 3,4]

E(w) = / E(t)e™“dt

The knowledge of the spectrum for positive frequencies is sufficient for a full
characterization and in the following we consider £t (w) = E (w) for w > 0.
Inverse Fourier transform of E7(w) delivers the analytic signal

1 OO~ :
BH(r) = 5 / Bt w) e¥tdw
0

which is decomposed into the pulse envelope £ (¢) and the carrier oscillation
by Et(t) = £F(t)e“ol. Fourier transform of the temporal envelope £ (t)

yields the spectrum of the envelope £t (w) = E*t (w+wg) and its power spectral
density I(w) o< |ET(w)[?. This is displayed along with the temporal intensity
I(t) oc |ET(t)]? for various modulated pulses in Figs. 5.1-5.5.
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Fig. 5.1. Left: Quadratic spectral phase modulation with ¢ (w) = ¢2/2! - w? for
increasing GDD ¢2 applied to the spectrum I (w) of a Gaussian input pulse of
At = 25fs (the carrier frequency is subtracted). Right: temporal intensity envelope
I (t) of the modulated pulse and change of the instantaneous frequency Aw (¢). The
GDD increases from 225 fs? to 2000 fs?. For comparison, the unmodulated pulse (in
the background) is depicted in the upper panel

In order to describe changes in the temporal pulse shape due to spectral
manipulations it is convenient to characterize the passage of an ultrashort
pulse through a linear optical system by a complex optical transfer function [5]

M (w) = R (w) e ¥
connecting the incident electric field envelope g;; (w) with the modulated one

Efoa (W) = M (w) &} (w) = R(w) e #WES (w)

mod

Here E(w) is the real valued spectral amplitude response and ¢ (w) the so
called spectral phase transfer function. This is the phase accumulated by the
spectral component of the pulse at frequency w upon propagation through the
optical system. Due to the properties of the Fourier transform, the multipli-
cation in the frequency domain corresponds to a convolution in time domain:

1 () . N . o]
Et oy (t):% / M (W) & (w) e“'dw = /M(tft’)g;rl(t’)dt’

In the following we will concentrate mainly on pure phase modulation and
therefore set R (w) = 1 for all frequencies. For quantitative comparison of
experimental results obtained by temporal modulated pulses with those ob-
tained using unmodulated pulses, pure phase modulation guarantees that the
sample is exposed to the same pulse energy and the same spectrum, the only
difference being the temporal distribution of the laser radiation.
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Fig. 5.2. TOD spectral phase functions ¢ (w) = ¢3/3! - w® (left) and temporal
intensities (right) for positive and negative ¢3. The arrows indicate a change of sign
in the temporal envelope, corresponding to a jump of the temporal phase by m

5.2.3 Analytical phase functions relevant to material processing
Polynomial phase functions

A simple approach to understand the physical significance of a spectral phase
function ¢ (w) with respect to the temporal pulse shape is based on its Taylor
expansion resulting in a sum of polynomial phase functions:

pw)= ¢0+¢1w+@w2+¢3 3

+... . (5.1)
The absolute phase, which relates the carrier oscillation to the envelope, is
modulated if the first term ¢q is non-zero. Although this type of modulation
can be important for coherent control experiments [6], it does not influence
the pulse envelope and is therefore not considered here. In accordance with
the Fourier shift theorem, the linear term in the spectral modulation function
¢1w is responsible for a time shift of the pulse envelope of t = ¢;.

Quadratic phase modulation, the so called Group Delay Dispersion GDD=
¢2 with a spectral phase function ¢ (w) = ¢9/2! - w? plays a major role in
many applications (see e.g. [7] and ref. there). GDD modifies the laser pulse
duration and introduces a linear frequency sweep. Fig. 5.1 shows the influence
of GDD on a Gaussian input pulse. With increasing chirp parameter ¢, the
pulse duration increases while the pulse intensity decreases correspondingly.

Third Order Dispersion TOD=¢3 is given by a spectral phase function
¢ (W) = ¢3/3!-w? and results in asymmetric pulses described by a damped Airy
function [3,8]. Fig. 5.2 shows examples for TOD spectral phase modulation
for positive and negative values of the parameter ¢3, as well as a variation of
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Fig. 5.3. Upper panel: sinusoidal spectral phase modulation with A = 1; T'= 100 fs,
¢ = 0. Middle: lowering the modulation frequency to T" = 50fs merges the sub-
pulses. Increasing the amplitude A results in a higher number of sub-pulses. The
arrows indicate again a phase change by

the absolute value of ¢3. The pulse shape is characterized by an intense initial
pulse followed or preceded by a pulse sequence with decaying amplitudes.
At the zeros of the damped Airy function the temporal phase jumps by 7
lead to the (immaterial) delta discontinuities in the instantaneous frequency.
Applying the anti-symmetric phase function of TOD results in a constant
instantaneous frequency. With respect to material processing the remarkable
features of TOD are (i) temporal symmetry-breaking of the envelope implying
control on the time-dependent energy flux onto the sample and (i7) the ability
to produce a short intense pulse accompanied by a weak long pulse train.

Pulse sequences

Pulse sequences are a common tool to study dynamical properties of light
matter interactions and have also found applications to ultrafast material
processing [9]. Using an interferometric setup is conceptually the simplest way
to produce a sequence of pulses. However, practical considerations, such as the
stability and alignment issues, but most importantly the unavoidable spectral
modulations introduced by the interferometer, suggest alternative approaches
based on pulse shaping techniques. We discuss here three different types of
phase functions leading to pulse sequences [10].

Periodic spectral phase functions applied to modulate the spectrum
of an ultrafast laser pulse deliver pulse sequences of controllable intensity,
phase and temporal separation. It has been shown [3,10-15] that a sinusoidal
spectral phase modulation ¢ (w) = Asin (wT + ¢) leads to a sequence of sub-
pulses with a temporal separation T and controllable relative temporal phases
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Fig. 5.4. Spectral phase function with a 6-step at the central frequency. Upper
panel: 6 = 7 leads to symmetric picosecond double pulses, middle: § = 7/2 results in
a weak pre-pulse and an intense post-pulse, lower trace: blurring the m-step reduces
the pulse duration

determined by the absolute phase ¢:

Era®) = S (A& (L —nT)e ™

n=—oo

The amplitude of the n-th sub-pulse is given by Bessel functions J,, (A) of the
first kind and order n and can be controlled by the modulation parameter A.
Provided the individual sub-pulses are temporally separated, the envelope of
each sub-pulse is a replica of the unmodulated pulse envelope (Fig. 5.3 upper
and lower panel). The arrows between the sub-pulses indicate a change-of-sign
in the pulse envelope. For smaller delay times T the sub-pulses interfere to
yield a more structured pulse shape (Fig.5.3 middle panel).

Spectral phase jumps based on discontinuous functions of the type
0 sgn /2 were realized [10] to produce a sequence of two pulses. Such pulses have
e.g. been used to manipulate coherent atomic dynamics [6,16,17]. An example
for a discontinuity of 7 at the central frequency in the spectral phase function
is shown in the upper panel of Fig.5.4. This so-called 7-step results in two
pulses with larger duration and delayed with respect to each other. A slight
generalization of this spectral phase is introduced by variation of the step-
height. A phase jump of /2 breaks the temporal symmetry and is associated
with a weak pre-pulse and an intense post-pulse (middle panel of Fig. 5.4). Due
to this structure, generalized jumps might be suitable candidates for materials
processing similar to TOD. Blurring the phase discontinuity is an alternative
approach to deliver asymmetric pulses. In addition, blurred phase functions
deliver much shorter pulses (reduced tails) — a property which is required to
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Fig. 5.5. An upright V-shaped spectral phase ¢ (w) = 7 |w — dw| creates a sequence
of a red-detuned pre-pulse and a blue-detuned post-pulse: each portion of the spec-
trum where the phase is linear corresponds to a longer pulse shifted by +7

manipulate ultrafast dynamics on the sub-picosecond level. Cycling the phase
jump can also generate multiple pulses of variable spacing [18], however with
considerable spatio-temporal distortions [19,20].

V-shaped function impose linear phase relations on chosen spectral do-
mains [21]. The phase function ¢ (w) = 7 |w — dw| shown in Fig. 5.5 can gen-
erate a sequence of two pulses separated by 27. This type of modulation can
be understood in terms of the shifting property of linear phase functions. In
the upper panel of Fig. 5.5 half the spectrum is shifted by ¢ = —7 whereas the
other half of the spectrum is moved to ¢ = +7. This procedure results in two
detuned coloured pulses with longer durations. The relative intensity ratio is
determined by the cusp position. By mirroring the spectral phase function
with respect to the central frequency, the temporal envelope is reversed and
the temporal phase is conjugated.

Linear combinations of the above phase masks

If a sum of multiple spectral phase functions ¢; (w) is applied, the combined
action of the linear combination can be decomposed into subsequent execution
of the corresponding individual phase functions:

M (w) = emilpr(@)te2(W)] — g—ivr(W)e—iv2(w) — pr (w) M, (w)

For example, combining sinusoidal phase modulation with quadratic phase
function yields a sequence of chirped pulses [22]. Double pulses can also be
implemented with the help of amplitude modulation [23,24]. The spectral
transfer function reduces to a real valued spectral amplitude response [23].
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In general, the outcome of combinations of spectral phase functions on the
temporal pulse shape is not always easy to predict due to interference effects
among the subsequent modulations.

Iterative Fourier approaches for designing pulse shapes

In the situation that required pulse shapes are not readily accessible by the
above methods, an accurate solution can only be based on a combined phase
and amplitude modulation procedure. However, if a phase-only solution is
preferred, techniques have emerged were approximate solutions to the desired
shape, which are based on phase modulation, are found using iterative trans-
formations between the temporal and the spectral domains in the presence of
constraints related to the incident pulse spectrum and the desired shape. An
intuitive description of the Gerchberg-Saxton technique is given in [25, 26].

Polarization shaped pulses in the temporal domain

Since light is a transverse electromagnetic wave, it can be linearly, circularly
or in general elliptically polarized. The same holds of course for an ultrashort
optical pulse. Pulse shaping allows for the creation of light pulses where at
each instant of time a different state of polarization can be realized [27,28].
So far these possibilities have not been exploited in material processing, but
might open up interesting perspectives for future use. Specifically, this may
involve controlling nanoscale phenomena, near-field and plasmon coupling,
with extended possibilities for novel processing techniques.

5.2.4 Pulse shaping in the spatial domain

Tailoring of spatial intensities has also acquired a significant attention and
implications are obvious in material processing, microscopy, imaging, and
nonlinear optics. The application field will only be briefly reminded, with
implications in control of wavefront distortions and corrective approaches for
beam delivery, point-spread-function engineering and design of excitation ge-
ometries, as well as concepts for beam partition for parallel processing.

5.2.5 Experimental implementations for temporal pulse shaping

In practice, the creation of complex shaped laser pulses with respect to
phase, amplitude and polarization relies on programmable pulse shaping tech-
niques [3,5,18] to generate the optical transfer function M (w). One way to
realize a pulse modulation unit is the Fourier transform pulse shaper. Its op-
eration principle is based on optical Fourier transformation between time and
frequency domains. In Fig. 5.6a a standard design of such a Fourier synthe-
sis pulse shaper is sketched. The incoming ultrashort laser pulse is spectrally
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Fig. 5.6. (a) Basic layout for Fourier transform femtosecond pulse shaping. (b)
Schematic illustration of shaping the temporal profile of an ultrashort laser pulse by
retardation of the spectrally dispersed individual wavelength components in a phase
only LC-SLM. The LC-SLM is located in the Fourier plane

dispersed and the frequency components are back collimated by a focusing
optical element with a focal distance f. By this means, the spectral compo-
nents can be modulated individually by placing a linear mask into the Fourier
plane. The laser pulse is reconstructed by performing an inverse Fourier trans-
formation back into the time domain [29].

A popular linear mask for computer controlled pulse shaping in such se-
tups is the Liquid Crystal Spatial Light Modulator (LC-SLM). The relative
retardation of spatially dispersed frequencies can be conveniently manipulated
by placing a pixelated liquid-crystal array in the Fourier plane and applying
voltages at the separate pixels leading to changes of the refractive index. By
virtue of the Fourier transform properties, spectral phase changes result in
modulated pulse temporal profiles as depicted schematically in Fig. 5.6b. Ex-
ploiting the LC orientation with respect to the polarization, amplitude mod-
ulation may be obtained as well based on the induced birefringence [18,30].

Another possibility to realize phase only pulse shaping is based on de-
formable mirrors (DM) [31] placed in the Fourier plane. They usually consist
of a small number of control degrees of freedom. The use of a micro mirror
array with 240 x 200 pixels in reflection and a waveform update rate larger
than 1 kHz was also demonstrated [32].

Acousto optic modulators (AOMs) can be used for programmable pulse
shaping within 4 f setups in various spectral domains [33-35]. The AOM crys-
tal oriented at Bragg angle is placed in the Fourier plane of a zero disper-
sion compressor. A programmable radio frequency (RF) signal driving the
piezoelectric transducer of the AOM creates an acoustic wave that propa-
gates through the crystal. The photoelastic effect induces a modulated grating
where the amplitude and phase of the acoustic wave determine the diffraction
efficiency and phase shift at each point in space.

Another AOM approach is based on an acousto-optic programmable dis-
persive filter (AOPDF') which does not need insertion in the Fourier plane of
a 4f device [36,37] but relies instead on the time convolution. Again, a pro-
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grammable RF signal creates an acoustic wave that propagates in the crystal
and reproduces spatially the temporal shape of the RF signal. Two optical
modes can be coupled by acousto-optic interaction only in the case of phase
matching. If there is locally a unique spatial frequency in the acoustic grat-
ing, then only one optical frequency can be diffracted at that position from
the fast ordinary axis to the slow extraordinary axis. Various groups of op-
tical frequency components travel a different distance before they encounter
phase matched spatial frequencies in the acoustic grating where the energy
is diffracted from one axis to the other. The modulated pulse will be made
of all spectral components that have been diffracted at the various positions,
with amplitudes controlled by the acoustic power and retardation given by
the velocity difference.

In general pulse shapers based on LC-SLMs or on DMs have low transmis-
sion losses, do not impose additional chirp and have a low waveform update
rate on the order of 10 Hz. Setups based on AOMs have high transmission
losses, they do impose additional chirp but they have a waveform update rate
in the order of 100 kHz. Both AOMs and LC-SLMs can impress in the order of
1000 independent features onto the spectrum and are suitable for amplitude
and phase modulation. Programmable polarization shaping has been demon-
strated so far only with LC-SLMs.

The pulse shaping techniques described up to now allow control of the
temporal profile of an output waveform in phase, amplitude, and polarization.
This can be thought of as control over one spatial dimension, the direction of
propagation, and the “temporal-only” pulse shaping is thus one dimensional.
Automated two dimensional phase-only pulse shaping employing an optically
addressed reflective two-dimensional SLM with negligible interpixel gaps al-
lows real-space pulse shaping in which a sample or device is irradiated with
different temporally shaped waveforms at different locations [38]. The pulse
shaping arrangement in [38] is similar to conventional 4f spectral filtering
arrangements, with the difference that the incoming beam is expanded in one
dimension and the SLM is employed in reflection geometry.

5.2.6 Optimization strategies

Combining pulse shaping techniques with feedback learning loops (closed-loop
approach) to optimize light-induced processes, a new class of experiments
emerged [39-42]. As indicated in Fig. 5.7, the pulse control unit is connected
to an experimental device quantifying the laser action. Then a given pulse
shape is evaluated in order to produce an improved pulse form which en-
hances the feedback signal. The experimental output requires real-time mon-
itoring techniques for in-situ process control. The loops are usually driven by
deterministic or non-deterministic optimization algorithms, or specific pulse
shapes are designed using intuitive phase masks or predictive phase-retrieval
approaches (e.g. Gerchberg-Saxton). These techniques have an impact on an
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increasing number of developments in physics, chemistry, biology, and engi-
neering due to the fact that primary light-induced processes can be studied
and actively controlled via adaptive femtosecond pulse shaping.

Objective Calculated modified Fig. 5.7. Schematic presentation of

electric fields adaptive femtosecond pulse shaping:

\ /’\ Generated specific electric fields via a

pulse shaper are tested in an experi-

Computer ment. A learning algorithm calculates

gle;aormﬂ% Pulse shaper modified electric fields based on the in-

formation from the experimental feed-

back signal and the user defined con-

trol objective. Cycling the loop results

Feedback Real in iteratively optimized laser pulse

signal electric shapes that finally approach the ob-
fields jective(s)

Experiment

Often evolutionary algorithms [43] are applied, ranging from simple imple-
mentations used for example in initial automated pulse compression experi-
ments [40] to sophisticated Covariance Matrix adaption techniques [44]. Usu-
ally, a set of arbitrary phase patterns is initially applied on the optical modu-
lator which evolves through genetic propagators towards an optimal solution.
In Ref. [44] a theoretical survey of modern evolutionary approaches to the
problem of molecular alignment has been performed, concluding that it pays
off to use more elaborate optimization schemes for such a high-dimensional op-
timization problem. It was also demonstrated that a covariance matrix adap-
tation evolutionary strategy (CMA-ES) performs better than a traditional
evolutionary strategy for high-dimensional search landscapes [45].

If the optimization of a light-induced process is based on some physical
insight, then it is often useful to use analytical phase functions (see sub-
sec.5.2.2) and optimize the parameters, either systematically or via evolu-
tionary approaches. Open loops may be followed by post mortem analysis. An
intuitive solution landscape may be built, allowing to extract useful physical
information about the processes in question.

5.3 Material interaction with temporally shaped pulses

Upon impact of an ultrashort laser pulse on a solid material [46,47], elec-
tromagnetic energy is first converted into electronic excitation and then, by
specific electron-lattice interactions, transformed into thermal, chemical, and
mechanical forms. During the whole process, the molecular structure and the
macroscopic properties of the material are changed in various ways, culmi-
nating with permanent alterations, optical damage, and ablation. All these
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processes occur on various timescales accompanied by variations of the optical
properties. This suggests that the light packets interacting with the material
on these timescales may accommodate the changes and create specific syn-
ergies between light and material. Optimality is then defined as the ability
to achieve a user defined evolution. This section will review possible control
mechanisms of laser-induced excitation and discuss their relevant timescales.

5.3.1 Control of laser-induced primary excitation events

Laser interaction with wide band-gap materials leads to the development of
an electron-hole plasma. Depending on intensity, multiphoton processes (MPI)
or tunneling ionization (TI) [48] are followed by inverse bremsstrahlung and
subsequently by seeded collisional carrier multiplication (or avalanche ioniza-
tion AI) [49-51]. The transient free carrier density plays a fundamental role
in determining the optical properties, in addition to various propagation and
relaxation mechanisms. Optical damage thresholds were used as experimental
evidence for exceeding a certain critical electron density after the laser inter-
action and the regulatory effect of pulse duration was investigated [49,52,53].
Studies of transient electron densities range from intensities below [54,55] up
to well above the breakdown threshold [56,57]. The temporal evolution of
the free-electron population and the role of the fundamental ionization pro-
cesses are strongly depending on timely energy feedthrough, as well as on the
instantaneous frequency [50,58,59].

The excitation acquired in the two sequential steps, photoionization and
free carrier absorption, offers the possibility of regulating the amount of energy
coupled to the material and the outcome in terms of possible transformation
paths. The absorption efficiency is controlled via the photoionization cross-
section and by the timescale of electronic collisions, thus a competition be-
tween direct and collisional processes becomes possible. Each of these factors
may be tuned via peak intensity, polarization state, and temporal envelope
of the pulse. The direct photoionization rate in both MPI and TI regimes
is mainly determined by the pulse intensity and depends on the direction of
the electric field [55]. For longer temporal envelopes, a highly efficient free
electron heating process develops, resulting in enhanced rates of electronic
multiplication. Additionally, the electronic density may suffer fast relaxation
phenomena due to, for example, carrier trapping in self-induced deformation
potentials [54]. The resulting electronic density has consequences on the onset
of catastrophic optical damage in band-gap dielectrics or on the structural
mechanical stability. This suggests that the pulse temporal form can develop
into a dominant control knob to manipulate primary excitation events and to
channel possible relaxation paths in wide band-gap materials.

A situation where reduced exfoliation is displayed by structures induced
in CaF5 irradiated by modulated pulses [60] is presented in Fig.5.8. The im-
provements can be related to a transient change in the material properties
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Fig. 5.8. Laser-induced structures on

CaF; surfaces with single ultrashort pulse
of 90fs (upper part) and triple-pulse se-
quences (bottom part) with 0.5ps sep-

aration. The results show improvements

for the structures generated by tempo-
rally modulated excitation. The number

5 1 of pulses used to form the structures was
S -1.4-0.70.0 0.7 1.4 N = 5 and the laser fluence was 7J/cm?,
Time (ps) respectively 12J/cm? [60)

as a consequence of swift excitation and charge trapping. The sequential en-
ergy delivery induces a preparation of the surface (i.e. defined electron density
and lattice deformations) and an associated material softening during the ini-
tial steps of excitation, thus changing the energy coupling for the subsequent
steps. This leads to lower stress and improved structures. Especially for brittle
material with strong electron-phonon coupling, carrier trapping, lattice defor-
mations, and associated softening can be advantageous since they provide the
means for relaxation of the induced stress, with a reduction of cracking and
fracture phenomena. Similar behavior was also noticed during burst micro-
machining using multipeak sequences on MHz scales [61].

At the same time, manipulation of pulse frequencies indicated sensible
variations in the damage threshold [59]. Multiple pulse sequences were used
to influence the occurrence of optical damage, the profile, and the size of the
induced structures in various dielectrics (a-SiO2, AloO3) [9,60,62], leading to
changes in the ablation morphology. For fused silica, the temporal control on
the spatial crater profile is facilitated by the synchronization with the electron
trapping dynamics. The spatio-temporal coupling provided by the material
nonlinearities opens the possibility to design spatial excitation features which
map in space the temporal modulation of the laser pulse.

Cubic chirped pulses (with asymmetric intensity envelopes) have shown
surprising reduction in the damaged area, below the diffraction limit [63,64].
The balance between photoionization and collisional ionization mediates the
localized formation of a hot electron population, taking into account the dif-
ferent process dependencies on intensity. This results in different thresholds
for material modification in fused silica and reproducible nanoscale surface
structures as documented in Fig. 5.9a. As theoretical simulations based on a
multiple rate equation (MRE) model [58] show, the timing of an intense pho-
toionizing sub-pulse can turn on or off Al as illustrated in Fig. 5.9b. Different
final electron densities can be achieved depending on the temporal profile since
the ionization processes may be addressed in a different fashion. The proposed
scenario [63] involves the interplay of MPI creating free electrons in a spatially
confined region followed by Al that further restricts the area of reaching the
critical electron density that may eventually lead to the nanoscale structures
seen for positive and negative TOD pulses with characteristic sizes well below
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Fig. 5.9. (a) SEM images of laser-induced structures in fused silica. For a specific
energy and focusing conditions (NA = 0.5, 35fs) a triplet of applied laser pulses
(negative, zero and positive TOD) is highlighted by the ellipse. Normalized tem-
poral intensity profiles are sketched for comparison between different TODs. Left:
low TOD results in negligible differences between created structures. Middle: high
positive TOD results in a change of structure size and threshold energy. Right: the
threshold energy for ablation with high negative TOD is reached at E = 110nJ. (b)
Transient free-electron density nit . (solid lines) as calculated with help of the MRE,
together with the density of electrons provided by photoionization n;- (dashed lines)
and the corresponding transient intensities (dashed-dotted lines) of the pulse with
positive TOD (index +) and negative TOD (index -), respectively. (¢) Diameters of
ablation structures as a function of pulse energy for unshaped pulses (different circles
indicate two independent measurements), for (4) shaped pulses (triangles pointing
right) and for (-) shaped pulses (triangles pointing left). Structures below 300 nm are
obtained over a considerable energy range thus providing a large process window for
creation of nanostructures. The smallest structures are about 100 nm in diameter.(d)
Blow-up of laser-induced structures; atomic force microscope micrographs

the diffraction limit (Fig.5.9¢). This strategy opens the route to develop tai-
lored pulse shapes for controlled nanoscale material processing of dielectrics.
Note that smaller structures have been reported at the backside surface of di-
electric samples by using high numerical aperture immersion objectives [65].

In metals as well, the efficiency of laser absorption depends on the elec-
tronic collision frequency, which, in the solid phase, is a sensitive function of
temperature [66]. The dynamics of the electron temperature may thus influ-
ence the rate at which laser photons are absorbed. Apart from the regulating
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factor of electronic collisions via temperature at nonequilibrium electron-ion
conditions, the resulting transient optical properties, heat transport, and en-
ergy conversion factors may also intervene. The subsequent thermodynamic
behaviour can be mastered using controlled energy feedthrough, which is a
prerequisite for tailoring the laser ablation outcome, structure, and plume ki-
netics. An overview of possible control paths for non-transparent materials is
given in the following section.

5.3.2 Engineered thermodynamic phase-space trajectories

Subsequent to primary excitation, the electronic energy is relaxed to the ma-
terial matrix via electronic to vibrational coupling which locally heats the
material, via bond softening caused by electronic perturbations, or is released
by a pressure-induced mechanical activity. The possibility to temporally de-
sign pulses enhances the flexibility to manipulate transformation pathways
using nonlinear and non-thermally initiated phase transitions, and minimally-
diffusive energy input. A high degree of electronic excitation in solid materials
triggers lattice instabilities and, consequently, mixed electronic, mechanical
and thermal alterations of the material structure. These structural transfor-
mations occur on fast scales and a certain control on their competition may
be established. This may potentially lead to the creation of metastable states
around critical points or transitions to energy states hardly attainable by other
means. These effects are important for surface treatment and patterning or
in applications related to optical switching [67].

For semiconductor samples improvements were seen in the structuring
quality by using multipulse sequences [68-70]. Synchronizing the laser tem-
poral irradiation profile with the solid-to-liquid phase transition time and the
associated augmentation in the absorption efficiency, conditions can be found
to evaporate the resultant liquid layer, avoiding its gradual cooling and re-
turn to the surface as recast. Additionally, the energy delivery can control the
resulting self-organization of nanotexturing in the irradiated zone [71].

Enhancement and kinetic tunability of ions was observed during tempo-
rally tailored laser irradiation of silicon. The approach has illustrated a versa-
tile possibility to optimize the kinetic properties of the Si™ ions by controlling
the development of the electron-hole plasma on sub-ps scales [72] or by tak-
ing advantage of a fast succession of structural transitions on ps scales [73].
The latter results is shown in Fig. 5.10. The optimal irradiation sequence was
obtained using a mass-resolved ion-detection optimization loop guided by an
adaptive strategy and is represented by a fast peak followed by a ps tail
of energy distribution. The ion acceleration mechanism was connected to an
improved energy coupling related to the formation of a highly absorptive tran-
sient liquid state right at the beginning of the irradiations sequence. Most of
the energy is then coupled to the absorptive state and determines significant
temperatures. Highly energetic and volatile thermodynamic states are thus
produced with minimal energy expenses [73].
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If for the low band-gap material presented above the main factor of improv-
ing energy deposition is related to a fast change to an absorptive state, other
materials show no significant differences in the dielectric function between
the solid and the liquid phase at the photon energy of 1.5eV and, therefore,
no absorption enhancement. This is the case of metallic aluminum. The rel-
evant question is then related to the factors that may improve the energy
coupling in this case. Commonly for metals, electronic excitation determines
a high temperature and pressure phase so that the evolution control factors
involve hydrodynamic advance. This has consequences on the transient opti-
cal properties, and, equally important, on the heat transport characteristics.
Feedback-based ion emission was used as a probe of the efficiency of energy
deposition into the material. An ion acceleration effect was observed, simi-
lar to the Si case, and explained by a laser pulse regulated balance between
the mechanical and thermal energy of the ablation products. If ultrafast ra-
diation favours the accumulation of mechanical energy due to fast pressure
release [74], the optimal picosecond tailored envelope determines a preferen-
tial heating of the ablation products which induces variations in the ionization
degree, while still keeping the losses by heat conduction at a minimal level.
This indicates to possibility of regulating thermal effects and designing ther-
modynamic trajectories and has consequences for the processing accuracy and
composition of ablation products, or for other quality criteria such ablation
efficiency, smoothness, or aspect ratios. On the other hand, it constitutes a
description of thermal manipulation for interactions commonly considered as
athermal. It has to be noted that phonon control via pulse shaping has gath-
ered attention for regulating heat transport in laser irradiated materials [75].

In parallel to ion acceleration, a strong decrease in nanoparticle emission
was observed from metallic targets irradiated with temporally shaped laser ra-
diation. The effect, simulated by hydrodynamic codes, is illustrated in Fig. 5.11
for Al exposed to ultrashort and the previously determined optimal pulse. Ul-
trafast irradiation is associated with an initial isochoric increase of pressure
due to electronic excitation. The pressure release determines a fast expansion
into the two-phase region and ejection of nanodroplets from the liquid phase as
visible in Fig. 5.11a. This is related to the trapping of expanding layers at the
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liquid-gas border undergoing further expansion under gas confinement, along-
side with a recondensation mechanism. The tailored pulse favours instead the
heating of the expanding material, reducing the trapping time of the confined
liquid layers and determines a dominant transition to a gaseous phase with
low particulate content [74,76]. This aspect has consequences for the rate and
the dimensions of the produced nanoparticles. The validity of the adapted
approach was extended for other materials for generating nanoparticles of
controllable sizes [71]. The sequential energy transformation into mechanical
and thermal forms creates the premises of particular phase transformations.
Despite the reduced sensitivity for intensity effects in linear materials, the
overall absorption efficiency can be elevated if the proper conditions for den-
sity and temperature are met for the expanding layers, with consequences for
the ablation yield. Changing the composition of ablation products is a prime
objective in the field of ultrafast laser-induced breakdown spectroscopy, that
combines spatial resolution with spectrochemical sensitivity [77] as well as in
techniques of material transfer [78].

5.3.3 Refractive index engineering by temporally tailored pulses

In that concerns bulk transparent materials, the ability to locally design the di-
electric function is based on the potential balance of electronic and structural
transformations associated with the refractive index change (see e.g. [79]).
Chapter 9 reviews the interplay of several modification factors, including gen-
eration of defects, altering the local structure, or accumulating stress. Their
relative importance can assist in engineering particular index changes in the
conditions where the transformation sequence is jointly determined by the
material response and the spatio-temporal character of excitation [80].
Current photoinscription techniques (for a brief review see [47,79,81-85]
and the references therein) aim at producing positive refractive index in opti-
cal glasses, e.g. for waveguiding applications. However, the material response
to optical excitation is determined by the relaxation properties of the glass.
The irradiation outcome determines a complex dielectric design and electronic
and structural alterations associated with either increasing or decreasing the
refractive index under light exposure. In many glassy materials the standard
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Fig. 5.12. Refractive index flip in borosilicate crown BK7 under multipulse (a) short
(150 fs) and (b) optimally tailored irradiation (4.5 ps). Pulse energy 0.17 uJ, irradi-
ation dose 10° pulses at 100kHz. Phase contrast microscopy images of refractive
index changes (white and black colours represent negative and positive refractive
index changes, respectively). The onset of a significant compression zone is visible
under optimal conditions. Transverse trace written by (c) short pulses and (d) op-
timal laser pulses at a scan velocity of 50 um/s and pulse energy of 1.1 uJ. Two
regions of positive refractive index changes are indicated by the labels A and B.

ultrafast radiation induces merely a decrease of the refractive index, detri-
mental for waveguiding. Speculatively, this is related to a strong volumetric
expansion and subsequent rarefaction. Guiding regions may be restricted to
stressed region around the excitation area. The possibility to reverse the natu-
ral tendency to rarefaction towards compaction carries then fundamental and
technological significance. The follow-up idea is to design a type of irradiation
able to overturn the unsatisfactory standard material response, with the pur-
pose of e.g. producing positive refractive index changes in materials were the
regular response is rarefaction. The temporal beam modulation techniques
and subsequent control on energy delivery are natural candidates for this task
due to their influence on the physical behaviour of the interaction process.
The temporal shaping approach integrated in a phase-contrast microscopy
loop indicated the possibility to flip the refractive index in borosilicate crown
BKT7 [86] from the standard negative change to an significant region of index
increase (Fig.5.12a,b). This particular glass used here as a model material
with high expansion coefficient and low softening point, usually shows a de-
crease of the refractive index under standard tightly-focused ultrafast laser
excitation. This behaviour is associated with the formation of a hot region,
where, due to rapid thermal expansion, the material is quenched in a low-
density phase, rich in oxygen centres. The control mechanism is related to
the design of the resultant heat source which influence the subsequent stress-
induced plasticity driving axial compaction. The ps sequence allows higher
energy concentration and the achievement of an elevated temperature due to
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Fig. 5.13. (a) Short pulse (SP) and optimal pulse (OP) induced structures at a
depth of 500 um and 1 pJ input energy indicating the spatial confinement of the OP
structure in the presence of aberrations. (b) The corresponding axial cross-sections.
The inset shows the optimal pulse shape [86]. (c) Control of spatial distribution
of excitation using the pulse duration [87]. Plasma emission images recorded in
waveguide writing conditions in phosphate glass using different laser pulse durations
and a slit shaping technique. Beam filamentation and prefocal energy depletion are
minimized for circular polarization and increasing pulse durations

a less efficient plasma generation and light defocusing. This leads to plastic
deformation accompanied by partial healing of the lateral stress due to pref-
erential heat flow. As a result, a transition from a radial expansion regime
to directional compaction was observed. The matter momentum relaxation
leads to axial densification and to a positive refractive index change. The
adaptive technique was then able to determine an excitation sequence which
induces a thermo-mechanical path leading to compaction. This is particularly
interesting for laser repetition rates on the timescale of mechanical relaxation
(hundred kHz) and shows the importance of the heating and relaxation rates
for defining proper processing windows. The influence one can exercise on
the refractive index distributions indicates the possibility to create waveguide
structures (Fig.5.12¢) (and symmetric guiding conditions) in materials that
do not easily allow it in standard ultrafast irradiation conditions.

Adaptive control of pulse temporal forms was recently used to regulate
filamentary propagation in nonlinear environments [88,89]. The location and
the spectral properties of the ionization region were shown to be modulative.
The key factor is the intensity feedthrough which determines the competition
between self-focusing and ionization and breakdown probability was observed
to be controllable via temporal envelopes [90]. All these observations indicate
flexibility in manipulating propagation, ionization, and energy gain events
generated by ultrashort laser pulses in nonlinear environments using judi-
cious intensity adjustments. The nonlinear control has consequently proven
its capability to induce energy confinement even in the presence of wave-
front distortions [91]. When aberrations occur, the length of the laser-induced
structure augments, which is detrimental to the photoinscription precision.
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The focal elongation influences the nonlinear energy deposition and modula-
tion of the refractive index appears in the exposed region. If usually spatial
corrections are applied to correct wavefront distortions, it was indicated that
the energy can as well be confined using adaptive temporal pulse shaping,
delivering in addition desired changes of the refractive index (Fig.5.13a,b).
The decreased nonlinearity and the lower ionization efficiency of the optimal
pulse assist the energy confinement, regulating the structuring precision in the
presence of wavefront distortions [91]. Furthermore, control of pulse duration
was recently implemented [87] in photoinscription techniques complementary
to spatial beam modulation [82,83,85,87,92] resulting in a uniform irradiation
region (Fig. 5.13¢) suitable for waveguide writing in phosphate glasses.

5.4 Conclusion and perspectives

The present review has illustrated that control of laser-induced effects in pro-
cessing materials is possible and energy coupling can be optimized. The out-
come is an improved laser structuring approach with additional flexibility, ac-
curacy, and a higher degree of process control. This has relevance for upgrading
current laser processing technologies and offers a better understanding of the
laser-induced physical processes, the nature of material modification, includ-
ing the ability to identify competitive relaxation processes. The control factors
were identified in the absorption phase, in the degree of non-equilibrium or
nonlinearity of propagation, as well as in the succession of phase transitions.
Consequently, using temporal pulse forming, control may be achieved on the
chemical composition and the kinetic properties of the ablation products, as
well as on the structural changes of the irradiated material and energy con-
finement on smallest spatial scales. The potential spectrum of applications
ranges from quality structuring for increased functionality to integration in
analytical methods sensitive to particle emission, however, designing material
removal characteristics can be appealing for a broader range of applications.
The results have documented the possibility to attain desired structural mod-
ifications in bulk transparent materials. Using these tools, it was e.g. possible
to achieve refractive index changes in glasses which are otherwise difficult to
process. Novel properties and functions are attached in this way to the ma-
terial, laying a groundwork for adaptive optimization in material processing.
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