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Preface

Today, ultrafast lasers providing pulses with a duration of a several femtoseconds
(1fs=10"""s) up to a few picoseconds (1 ps = 10~ s) are commercially available
and are gaining more and more attention in the area of precise microstructuring.
This is due to the fact that they enable completely new machining approaches
impossible by applying conventional tools. The short interaction times result in
strong non-equilibrium processes. Consequently, thermal and mechanical damage
can be minimized and processing with practically no melt even in metal processing
becomes possible resulting in sub-um precision. The high intensities achievable
when focusing ultrashort laser pulses even of moderate pulse energies allow for
nonlinear interaction processes, which are the basis for processing transparent
materials. Application examples are, e.g. the cutting of fragile glass structures for
displays, the structuring of thin-films in photovoltaics to increase the solar cell
efficiency, and the fabrication of LEDs or computer chips. Fantastic opportunities
open up in the field of medicine. Here, for example highly precise cuts with
minimal damage inside the human eye enable absolutely new therapy opportunities
for cataract or presbyopia treatment. Thus, ultrashort laser pulse systems are uni-
versal tools with a plethora of applications in precise micro-manufacturing and
medicine.

However, all these opportunities come along with a multitude of various chal-
lenges. On the one hand the system technology is rather complex and on the other
hand the nonlinear effects during beam propagation and during the interaction
process require fundamental understanding and precise control. Thus, although this
technology is promising significant advantages, it is often termed not robust, not
reliable, expensive, slow and inefficient and its implementation in real production
processes is hindered. To overcome these obstacles and to explore the full potential
of ultrashort laser pulses, the German Federal Ministry of Education and Research
(BMBF) has launched a comprehensive research initiative on ultrashort pulse laser
technology. This includes the development of innovative, inexpensive and powerful
new ultrashort pulse laser systems as well as the appropriate system technology for
beam control and steering. Apart from the research on laser sources a strong focus
was on the development of the interaction processes itself, closely linked to specific
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application examples. This research effort has been pursued by 23 companies and
13 research institutions, which closely worked together within 9 joint research
projects. The research was supported with more than 24 million Euros by the
BMBEF. A similar amount of money was spent in addition by the industrial partners
involved. The major results of this research initiative are summarized in this book.
In order to provide a coherent picture, the individual contributions are grouped
thematically rather than by the original projects. Laser source development is
covered in the first section, followed by a section describing fundamental interac-
tion aspects, processing strategies as well as beam shaping, scanning and other
relevant system technology. Finally, specific applications from surgery, THz gen-
eration to electron source generation for X-ray sources complete the overview.

The remarkable progress in ultrashort pulse technology and its applications as
described here would not have been possible without the dedication of the com-
panies and institutes, especially the researchers involved, but also the generous
support by the German Federal Ministry of Education and Research. The editors
and authors of this book express their sincere thanks to all of these.

Stefan Nolte
Jena Frank Schrempel
Stuttgart Friedrich Dausinger
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Chapter 1

High Energy/High Repetition Rate Laser
Pulses from Yb Based Solid State
Oscillators with Cavity-Dumping

and Regenerative Amplifiers

Moritz Emons, Guido Palmer, Marcel Schultze, Uwe Morgner,
Hakan Sayinc, Dieter Wandt and Dietmar Kracht

Abstract Various scientific and industrial laser applications profit from the latest
progress of directly diode pumped high-power femtosecond oscillators, in partic-
ular applications such as laser micromachining, nonlinear spectroscopy, or laser
surgery. These oscillators provide pulse energies in the microjoule regime at
100 kHz to megahertz repetition rates, replacing complex and expensive chirped-
pulse amplification (CPA) systems. Regarding power and energy scaling,
Yb-doped materials are of great interest, offering the opportunity of high-power
diode-pumping plus the generation of femtosecond pulses. In this article, we report
on recent progress in the generation of femtosecond pulses with high energies
either from oscillators or from regenerative amplifiers. In the first part of this
chapter we discuss solid state oscillators with cavity-dumping and solitary pulse
shaping followed by the concept of oscillators in the positive dispersion regime.
The principle of thin-disk oscillator technology and its suitability for cavity-
dumping is discussed, and the latest results from our two-crystal oscillator are
presented, followed by some selected applications. In the second part of this
chapter the progress of regenerative thin-disk amplifier technology will be dis-
cussed including latest results from thin-disks of potassium yttrium and lutetium
monoclinic double tungstate oxide.
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1.1 Solid State Oscillators with Cavity-Dumping

In this section we report on passively mode-locked Ytterbium-based oscillators with
MHz repetition rate cavity-dumping in different dispersion regimes allowing for the
generation of microjoule pulses directly from a single oscillator. When the laser is
operated in the solitary regime the current limit in energy scalability is given by the
exceeding nonlinearity from several microjoules of intracavity pulse energy [1]. For
even higher pulse energies it is necessary to either significantly reduce the nonlinear
propagation length or to operate the oscillator with less peak power. The latter
approach can be realized with the positive dispersion concept. The spectral band-
width of the resulting positively chirped pulses is explicit broader than in the
solitary regime [2], which allows for the generation of femtosecond pulses after
external compression.

When starting to scale the pulse energy in femtosecond oscillators with cavity-
dumping the simplest approach for the generation of pulse energies exceeding 1 pJ
is based on a single bulk-crystal (see Fig. 1.1). The KY(WQ,),-crystal can either be
directly pumped by a free emitting laser diode or a fiber-coupled laser diode with up
to 30 W at 980 nm. Typical resonator lengths which have been realized yield
repetition rates around 16-19 MHz.

This repetition rate already offers reasonably high pulse energies and makes
electronic switching unproblematic. Electro-optical cavity-dumping is achieved by
the combination of a Pockels-cell (electro-optical modulator with BBO-crystals)
and a thin-film polarizer (TFP). This method is the same for all following cavity-

Yb:KYW crystal

Pump- /
diode

[:l HR mirror , flat

[] HR mirror , curved

Fig. 1.1 Schematic of the laser setup, EOM electro-optical-modulator (BBO-Pockels-cell), TFP
thin-film polarizer, SESAM semiconductor saturable absorber mirror, Herriott-cell number of
reflections per mirror depends on cavity length (not shown)
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dumped systems. The saturable absorber mirror stabilizes the solitary mode-locking
against cw- and Q-switch-operation. Beside the N-optical axis (1030 nm) the
bulk-laser can also be operated with polarization parallel to the Ny-optical axis at a
wavelength of 1040 nm. The crystal length is between 1 and 2 mm with a typical
Yb-doping concentration is of 5 at.%.

1.1.1 Solitary Regime in Bulk-Oscillators

For maximum internal pulse energies around 2.3 pJ a negative group-delay-dis-
persion of —9200 fs” is required to compensate for the nonlinearities (self-phase-
modulation) in the solitary setup similar to that shown in Fig. 1.1 [2]. With cavity-
dumping efficiencies of around 60 % the laser emits pulse energies of 1.35 pJ with
pulse durations of 340 fs (time-bandwidth-product, TBP: 0.34). The attributed
power spectrum is depicted in Fig. 1.2. The prominent sidebands are identified as
Kelly sidebands from the perturbation of the soliton with the periodicity of the
oscillator round trip frequency [3, 4].

Numerical simulations based on the soliton theory have led to a deep under-
standing of the pulse evolution and the dynamic behavior in the system [5]. They
revealed that three dumping frequency regimes can be defined: the relaxation, the
intermediate and the transient frequency regime for low (<20 kHz), medium and
high (>80 kHz) dumping rates, respectively. For low repetition rates the time
between the dumping is long compared to the period of the relaxation oscillations
which allows the laser to relax to its steady state between two dumping events. In
the ‘intermediate’ regime with a dumping rate close to the relaxation oscillation
frequency (around 40 kHz), instability and subharmonic behavior is observed. At
dumping frequencies higher than 80 kHz the laser has no time to relax before the

o
o

ArL=3.3nm
—> <

e
o

Intensity [norm.]
L
i=N

=
o

0 ; ; .
1030 1035 1040 1045 1050

Wavelength [nm]

Fig. 1.2 Power spectrum of the solitary bulk laser clearly revealing Kelly sidebands which de-rive
from the disturbance of the soliton-like pulses caused by the dumping. The laser was operated with
polarization parallel to the Np-optical axis resulting in a central wavelength of 1040 nm
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next dumping occurs. The latter allows for dumping-frequencies from roughly
300 kHz to more than 1 MHz closing the gap between oscillators and solid-state
amplifier systems [5].

1.1.2 The Chirped Pulse Oscillator (CPO)

For pulsed operation and a compact configuration the resonator was stretched to a
total length of 8.64 m (repetition rate of 17.35 MHz) with a Herriott-type multipass
cell (see Fig. 1.1). In contrast to the solitary regime a total material dispersion of
+4250 fs* per round-trip for all participating optics was estimated. By changing
type and number of the negative dispersive mirrors the magnitude of the net in-
tracavity dispersion could be easily changed [6].

By using a SESAM stable self-starting cw-mode-locking operation of the laser
has been achieved even though there is no pulse shaping mechanism from solitary
pulse propagation. To sustain stability it was necessary to raise the pump power
simultaneously while increasing the dumping ratio to compensate for the dumping
losses. Stable mode-locking could be observed with dumping ratios up to 45 %. At
that point the maximum output energy was beyond 2 pJ which is a factor of 1.4
higher compared to the solitary version from Sect. 1.1.1. We operated the oscillator
in four different dispersion configurations, namely 250, 750, 1250 and 2250 fs? for
the total GDD per round trip. The resulting power spectra are compared in Fig. 1.3
on a logarithmic scale. The distinctive rectangular shape is typical for chirped-pulse
oscillators.

=

—250 fs?

~—T750 fs?
1250 fs*

——2250 fs?*

Iog. spectral power density [norm.]

i 'Lh\“ fn v

1022 1025 1028 1030 1032 1034 1036 1038
wavelength [nm]

Fig. 1.3 Optical power spectrum of the output pulses for the different dispersion regimes
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Beginning with a large dispersion of 2250 fs?, the spectral bandwidth becomes
significantly broader with decreasing net-dispersion, while the available output
power remained constant for all four different dispersion values. The broadest
bandwidth (FWHM) of 8 nm was observed at 250 fs>. A further decrease of the
GDD results in unstable pulsing. With a dispersion of 250 fs® the duration of the
chirped output pulses was measured to be in the range of 3 ps (4.4 ps autocorre-
lation width). The measured rms-noise was below 1 % with a beam parameter M?
of less than 1.1. The contrast ratio between the dumped pulses and the background
exceeded 500:1.

Laser operation at 250 fs® is optimal when subsequent external pulse com-
pression is used, since it provides the broadest spectrum enabling the shortest
available pulse duration. In this case two fused silica transmission gratings with
1250 lines per millimeter were employed. The compressed pulses were analyzed
with an intensity autocorrelator. By calculating the pulse duration directly from the
power spectrum thus obtains a Fourier-limit of 360 fs (490 fs autocorrelation
width). The measured autocorrelation reveals a FWHM of 570 fs resulting in a
pulse duration of approximately 420 fs. The residual chirp led back to misalign-
ments of the rather complex compression setup.

1.1.3 Thin-Disk Oscillator in the Solitary Regime

Using the previously discussed solitary mode-locked bulk oscillators (see
Sect. 1.1.1) in combination with the cavity-dumping technique, a further scaling of
the energy is limited by thermal effects and nonlinear contributions of the relatively
long laser crystals. For this reason, the thin-disk concept is used instead to inves-
tigate the possibility for the generation of even higher pulse energies [1]. The thin-
disk laser consists in principle of a very thin laser medium in combination with an
optical multipass pump scheme. By using fibers for transport and homogenization
of the pump light, low cost diode lasers can easily be coupled into the multipass
pump system. Therefore the demands on brightness of the pumping diodes are
comparably low. Due to the thin crystal, the homogeneous pump profile and the
axial cooling geometry, such lasers are very resistant to thermal lensing [7, 8]. The
schematic setup is similar to Fig. 1.1. The thin-disk acts as a folding mirror enabling
four bounces per roundtrip. To maximize the absorbed pump power, a commercial
thin-disk pump module is used which allows for 24 passes through the gain
medium [9].

The 110 pm thin Yb:KYW disk is pumped with up to 50 W at 976 nm. Output
coupling of the pulses is realized as before with a BBO-Pockels-cell in combination
with a TFP. Mode-locking is induced by a SESAM with a modulation depth of
approximately 1 % and a saturation fluence of about 90 pJ/cm?® Due to the high
nonlinearity contributions from the Pockels-cell, the thin-disk and the ambient air, a
total negative dispersion of 40,000 fs® is inserted into the cavity by means of
dispersive mirrors (GTI) to fulfill the soliton condition. The maximum output power
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Fig. 1.4 Oscillator output 1
spectrum with air (black
solid) and helium (black -
dotted) = 0.87
7]
s
L
£ 064
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£
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c 0.2+
0 e ——
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wavelength [nm]

equals 2.34 W at 1 MHz repetition rate leading to pulse energies of 2.34 uJ in
combination with nearly Fourier limited pulse durations of about 700 fs. Figure 1.4
shows the corresponding spectrum (solid line). To minimize the nonlinearities from
the ambient air, the resonator laserbox is purged with helium in a second step. Here,
stable operation with more than 3 pJ of pulse energy and durations of 680 fs have
been obtained (spectrum in Fig. 1.4, dashed line).

Compared to the bulk concept, two main drawbacks of the thin-disk concept
with cavity-dumping can be pointed out. On the one hand side, the dumping ratios
are relatively low (~25 % in contrast to more than 50 % in the bulk concept). As a
reason for this, the low single pass gain is found to be the main limitation (see
Sect. 1.1.4). Supplementary the pulse duration is relatively long (~700 fs) com-
pared to 400 fs in the bulk setup. Here, etalon and hole-burning effects lead to
unstable operation for bandwidths larger than 1.8 nm [10]. Thus, the available gain
bandwidth has to be restricted by means of a birefringent filter (BRF) inside the
cavity.

1.1.4 Limits of Cavity-Dumping in Thin-Disk Oscillators

The maximum achievable peak power from the oscillator is limited by the
B-Integral in the cavity. By using Yb:YAG thin-disk modules this limitation can be
overcome and pulse energies up to 11 pJ at a repetition rate of 4 MHz have been
demonstrated in SESAM mode-locked oscillators with pulse durations of 790 fs
[11]. As elaborated in Sect. 1.1.3 the thin-disk oscillator with cavity-dumping based
on Yb:KYW resulted in pulse energies up to 3 pJ at a repetition rate of 1 MHz with
pulse durations of 680 fs [1]. Currently, the limiting factor for the pulse energy in
this setup is the dumping ratio which, at 24 %, is far lower than in the previous
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experiments with bulk material (see Sect. 1.1.1) where the maximum dumping ratio
easily exceeds 50 %.

To understand the reasons for this limitation and to find ways of improving the
performance of our laser we started to investigate the theoretical properties of such
laser systems. In this section we present a theoretical study of cavity-dumped
systems with special regard to how the implementation of a thin-disk scheme affects
the dynamic properties of the cavity-dumped laser. The comparison between the
numerical model and experiments allows for determining inherent limits of the
current setups and finding possible ways for improvement.

It is possible to accurately describe the dynamics of a SESAM mode-locked laser
by using three differential equations which describe the temporal dynamics of the
pulse envelope, the laser gain and the absorber loss. The detailed equations and
parameters are given in [12]. The excellent agreement between numerical simula-
tions and experimental data forms the basis for the theoretical investigation of the
limiting factors for cavity-dumping. From this treatment we expect a deeper
understanding of the pulse shaping mechanisms and some guidelines how to extract
some higher fraction of the intracavity pulse energy. Not surprisingly, the numerical
model revealed the same limitation for the maximum dumping ratio for the thin-
disk setup between 25 and 30 % with the parameter sets close to the experimental
values. Higher dumping ratios result in Q-switching instabilities, and no stable cw
mode-locked laser operation was possible. Nevertheless, the question is, what is the
reason for the big difference in the maximum dumping ratio between the bulk and
thin-disk setup? Looking at the two laser setups, the main difference in terms of the
gain dynamics is the mode radius in the gain medium. While the mode radius in an
Ytterbium bulk laser is typically around 100 pm, the same parameter in a thin-disk
setup is typically more than 5 times larger. Indeed Fig. 1.5 reveals that the key
factor for the stability of a cavity-dumped mode-locked laser is the mode size in the
gain medium.

In the simulations we varied the mode radius from 540 pm down to 200 pum.
Starting from a plateau at around 18 % for large mode radii the stability border
grows linearly to above 80 % as the mode radius is reduced. It is also important to
note that the small signal gain was kept constant while the mode size was scanned.
In the experiment this is only possible up to a certain point because the small signal
gain is directly linked to the pump power and the pump power density is limited by
saturation effects in the gain medium and the damage threshold of the disk. With
our used disk the maximum pump power density is limited to 4 kW/cm? which
would be reached at a mode radius of 350 um. So for even smaller pump radii the
pump power would have to be decreased which would still allow for an increased
dumping ratio but at the expense of a reduction in pulse energy. In the more realistic
scenario, starting with the parameters of the thin-disk laser and continuously
reducing both pump power and laser mode area on the disk one eventually ends up
with a system very similar to the bulk laser described in Sect. 1.1.1. At this end the
maximum dumping ratio could easily exceed 50 % but the pulse energy would be
decreased to about 1 pJ. In a qualitative sense the importance of the mode size can
be understood simply by analyzing its influence on the small signal gain and the
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Fig. 1.5 Calculated maximum dumping ratio for stable cw mode-locking operation in the thin-
disk laser as a function of the beam radius on the laser disk. The black dot marks the parameters of
the experiment from Sect. 1.1.3

saturation energy of the laser. A larger mode radius on the disk leads to an increase
in saturation energy at the expense of a smaller gain. As described by Honninger
et al. [13] the pulse energy E, necessary to avoid Q-switching in a SESAM mode-
locked laser without cavity-dumping can be calculated using the following equation

EIZ; > Esat,AEsat,LARa (1 . 1)

where AR is the SESAM reflectivity modulation depth, E;, 4 is the saturation
energy of the absorber, and E;, ; that of the laser gain medium. Here, an increase in
the saturation energy of the laser will result in an increased threshold for stable cw
mode-locked operation. For a thin-disk laser like the one described in [11] this is of
little consequence since the low output coupling ratio ensures that the intracavity
pulse energy is usually high enough to avoid Q-switching instabilities. In the case
of a cavity-dumped laser however the situation is different, since the small-signal
stability analysis behind (1.1) is not valid anymore. From our model the numerical
value for the threshold was found to be up to an order of magnitude higher in the
case of a cavity-dumped laser.

Still (1.1) provides a good starting point for a systematic investigation of the
cavity-dumped thin-disk oscillator. We started by varying two key parameters of
the model, the mode area on the gain medium and the modulation depth of the
SESAM. The left part of Fig. 1.6 shows the maximum dumping ratio for different
modulation depths AR and different mode radii 7,,;, color coded between blue and
red. It can be seen that, in accordance with the discussion of (1.1), higher
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Fig. 1.6 Left Maximum dumping ratio as a function of the mode radius on the disk and the
modulation depth of the SESAM. Red color denotes a high ratio, blue color a low ratio. Right
Resulting out-coupled pulse energies in pJ for the same set of parameters. Red color denotes high
energy, blue color low energy. The dashed lines indicate experimental limits. The maximum power
density, i.e. the minimal mode radius on the disk (korizontal) and the minimal modulation depth for
stable mode-locking (vertical) leave only the upper right quadrant experimentally accessible

modulation depths lead to lower possible dumping ratios. But nevertheless even for
small modulation depths the mode radius is still the dominant parameter. For
modulation depths exceeding 1.5 % the maximum dumping ratio depends almost
exclusively on the mode radius.

The right part of Fig. 1.6 shows the maximum stable pulse energy in units of pJ
that would be coupled out with the dumping ratios shown in the left. The dashed
lines indicate some empirical experimental limitations: The vertical line stems from
the fact that for modulation depths lower than 0.5 % only cw operation of the laser
was possible as the loss modulation was not high enough to achieve stable mode-
locking. The horizontal line represents the power density damage limit of the Yb:
KYW disk of 4 kW/cm?. So the accessible regime is limited to the upper right
quadrant in the two plots. By choosing optimum parameters pulse energies around
6 uJ should be achievable. It also needs to be pointed out that even if the limitation
of the power density on the disk could be overcome, any substantial increase in
pump power would lead to other problems. To fulfill the soliton condition in our
cavity-dumped oscillator (which is currently done by using home designed chirped
mirrors) we need to accumulate a second order dispersion (GDD) of —40,000 fs?.
Since any increase in intracavity power results in an increase in the nonlinearities in
the cavity, even larger values of the GDD would be required for compensation,
which might be hard to achieve by mirrors. One solution could be laser operation in
the positive dispersion regime (see Sect. 1.1.2).

The third variable given in (1.1) is the saturation energy of the absorber which
forms a third accessible degree of freedom. Unfortunately, in the experiment it has
been found that the mode size on the SESAM is limited to a very narrow range
roughly between 270 and 450 um. For smaller mode radii the SESAM is prone to
damage because of the high intensities, while for larger radii no stable cw-mode
locking was possible. For this reason the mode area on the SESAM does not seem
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to offer a large potential for optimizing the maximum output pulse energy of the
mode-locked thin-disk laser.

In conclusion, the obvious way to optimize the dumping performance is to
increase the small-signal gain by reducing the beam diameter or by increasing the
pump power. This is easiest realizable in an oscillator with two bulk gain crystals,
which will be elaborated in the next section. However, the thin-disk concept is well-
suited for the regenerative amplification concept as discussed in Sect. 1.2.

1.1.5 Chirped-Pulse Oscillator with Two
Yb:KYW Bulk Crystals

As discussed in Sect. 1.1.4 energy scaling concerning cavity-dumped systems is
restricted to bulk-based laser technology since the thin-disk scheme does not allow
for sufficient dumping efficiencies. For higher energies it is necessary to increase the
pump power. However a single bulk-crystal laser is limited in terms of both
applicable pump power and thermal load. For instance when applying pump powers
of more than 30 W to pump diameters of 300 pm the laser clearly exhibits
anisotropic beam distortion and a strong tendency to transversal multi-mode
operation. Especially the anisotropic properties of the Yb:KYW crystal lead to
asym-metric effects such as elliptical beam profiles and astigmatism, respectively.
In the worst case the crystal will break under the thermal load. In order to prevent
the gain medium from such events the pump power can be divided onto two or even
more crystals. In that way higher pump power levels become possible. Moreover
this approach allows for a higher net-gain which is ideal to reach high cavity-
dumping efficiencies.

For such an oscillator the laser setup equals the previous bulk-laser configuration
(see Fig. 1.1) except that there are two separate Yb:KYW-crystals each pumped by
a fiber coupled laser diode at 981 nm (Fig. 1.7) [14]. With a total absorbed pump
power of almost 20 W this system reaches pulse energies of 7 pJ (average power:
7 W) at 1 MHz dumping frequency. At this point the maximum dumping efficiency
is around 67 % which is—as expected—even better than for the single-bulk-laser.

With respect to the power values the oscillator works with an optical-to-optical
efficiency of almost 20 % which is outstanding for mode-locked oscillators with
cavity-dumping. The net GDD is at +3500 fs*> where mode-locking is the most
stable over the widest pulse energy range. The GDD can be altered by varying the
amount of negative dispersive mirrors (GTI). The Gaussian shaped chirped pulses
inside the resonator feature FWHM-durations of 14 ps.

The power spectrum is displayed in Fig. 1.8. Calculating the Fourier-limit from
the spectrum yields a pulse duration of 261 fs. Low-loss pulse compression into the
femtosecond regime can be realized by means of the compressor setup from Fig. 1.7.

This compact configuration uses one transmission grating (here: 1250 lines/mm)
and gives rise to losses below 13 %. This compressor allowed for measured pulse
durations as short as 416 fs at the best compressor alignment. With respect to the
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Fig. 1.8 Power spectrum of the two-crystal bulk laser

investigated system the Fourier-limited pulse duration could not be reached due to
higher order dispersion. The residual third order dispersion (TOD) from the grating
was calculated to be around +0.007 ps®. By means of calculations and dispersion
measurements one resonator mirror could be identified as a further high TOD-
source where a TOD of +0.017 ps® was accumulated. Nonetheless pulse energies of
6.1 puJ were measured behind the compressor yielding a total peak power of
12 MW. Apart from the pulse properties very good power noise properties
(rms < 1 %) and beam characteristics (M*: 1.1) have been observed. This is due to
the compact setup (0.9 x 0.5 x 0.3 m) and the sealed laser box.
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Fig. 1.9 Schematic picture of a four-crystal bulk-laser with cavity dumping

Current and future research will account for even higher energies implying more
than two crystals at higher pump power levels. As part of this work no particular
energy scaling limitation could be found and multi-crystal approaches seem feasible
(see principle setup illustrated in Fig. 1.9). There are also intentions to further
decrease the available pulse duration. As an optimized TOD-management would
most likely improve the presented system other concepts deal with the combination
of different gain spectra.

The fundamental idea is to operate the oscillator under different gain spectra
simultaneously (i.e. the N,-, and N,-spectrum in Yb:KYW) to enhance the spectral
width of the pulses and in turn to generate shorter pulse durations. However, recent
experiments indicate that the combination of the different gain spectra within the
resonator is cannot be stabilized. The laser dynamics prefers one of the gain spectra
and the other one is suppressed. Nevertheless, this concept works well with
amplifiers [15] (see also Sect. 1.2).

1.1.6 Applications

The laser systems described before have been employed in some selected appli-
cations such as waveguide writing, two-photon polymerization or as seed sources
for different amplification procedures.

1.1.6.1 Waveguide Writing

With the pulses of the contemplated lasers a straightforward fabrication of optical
waveguides in transparent materials is possible. When these pulses are tightly
focussed inside a bulk material, the intensity in the focal volume becomes high
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Fig. 1.10 a SEM images of a free hanging 2PP line structure [18]. b Simultaneously written 3D
Y-Splitter with linearly increasing depth difference on the right half. ¢ Cross-sectional microscope
views of the end faces of the 3D coupler, the depth difference at the end is 13.8 um. d Near field
profiles of the output beams [19]

enough to cause absorption through nonlinear processes. This leads to a localized,
permanent refractive index change, allowing direct fabrication of guiding struc-
tures. Unlike systems with lower repetition rates, femtosecond laser writing with
1 MHz repetition rate in general gives rise to thermal diffusion and heat accumu-
lation effects which lead to an increase in the waveguide diameter and an increase in
the refractive index contrast, while reducing the waveguide losses.

Fused silica is a common material for waveguide writing; Although we did not
observe heat accumulation here with the laser parameters available, a significant
refractive index increase has been achieved, which is high enough to produce
multiple parallel waveguides, complex couplers [16], and 3D splitters in a single
sweep (see Fig. 1.10b—d) [17]. These structures provide single mode guiding and
variable coupling/splitting ratios for light at 976 and 1550 nm. Using special beam
shaping methods various photonic devices are easily achievable just by software
control for complex but flexible 3D photonic networks, e.g. for optical sensing in
lab-on-a-chip devices.

1.1.6.2 Two-Photon Polymerization (2PP)

The two-photon polymerization (2PP) process involves temporal as well as spatial
overlap of photons, resulting in a nonlinear absorption in a highly localized volume.
The absorbed photons induce chemical reactions between starter molecules and
monomers within the medium, inducing the polymerization. Using liquid materials
polymerization results in localized solidification of the fluid.

Since the region for the light/matter interaction is limited within the focal vol-
ume one can fabricate any computer-generated 3D structure, by producing a trace of
polymerized material, if the laser focus moves within such photosensitive material.
Because of a quadratic intensity dependence of the two-photon-absorption proba-
bility and the well-defined polymerization threshold resolutions of less than 50 nm
in the fabricated structures can be reached [20, 21] (see Fig. 1.10a). Direct laser-
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writing of dielectric-loaded surface plasmon—polariton wave-guides (DLSPPWs)
for the visible and near infrared is one possible application of 2PP [19]. Such
structures can also be used for realizing masters for nanoimprint techniques to
produce DLSPPWs [18, 22].

1.1.6.3 Seed Oscillators for Amplifier Systems
(Fiber Amplifier, OPA/NOPA)

The transfer from new laser technology into the application laboratories is well
established. Laser systems like the above mentioned are ideal seed sources for
miscellaneous amplifier applications. With the oscillator discussed in Sect. 1.1.1 it
was possible to pump an optical parametric amplifier (OPA) directly by a femto-
second oscillator first time [23]. Wavelength-tunable pulses in the signal—(0.65—
0.85 pum) and idler range (1.4-2.5 pm) are generated at a repetition frequency of
1 MHz. Pulses with 30 nJ of energy and a duration of 16 fs are achieved from a
super-continuum seed generated in a sapphire plate.

Many different applications in physics, chemistry, biology, and medicine profit
from ultrafast lasers with high pulse energies, from lasers with short pulses, and
from lasers with high pulse repetition rates. The literature is full of reports on lasers
which can fulfill one or two of the desired requirements. But some applications such
as nonlinear bio-imaging or spectroscopy need them simultaneously, and here one
laser system which is capable of meeting all three goals simultaneously was
demonstrated: a noncollinear optical parametric amplifier pumped by a MHz/pJ-
oscillator with cavity-dumping (MHz-NOPA) [24]. This system can produce few-
cycle pulses with MHz repetition rates and pulse energies/peak powers well beyond
the typical oscillator level. Finally, it could be easily scaled with the occurred
progress in pump laser technology. In particular, the single-stage amplification of a
cavity-dumped Yb:KYW laser oscillator with a Yb-doped rod-type fiber allows the
generation of 420 fs pulses with a pulse energy of 9 pJ at al MHz repetition rate
[25]. Driven by these pulses a noncollinear optical parametric amplifier (NOPA)
delivering sub 10 fs pulses with 420 nJ of pulse energy was realized [26]. The ultra-
broadband seed used for this system is based on stable white-light generation from
the 420 fs long pulses in a Yttrium aluminium garnet (YAG) plate.

1.2 Regenerative Amplification with Yb:KYW
and Yb:KLuW Thin-Disks

In Sect. 1.1.4 it has been elaborated that the thin-disk concept is limited for use in
cavity-dumped oscillators. However, it is well-suited for the amplification of short
pulses. For gain media with low single pass gain, a multi pass configuration is
necessary to achieve high amplification factors. The most flexible multi pass
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amplifier setup is a regenerative amplifier. In principle regenerative amplification is
divided in two periods in the temporal domain. In a first period the amplifier is
pumped without seeding. This regeneration period is followed by an amplification
period, where a single seed pulse is switched in and out of the amplifier.

Placing the amplifying medium in an optical resonator offers the possibility for
multiple amplifier cavity roundtrips. In this way, the gain factor can easily be
controlled by the number of cavity roundtrips and very high amplification factors
can be achieved. The switching unit can be realized by an electro-optic modulator
(EOM) in combination with a polarizer. As seed pulses usually ps and fs pulses are
used. In general laser crystals for such setups are cuboids and thin-disks [27].

The thin-disk geometry offers the well-known possibility to decrease the
intensity by scaling the spot size on the disc. Furthermore, the efficient thermal
management of thin-disks makes them the most promising candidates for high
power amplifiers. Especially in ultra-short pulse operation, thin-disk regenerative
amplifiers (RA) emitting at 1 pm are convenient tools for a variety of applications
like micromachining and waveguide writing in transparent media (see also
Sect. 1.1.6).

However, less work has been done in the development of RA emitting dechirped
pulse durations below 200 fs. The main challenge to achieve such short pulse
durations is to overcome the gain narrowing effect, i.e. the spectral narrowing
during amplification due to the spectral gain profile [28]. Several techniques are
used to balance the spectral narrowing, such as spatially dispersive amplification
[29], regenerative spatial shaping by intracavity elements [30] and seed pulse
shaping in phase and amplitude [31, 32].

Another simple method to balance gain narrowing is to use different gain media
to achieve a broad effective gain bandwidth. In particular for biaxial crystals the
effective gain bandwidth can easily be increased by amplifying the pulses with
polarization parallel to the different optical axes. In the wavelength region of 1 pm
potassium yttrium and lutetium monoclinic double tungstate oxide (Yb:KY(WQy,),,
Yb:KLu(WQ,),) are promising candidates for ultra-short pulsed regenerative
amplifiers with and without gain combining [15, 33].

A chirped pulse amplifier was set up consisting of an ytterbium fiber based ultra-
short pulse oscillator, a fiber based stretcher and pre-amplifier, a RA based on a Yb:
KY(WO,), and a Yb:KLu(WOQO,), thin-disk and a GRISM (Grating-Prism) com-
pressor. For the experiments where the Yb:KYW thin-disk was used as gain
medium, the output pulses of the pre-amplifier had a central wavelength of
1034 nm, a pulse duration of 31 ps and a pulse energy of 9 nJ. The pulses of the
seed oscillator could be dechirped to the Fourier limited pulse duration of 152 fs by
using the GRISM compressor.

The designed RA setup, shown in Fig. 1.11, allowed 12 passes through the thin-
disk per cavity roundtrip. Gain combining was done in every single roundtrip by
rotating the polarization through 90°. Thus, the amplifying optical axis was chan-
ged between N; and N,,. The thin-disk had an Yb concentration of 10 at.%, a
diameter of 7 mm and a thickness of 102 um. As pump source a laser diode was
used, which had a wavelength of 981 nm and a maximum pump power of 78 W.
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Fig. 1.11 Setup of the thin-disk based regenerative amplifier system

A Pockels-cell consisting of two B-barium borate crystals (BBO) together with a
thin-film polarizer served as electro optical switch, which allowed repetition rates
up to 200 kHz. The thin-disk was placed in a pump chamber consisting of a
collimator for the pump diode fiber and a parabolic mirror, which enabled 24 passes
of the pump beam through the thin-disk. The outcoupled pulses were dechirped
with a GRISM compressor, which consisted of a grating and a prism and enabled a
simultaneous compensation of second- and third order dispersion [34].

The RA was operated at a repetition rate of 20 kHz. The output pulse energy of
the amplifier was easily scaled by increasing the number of cavity roundtrips. A
variation between 38 and 53 roundtrips resulted in a pulse energy change from 114
to 500 pJ, measured behind the GRISM compressor. The optical spectrum of the
output pulses at pulse energies of 500 pJ is shown at the left side in Fig. 1.12. A
bandwidth of 9.3 nm and a central wavelength of 1031 nm were calculated by the
second moment normalized to the FWHM of a Gaussian shape. The spectral
modulation indicates a satellite pulse, which had its origin in an etalon between the
surfaces of the half wave plate in the resonator. From the optical spectrum we
calculated a Fourier limited pulse duration of 185 fs. The corresponding autocor-
relation trace is shown on the right side of Fig. 1.12. It has a FWHM of 268 fs
corresponding to a pulse duration of 185 fs, which is the Fourier limited pulse
duration.

In a second experiment an Yb:KLuW thin-disk was used in a similar setup
without polarization rotation [35]. For this experiment, the seed pulses had a pulse
energy of 4 nJ, a pulse duration of 43 ps and a dechirped pulse duration of 170 fs.
The central wavelength of the seed pulses was 1026 nm and was matched to the
emission maximum of the thin-disk.

The output pulse energy of the amplifier was again scaled by increasing the
roundtrip number. A variation from 28 to 44 cavity roundtrips resulted in a pulse
energy change from 50 pJ to a maximum of 400 pJ. The pulse durations were
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Fig. 1.13 Power spectrum (left) and the autocorrelation function together with Fourier limited
autocorrelation (right) at the maximum pulse energy

nearly independent from the roundtrip number and remained between 190 and
214 fs. The power spectrum and the autocorrelation function at the maximum pulse
energy are depicted in Fig. 1.13. The spectral FWHM was 2.9 nm and the central
wavelength 1022.7 nm while the autocorrelation trace had a FWHM of 426 fs. A
deconvolution factor of 2.16 was calculated, resulting in a pulse duration of 197 fs,
which is 21 % above the Fourier-limit. Additionally, the measurement of pulse
durations at different repetition rates between 20 and 125 kHz at constant pump
power level yielded nearly similar values around 210 fs.

These results revealed the ability of operating the developed RA at different
round trip numbers as well as at different repetition rates without a significant
change of the dechirped pulse durations.

In conclusion ultrafast thin-disk regenerative amplifiers were demonstrated with
the active media Yb:KYW and Yb:KLuW. In the case of Yb:KYW, a pulse
duration below 200 fs was achieved at a pulse energy of 500 puJ. A regenerative
thin-disk amplifier based on Yb:KLuW was demonstrated for the first time,
delivering a pulse energy of 400 pJ at a pulse duration of 197 fs.
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1.3 Conclusion

In this chapter results on Yb-based cavity-dumped solid state oscillators and
regenerative amplifiers supplemented by some selected applications were presented.

In the case of cavity-dumped oscillators it has been shown that the thin-disk
concept is not well suited compared to bulk lasers because of the limited dumping
ratio. Nevertheless 790 fs pulses with energies of 3 uJ at 1 MHz could be achieved
from an Yb:KYW thin-disk oscillator. Due to the usage of a two crystal Yb:KYW
setup in combination with the CPO concept an increase in the already high dumping
ratio of the bulk material could be obtained ending up in 7 pJ of pulse energy at
1 MHz repetition rate and a compressed pulse duration of 416 fs.

For the presented regenerative amplifiers Yb:KYW and Yb:KLuW thin-disks
were used as gain media. By gain combining of the axes Ny, and N;, a dechirped
pulse duration of 185 fs was achieved at a pulse energy of 500 pJ for the Yb:KYW
thin-disk. Another regenerative amplifier was demonstrated for the first time based
on a an Yb:KLuW thin-disk, resulting in dechirped pulse durations below 200 fs at
a pulse energy of 400 pJ.
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Chapter 2
High Power Femtosecond Diode Lasers

Thorsten Ulm, Florian Harth and Johannes L’huillier

Abstract We present a concept for a femtosecond laser based on a passively
mode-locked semiconductor diode laser and a tapered amplifier. The absorption in
the monolithically integrated quantum well absorber is controlled by a reverse
voltage bias. Excellent mode-locking stability was observed without any rf mod-
ulation applied to gain current or absorber voltage. To avoid fast gain saturation and
strong nonlinear pulse distortions within the tapered amplifier the technique of
chirped pulse amplification is applied. In contrast to common chirped pulse
amplification setups the oscillator emits pre-chirped pulses and a stretcher stage can
be omitted. A pulse duration of 267 fs was achieved after compression in the
colliding pulse mode-locking regime. For the first time we adapted this technique to
the generation of tailored chirped pulses and investigated the influence of the
collision point in an asymmetric two-section oscillator. This diode laser system is
suited as a ultrafast pulse source for high power bulk or fiber amplifiers and paves a
road to highly integrated laser systems.

List of Abbreviations and Symbols

ACF Autocorrelation function

ASE Amplified spontaneous emission
COD Catastrophic optical damage
CPA Chirped pulse amplification
CPML Colliding pulse mode-locking
DBR Distributed bragg reflector
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Distributed feedback

Group-delay

Group-delay dispersion
Master-oscillator power-amplifier
Quantum well

Self-colliding pulse mode-locking
Self-phase modulation

Tapered amplifier

Measured autocorrelation function
Autocorrelation function of Is(¢)
Pulse energy

Pulse shape function

Pulse shape factor

Temporal intensity of a bandwidth-limited pulse with the spectrum §
Wavelength

Spectral bandwidth

Beam-quality factor

Refractive index
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Angular frequency

Instantaneous angular frequency
Carrier frequency

Power

Maximum ASE power at zero input
Average power of a pulse train
Optical input power

Optical output power

Pulse peak power

Saturation power of a tapered amplifier
Maximum signal output power at gain saturation
Spectral phase

Group-delay (GD)

Group-delay dispersion (GDD)

Reflectivity

Optical path length
Optical pulse spectrum
Delay

Temporal delay

Pulse duration (FWHM)
DC absorber voltage bias
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2.1 Introduction

Among the various types of lasers operating in scientific or industrial applications
diode lasers are outstanding by the fact, that these devices allow the direct trans-
formation of electrical energy into coherent radiation. The use of diode lasers as
pump sources opened up a variety of applications for mode-locked solid-state lasers
[1-4] in science [5-8] and production [9—11]. Femtosecond lasers using gain
materials like Cr:LiSAF, Yb:YAG, Yb:KYW [2] or Nd:YLF (see Chap. 1) have
been successfully demonstrated in the past and various concepts like bulk (Chaps. 1
and 3), disk (Chaps. 4 and 7) and fiber lasers (Chap. 5) have been studied inten-
sively. Diode-pumped solid-state lasers are also important as pump source for the
titanium-sapphire laser. Frequency-doubled Nd-doped solid-state-lasers have
mostly replaced larger and less energy-conserving argon ion lasers and made the
titanium-sapphire laser to a dominating device in the field of ultrashort laser pulses.

Most applications of femtosecond lasers—e.g. material processing [9-11] (see
also Part 2), nonlinear optics [12] (see also Chap. 6), fluorescence imaging [13],
medical applications [14] or THz generation (see Chap. 15)—are based on the
concentration of light at a specific point in space and time. Therefore, a suitable
beam source has to deliver short pulses with a high pulse energy in a nearly
diffraction limited beam.

Today, commercially available titanium-sapphire and diode pumped fiber lasers
provide short pulses with high pulse energy and an excellent spatial beam quality.
Beside the great importance of diode lasers for pumping solid-state lasers, the diode
laser itself can be used as a source of femtosecond pulses. For two decades [15-24]
femtosecond lasers based on electrically pumped diode lasers have been investigated.
The main drawback of existing ultrafast diode lasers is their limited energy per pulse,
which is far below the pulse energy necessary for industrial applications like material
processing. Indeed, bulk solid-state or fiber amplifiers stages can be used to boost the
pulse energy. Due to their fabrication process, diode lasers paves a road to highly
integrated beam sources easily controllable via electronic interfaces [25].

This chapter focusses on our progress in edge-emitting femtosecond diode lasers
achieved within the FEMTO-DIODE project (2004-2008). Further information on
the recent progress achieved with femtosecond semiconductor disk lasers can be
found in Chap. 7 in this book. The basic principles of semiconductor lasers are
treated in various textbooks, for example [26-30].

If a diode laser does not contain bandwidth-limiting structures like a distributed
Bragg reflector (DBR) or distributed feedback (DFB) grating [31], its amplification
bandwidth can exceed 40 nm. A material of such high bandwidth should be well
suited for the amplification of femtosecond pulses. However, the generation of
mode-locked pulses in diode lasers is complicated by the fact that the shape of
high-intensity ultrashort pulses is modified in time and space after travelling trough
a semiconductor medium. These changes are caused by the strong coupling of the
charge carrier density, the microscopic charge carrier dynamic [32] and the
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refractive index [33]. A changing refractive index causes a phase shift of the
propagating pulse. As the pulse itself modifies gain, loss and index of the medium
these effects are referred to as self-amplitude and self-phase modulation (SPM). The
largest changes in the refractive index occurs, if the inversion of a gain material is
completely depleted or if the absorption is saturated.

SPM effects can be damped or even prevented, if the population of the quantum
well (QW) states is restored within the pulse duration. The gain recovery inside the
QW levels proceeds on two different time scales (Fig. 2.1): The carrier injection
from the doped regions into the active area is driven by the external electric field
applied to the diode. Between two consecutive pulses no photons are present inside
the gain section, and according to the classical rate-equation approach [29], the
inversion build-up time is equal to the carrier life time. Common values given in
literature are in the range of several 100 ps [35, 36]. This dynamic causes the slow
self-phase modulation. The re-population of single QW states from nearby states is
driven by carrier-carrier and carrier-phonon scattering and occurs on a timescale of
a few 100 fs [37, 38]. This dynamics leads to the fast self-phase modulation. For
pulse durations above 1 ps—as in Fig. 2.6a, b—the fast SPM can be neglected. For
pulse durations below 1 ps the gain drastically decreases, because depleted states
cannot be filled fast enough and only few carriers contribute to the amplification.
Earlier investigations [34] revealed, that semiconductor lasers are inapplicable to
amplify femtosecond pulses to high energies due to fast gain saturation effects.

In order to overcome this inherent physical limitation of diode laser amplifiers,
we used the technique of chirped pulse amplification (CPA). CPA was first invented
for high power solid-state amplifiers, but has also been applied to fiber lasers or
optical parametric amplifiers (OPA) [39-43]. In principle, CPA protects high power
amplifiers from high peak powers by elongating the pulse and thus reducing its
peak power. Long pulses can be amplified to high pulse energies without reaching
the damage threshold of the amplifying crystal. The pulses are compressed to their

. intrinsic layer .
. p-side. with QW n-side

conduction band
l charge carrier drift

.& bulk states %

TN -
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\ / ~100 fs
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Fig. 2.1 Gain recovery by carrier injection and carrier relaxation in a QW diode laser [34]
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original duration afterwards. Most stretcher and compressor setups exploit the fact,
that changes of the spectral phase of the pulse are linked to changes of the temporal
pulse profile by fourier transform. These types for setups are therefore called
Fourier domain pulse shaper [44—46].

Within the second section we discuss a high power femtosecond laser system
based on diode lasers and present the complete experimental setup. The third
section deals with the oscillator. Here, passive mode-locking by a waveguide sat-
urable absorbers in an external cavity. Different cavity designs and mode-locking
schemes are discussed. The subject of the fourth section is the amplification of
ultrashort pulses in tapered amplifiers. After amplification, a grating compressor
forms femtosecond pulses, which is explained in the fifth section. The sixth section
comprises a short discussion of the spatial beam quality of the compressed pulses.

2.2 Experimental Setup

For the generation of femtosecond pulses we choose a three stage setup (Fig. 2.2)
consisting of a master oscillator for pulse generation, a high-power tapered
amplifier and a pulse compressor. The combination of a master oscillator (MO) and
a power amplifier (PA) is referred to as MOPA system [47]. A mayor advantage of
a MOPA system compared to a broad area laser is the separation of the pulse
formation and the generation of the high output power. This allows an excellent

double-pass 1
grating compressor

I

Vv
f=200 or 400mm

V

| tapered amplifier l

1800 lines/mm

compressed
output pulse

|

[ I R |
optical  p e - ——
isolator diode (gain+absorber) I

e
| 0
external resonator I

- -

Fig. 2.2 Experimental setup containing picosecond oscillator (yellow box), tapered amplifier (red
box) and grating compressor for femtosecond pulse compression (green box)
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control of both processes and an optimization of oscillator and amplifier for their
specific tasks. Please note that—compared to traditional CPA—we can omit a
stretcher stage because our pulses leave the oscillator pre-chirped.

The total length of the oscillator chip is 1300 pm. The waveguide is divided into
a gain and an absorber section, which are connected to separated contact wires. The
chemical composition and epitaxial structure of both sections are identical.
A reverse DC voltage bias applied to the absorber section controls the absorption
and saturation characteristics [48, 49]. All diode lasers used in our setup were
manufactured by the “Ferdinand-Braun-Institut” in Berlin, Germany. We investi-
gated oscillators prototypes with absorber lengths of 80, 100 and 200 pum. To
guarantee a high spectral bandwidth the laser contains neither a DBR nor a DFB
grating. The layer structure was grown using metal-organic vapour-phase epitaxy
(MOVPE) and soldered epi-side up on a c-mount. The active region consists of an
InGaAs double quantum well (DQW) embedded in GaAsP spacer layers. The p-
and n-doped 1800 nm thick Alj45GagssAs waveguide layers are sandwiched
between 450 nm Al 79 Gag3pAs cladding layers.

Due to the super large optical cavity (SLOC) structure of the 3600 nm thick
waveguide layers, the vertical far field angle is reduced to 20° (FWHM). The lasers
have a ridge-waveguide for the lateral mode confinement with an effective index
step of Angr =5 X 1073, The width of the ridge is 3 um. Aspherical lenses with
4.5 mm focal length are used to couple the waveguide to the external resonator .
The facet anti-reflection coatings have a residual reflectivity of R <5 x 10~* [23].

For amplification a tapered amplifier (TA) was used. A TA consists of a short
single mode input waveguide acting as a mode-filter and a tapered section for high
power generation [50]. The width of the input facet is a few micrometers, while the
width of the output facet can reach several hundred micrometers. Due to the large
contact area and the broad facet TAs can be pumped by injection currents of several
Ampere and can emit up to 12 W with a good spatial beam quality of M? = 1.2 [51].

The TAs used for our experiments are made of an InGaAs alloy and have a
750 pum long ridge waveguide section and a 2000 pm long tapered section. Due to
their relatively short gain length the maximum injection current is 6 A and the
maximum cw output does not exceed 2.5 W. The laser structure for the tapered
amplifier is formed by an InGaAs single QW embedded in GaAsP spacer layers and
800 nm thick AlGaAs n- and p-waveguide layers.

The index guiding is achieved by a ridge waveguide formed by reactive ion
etching and depositing of an insulator on the etched surface. The ridge width is
3 pm and equal to the oscillator ridge width to maximize the input coupling effi-
ciency. The metallization on the p-side contact was formed by evaporating a Ti—Pt—
Au multilayer and by electro-plating a thick Au layer. After thinning and
n-metallization the wafer was cleaved to the total length of 2750 um. The devices
used in the experiments have a total taper angle of 6°. The devices were mounted
epi-side down on CuW submounts using AuSn. This subassembly was soldered on
C-mounts using PbSn. The n-side was contacted by wire bonding.
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Anti-reflective coatings on the facets prevent lasing. The residual reflectivity is
R<10*. To compensate for the astigmatism caused by the different diffraction
angles along the slow (horizontal) and fast axis (vertical) a combination of a
4.5 mm collimator lens and a cylindrical lens of 80 mm focal length is used.

An optical isolator was inserted between oscillator and TA. Without this isolator
amplified spontaneous emission ASE generated in the TA could reach the oscillator
and lead to unstable mode-locking.

After leaving the amplifier the pulses pass the compressor. For our work we used
a grating compressor, because diffraction gratings provide a large angular disper-
sion and generated a large group-delay dispersion (GDD) along a relatively short
beam path. Additionally the GDD can be easily adapted by changing the grating
distance. A detailed explanation of grating stretchers and compressors can be found
in [39, 52-54]. We used gratings with 1800 grooves/mm blazed for a wavelength of
1 pm. The gratings are optimized for an incident angle near (+£10°) the Littrow
angle. The diffraction efficiency is 94 % for the first diffraction order. The com-
pressor contains a 1:1 telescope assembled of two 200 or 400 mm plan-convex
lenses mounted on a translation stage together with two folding mirrors. Depending
on the position of this stage the GDD of the compressor has a positive or negative
sign. Therefore, the sign and amount of the linear chirp can be obtained from the
compressor geometry. An end-mirror sends the pulse backwards through the
compressor on the same path to eliminate the spatial chirp introduced by the
gratings.

A second optical isolator protects the TA output facet from reflections and is
used to separate the counter propagating compressed pulses from the amplified
pulses. The output beam is guided to the beam diagnostics afterwards. We used an
intensity autocorrelator, a double-grating spectrometer with 0.02 nm resolution and
a 26 GHz rf spectrum analyser for pulse characterization.

In the following sections the individual components of the system are described
and characterized in detail.

2.3 Mode-Locked Oscillators

The mode-locked oscillator is based on a single-stripe laser. The laser radiation is
confined within a single-mode waveguide typically several micrometers in diameter
[26]. Single-stripe lasers can deliver optical powers up to one watt with a good
spatial beam quality [55]. The maximum output power is limited by the area of the
optical facets. Electronic surface states lead to absorption and to a significant
thermal load at the facet, which can cause a degradation or even the destruction of
the facet. These phenomena are often referred to as catastrophic optical damage
(COD) [56].

For pulse generation the saturable absorber concept has drawn a lot of interest since
the early 1980s [15] and has been studied intensively [57-60]. The main advantage of
this approach is, that the absorber can be integrated on the chip [18, 61-65]. The main
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challenge is to control the saturation fluence of the absorber. In mode-locked solid
state lasers this is easily achieved by adapting the spot size on the absorber. However,
this technique is not feasible for absorbers within a waveguide, since their mode
diameter is given by the fabrication process and cannot be adapted during operation.
A simple and sophisticated solution of this problem is to apply a reverse voltage bias
to a quantum well absorber, as explained in Sect. 2.3.1.

We investigated two different cavity designs, that lead to two different types of
mode-locking: The first oscillator type was anti-reflection coated at the gain side
and left uncoated at the absorber side. The resonator is formed by an external mirror
and the uncoated facet. The pulse overlaps with itself after being reflected at the
absorber facet. This mode-locking technique is therefore called Self-colliding Pulse
Mode-locking (SCPML). The second oscillator type was anti-reflection coated on
both facets and placed in a linear resonator formed by two external mirrors. Since
the absorber is placed near the center point of the cavity, two counter-propagating
pulses are formed and collide at the absorber. This type of operation is called
Colliding Pulse Mode-locking (CPML). Both mode-locking setups are discussed in
Sect. 2.3.3, while the details of the saturable absorber are described in Sect. 2.3.1
and the fundamentals of the pulse evolution in Sect. 2.3.2.

2.3.1 Waveguide Saturable Absorbers

A saturable absorber can be easily integrated in a diode laser by using separate
contact pads for gain and absorber sections or simply by leaving the absorber
section unpumped. The modulation depth of an absorber has to be adapted to the
laser system, which is usually done by changing the spot size on the absorber.
However, if the absorber is integrated in a waveguide the mode diameter is fixed. In
this case the absorption properties can be changed by applying a reverse bias
voltage. The main effect of a reverse voltage is to shorten the carrier lifetime within
the QW (see Fig. 2.3a) [48, 66]. Electrons and holes are created by photon
absorption. The density of electron-hole-pairs decays due to recombination (1),
thermal excitation (2) over the QW barrier, or tunneling the barrier. A reverse
voltage reduces the rate of recombinations since electrons and holes are drawn to
different sides of the QW. It increases the rate of thermal emission and tunneling,
because the electric field reduces the width and height of the barrier. As a result the
carrier lifetime within the QW and the absorption recovery time is shortened.
This can be easily observed by comparing the absorption spectrum of a 100 pm
long absorber for different reverse voltage biases shown in Fig. 2.3b [49]. For
voltages below 2 V electrons and holes form a bounded pair (exciton). If p- and
n-side of the absorber are shortcut (0 V), the curve shows a clear and sharp exciton
resonance, which is first broadened and finally disappears with increasing voltage.
This behaviour is caused by the reduced carrier lifetime in the QW and the break-up
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Fig. 2.3 a Sweep-out of charge carriers off a quantum well by / recombination, 2 thermal
emission and 3 tunneling. b Absorption of a quantum well under DC reverse voltage bias [48, 66].
The diagram shows the exciton resonance and its disappearing due to high reverse bias
voltages [49]

of the exciton binding [49]. From the experimental data we found that stable
mode-locking is achieved for voltages above 3 V in 80 pum long absorbers and
above 1 V in 200 um long absorbers.

2.3.2 Pre-chirped Pulses

To generate a femtosecond pulse typically a careful dispersion compensation has to
be applied when the laser cavity is designed. Without dispersion compensation (e.g.
by a prism compressor) a femtosecond pulse circulating inside the cavity would be
more and more stretched. Finally spectral components at the low-intensity head and
tail of the pulse will be clipped by the saturable absorption or gain saturation. As the
consequence, the pulse degenerates to a picosecond pulse with low spectral
bandwidth.

In contrast to solid-state laser materials (like Nd or Yb doped crystals) semi-
conductor lasers provide a much higher gain per length and are operated at output
couplings of 80 % or more. This drastically reduces the photon lifetime inside the
cavity and also reduces spectral narrowing caused by cavity filtering effects.
Furthermore, the spectral bandwidth of a pulse can be strongly increased by SPM.
This allows the creation of broadband pulses without dispersion compensation
inside the cavity. The pulses have typically durations of several picoseconds and a
strong wavelength chirp [17, 67].

A qualitative explanation of this phenomenon is given in Fig. 2.4. The figure
shows a two-section diode laser containing a gain and an absorber section as used in
our experiments. The waveguide does not contain any dispersion compensation.
The delayed re-filling of depleted QW states by carrier scattering and carrier
injection leads to a smaller gain for shorter pulses, while the absorption decreases
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Fig. 2.4 Principle variation of the overall efficiency of a single stripe laser containing a gain and
an absorber section as a function of the pulse width

for shorter pulses due to saturation. This results in a maximum net gain for pulses
with several picoseconds duration.

2.3.3 Cavity Designs

The oscillators used for the two mode-locking techniques are two-section devices
with a gain and an absorber section. Both oscillator types have an identical epitaxial
composition but different facet coatings. Details of the semiconductor components
are summarized in Sect. 2.2. Here, we describe the details of the cavity designs.

2.3.3.1 Self-colliding Pulse Mode-Locking (SCPML)

The cavity design used for SCPML is depicted in Figs. 2.2 and 2.4. The saturable
absorber section is located at the end of the cavity. The pulse is reflected at the
uncoated absorber facet and collides with itself (compare to the “gain-at-the-end”
design used in many mode-locked solid-state lasers). The Fresnel reflectivity of
the uncoated facet is 32 %, due to the refractive indices of GaAs (n = 3.6) and
air (n =1).

As mentioned in Sect. 2.1, the inversion is restored by carrier injection into the
active zone within several 100 ps, after a pulse has left the gain section. To assure a
complete gain recovery between consecutive pulses a pulse repetition time of
250 ps was chosen. This corresponds to a repetition rate of 4 GHz. Because the
oscillator chip is only 1300 pm long, the cavity must be extended, in order to
achieve a repetition rate of 4 GHz. The gain section facet is anti-reflection coated
(see Sect. 2.2) in order to couple the light to the external resonator. The external
resonator mirror has a reflectivity of 30 % and was used as output coupling mirror.
It should be mentioned that reflectivities of less than 20 % are sufficient to operate
the laser at gain saturation. The spectral and temporal broadening of the pulse is
therefore only weakly dependent on the output coupling.



2 High Power Femtosecond Diode Lasers 33
2.3.3.2 Colliding Pulse Mode-Locking (CPML)

Most investigations of colliding pulse mode-locking (CPML) [68-70] were aimed
at the generation of ultrashort bandwidth-limited pulses. In contrast to these pre-
vious investigations, we now demonstrate the benefit of CPML for the formation of
strongly chirped picosecond pulses and the tailoring of the chirp for amplification
and compression [23]. A sketch of the oscillator geometry is shown in Fig. 2.5a. We
used single stripe lasers with asymmetric sectioning embedded in a linear resonator
formed by two plane mirrors M, and M, at the gain and the absorber side and the
collimating lenses (see Fig. 2.5a).

The great advantage of this cavity design is the possibility to shift the collision
point with respect to the optical chip simply by moving the mirrors. This can be
used to optimize the chirp. Depending on the location of pulse collision the strong
saturation of gain or absorption has different impact on the pulse shaping within the
oscillator. Usually the sections in CPML diode lasers are aligned that way, that the
pulses collide within the absorber [71]. This situation is depicted in the upper part
of Fig. 2.5a, where the absorber section is placed exactly at the cavity center Co.
Since the absorber length (80 um) is much smaller than the spatial pulse length
(=500 pm) the absorber length can be neglected and its position is denoted by
A. The collision occurs in the center Cy of the optical path L between the mirrors M,
and M,.

For a proper colliding pulse mode-locking the collision point (C) has to be at—
or at least close to—the absorber section (A). If the pulses collide inside the
absorber section the rapid generation of new charge carriers leads to a decrease of
the refractive index. If the collision occurs inside the gain section, the depletion of
the inversion results in an increasing refractive index. Neither amplitude nor phase
changes arise from a pulse collision in air, i.e. outside the waveguide. The dynamics
of the refractive index changes is closely connected to the frequency chirp of the
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Fig. 2.5 a The pulse collision point can be shifted by moving one of the mirrors of the external
resonator. For the definition of labels see text. b Delay Az between satellite pulse and main pulse
for different positions of the cavity mirror next to the gain section. The shift of this mirror causes a
shift of the collision point and changes the cavity round-trip time 7
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pulse [72]. We observed a significant influence of the collision point on the chirp of
the pulse. As the absolute value of the repetition rate is not critical for our exper-
iments, the cavity length does not need to be constant. Therefore we shifted the
collision point by moving mirror M, and kept the position of M, fixed.

To quantify the location of pulse collision we choose the optical path length
As = nAx between collision point and absorber (see Fig. 2.5a). When the absorber
section is located at the collision point C, the relation

1
M,A =5 Lo (2.1)

holds. If the right mirror is moved outwards (as depicted in the lower part of
Fig. 2.5a), the collision point C shifts to the right to a distance of Ax from the
absorber. The absorber is now bleached twice: once by the clockwise and once by
the counter-clockwise propagation pulse. If the temporal separation of both pulses
is longer than the recovery time (%10 ps) [48, 49, 66, 73], this causes a formation of
satellite pulses that can be clearly observed in the autocorrelation trace. The delay
At of satellite and main pulse is given by

2nAx = 2As = cAs, (2.2)

with n denoting the refractive index of the waveguide (n ~ 3.6). The center point of
the cavity with length L is now located at C and therefore the relation

1
MA +nAx =L (2.3)

holds. Solving this relation for Ax we obtain together with (2.1)

2nAx:2As:L—L0:c(1 _ > (2.4)

Vrep Vrep,0

Vrep = ¢/L denotes the pulse repetition frequency. Note that, since two pulses
propagate inside the cavity, the pulse repetition frequency is twice the fundamental
repetition frequency of the cavity. Together with (2.2) we obtain from (2.4) the
equation

At =T —T,. (25)

When the cavity is shortened by moving M, inwards, the collision point moves out
of the wave-guide and the pulses collide in air. For this case we obtain (2.4) again,
if we set n = 1. Ax becomes negative, if the pulses collide outside the waveguide.

With (2.4) the separation Ax of collision point and absorber section can be
calculated from the repetition frequency Ve, if V.0 is known and as long as we
keep the mirror M, fixed. For the repetition rate v, the pulses meet at the
absorber section and Ax becomes zero. If Ax is larger than the pulse length, its value
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can be determined directly from the autocorrelation trace by measuring the delay At
of main and satellite pulse and using (2.2). v, can therefore be obtained from
Fig. 2.5b which shows the satellite pulse delay At for different repetition times 7. At
a repetition rate of v,,, 0 = 3.285 GHz the pulses collide exactly within the absorber
section.

Figure 2.5b shows the linear dependency of At and 7. The inclination of the line
is not equal to one, as predicted by (2.5), but has a value of 1.8. In our opinion this
is caused by the fact that the absorber remains transparent up to 10 ps after a pulse
has passed [48, 49, 66, 73]. Therefore a larger delay of the main and the satellite
pulse occur. Further, a pulse pair with larger delay experiences more gain, because
the larger delay allows more gain to be build up after the passage of the first pulse.

2.4 Amplification of Mode-Locked Pulses

The composition and the geometry of the tapered amplifiers (TA) used for our
experiments are summarized in Sect. 2.2. In the following we discuss the impact of
gain saturation effects on the pulse shape. We although present a phenomenological
model for the amplifier performance.

2.4.1 Gain Saturation

To achieve a good signal-to-ASE ratio and a high output power laser amplifiers are
usually operated at gain saturation. Gain saturation occurs, if the inversion in the
gain medium is completely depleted and the population of the upper and lower laser
level is equal. Diode amplifiers are high gain devices and thus already small input
powers of several milliwatts are sufficient to operate an amplifier in the regime of
gain saturation. Unfortunately, gain saturation causes nonlinear phase changes that
affect the temporal and spatial pulse shape [35, 74, 75].

According to the Kramers-Kronig relations [76] changes of the imaginary part of
the susceptibility (gain/absorption) are coupled to changes of the real part. The
temporal change of the refractive index n(f) leads to a momentary frequency [36, 77]

- zdn(r)
Wipst = 0 <1 P ) (2.6)

wyq is called the mean or carrier frequency of the pulse. The modulation of the
temporal phase by index changes caused by the pulse itself is called self-phase
modulation (SPM) [37, 72, 78, 79]. If the SPM is strong enough to create phase
terms of quadratic or higher order, this leads (in general) to a pulse broadening in
the time and spectral domain [52]. Therefore strong SPM effects are usually
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unwanted. However, we saw in Sect. 2.3.2 that we can take advantage of these
effects to generate pre-stretched pulses.

If the SPM is strong enough to create cubic terms in the temporal phase, two
waves with the same frequency are emitted at two different times. According to the
relative phase of both waves, constructive or destructive interference may occur. As
a result, a cubic temporal phase may generate minima within the pulse spectrum
[75]. For pulse compression the generation of cubic phase terms is highly
unwanted, because spectral gaps limit the spectral bandwidth and rises the mini-
mum pulse duration after compression.

2.4.2 Amplifier Performance

Figure 2.6a shows the average output power of the 2750 pm long tapered amplifier
pumped by an injection current of 4 A and thermoelectrically cooled to 20 °C. For
comparison cw radiation and 4 ps long mode-locked pulses with a repetition rate of
4 GHz were injected into the TA. The center wavelength is 920 nm. It can be
clearly seen in Fig. 2.6a that the average output power is lower for mode-locked
than for cw radiation.

To describe the experimental data we use a phenomenological model [80], that
takes into account the limitation of the output power and the suppression of the
amplified spontaneous emission (ASE) by gain saturation at high input powers.
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Pa¢ is the ASE power at zero input power and P58 is the maximum output power.

If the input power P;, equals the saturation input power Py, the output power

reaches (1 — e ') = 63 % of its maximum value. Please note that (2.7) is only
(a) (b) 25 ‘ ‘ ;
2,5 o<><>°
- = T, =20°C IS
; amp cw o0
% 2,0 = 201 R34 1
g g 00 *e
*
8 151 .. 0. S 151 o e RETL 2008
5 _0_,@»“0” =] ° 0’.
& < £ o%,¢* mode-locked
3 104 mode-locked 4 3 104 o o
g & oce’
g ® oe
S o051 ] 5 051 $* p
o > $
3 © <
0,0 ; ; ; 0,0 . . . . ;
0 5 10 15 20 o 1 2 3 4 5 6

Fig. 2.6 Average output power of the 2750 um long tapered amplifier a pumped by 4 A DC
current, b seeded with 15 mW of average power. The duration of the mode-locked pulses is 4 ps
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strictly valid for cw radiation. In the mode-locked regime most of the ASE is
emitted between two consecutive pulses and the ASE noise is then independent of
the input power. However (2.7) turns out to be valid for repetition rates in the GHz
range, too, as can be seen in Fig. 2.6a. Fitting (2.7) to the data, we obtain that for
mode-locked pulses PS¢ is reduced by a factor of 33 % compared to cw radiation.
The saturation input power decays from 7.4 mW (cw) to 5.7 mW (mode-locked).

The decay of the maximum output power for ultrashort pulses cannot be com-
pensated by a higher injection current, as Fig. 2.6b reveals, and is caused by the
delayed re-population of the QW states inside the active zone. As discussed in
Sect. 2.1, the re-population of depleted QW states from nearby states is driven by
carrier-carrier and carrier-phonon scattering and occurs at a time scale of several
100 fs [37]. However, the QW levels can only store a limited amount of charge
carriers, i.e. they store a limited amount of pump energy. Re-filling of depleted QW
states occurs by carrier injection from the doped regions into the active area. This
involves a spatial carrier transport and happens on a time scale of several ten
picoseconds [49]. Thus the inversion cannot be restored within a single
mode-locked pulse and only few carriers contribute to pulse amplification. As can
be clearly seen in Fig. 2.6a, b, compared to cw radiation the gain is significantly
reduced for mode-locked pulses.

2.5 Pulse Compression

After amplification the pulses are compressed using a grating compressor (see
Fig. 2.2). The temporal shape of the amplitude is changed by manipulating the
phase of the pulse in the spectral domain [44, 52, 81, 82]. The beam path length
between the grating determines the effect of the compressor stage on the spectral
phase of the pulse. Usually the temporal elongation of a pulse is mainly caused by a
non-vanishing second derivative of the spectral phase ¢@(w). In such a case the
pulse is said to have a group-delay dispersion (GDD). This means that the
instantaneous frequency @, (f) becomes a function of time [36, 52]. If @, (2) rises
with time, the pulse is up-chirped, if it falls the pulse is down-chirped. Pulses in the
visible and NIR range are up-chirped after travelling through an optical medium
(e.g. glass, sapphire,...), because “red” components are less delayed than “blue”
components. A GDD unequal to zero causes a temporal elongation

21c 0%
At =—— 2.8
2* 0a? 28)
of the pulse, where A/ denotes the spectral width.
In the following we present the important operation parameters used for opti-
mization and discuss the shortest pulse compression results we achieved with both
mode-locking techniques.
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2.5.1 Self-colliding Pulse Mode-Locking (SCPML)

To achieve short pulse durations after compression the operation parameters have to
be adapted to the pulse compressor. During the SCPML experiments the absorber
voltage (Uys) turned out to be the most important parameter for pulse formation,
because its value determines the value of absorption and the recovery time of the
absorber. Low reverse voltages lead to a long absorption recovery time, incomplete
mode-locking and low-bandwidth pulses. Large reverse voltages cause fast
sweep-out of charge carriers from the QWs [66], which creates a non-quadratic
chirp. Thus, we optimized U, to minimize the pulse duration after compression.
The shortest pulses were achieved for Uy, =~ 4 V.

Furthermore, we observed that shorter absorber sections deliver shorter pulses
after compression. This is a result of two different effects: First, oscillators with
short absorbers have higher gain and therefore a higher intracavity power, which
leads to a stronger spectral bandwidth due to SPM. Second, short absorbers
introduce less high-order phase distortions and the resulting “smooth” chirp can be
compensated almost completely by the grating compressor.

Figure 2.7 shows the autocorrelation function (ACF), optical and rf spectra of
our shortest pulses generated by SCPML. The oscillator consists of a 1220 pm long
gain section and a 80 pm long absorber section. The gain injection current is
120 mA and the absorber current is 17 mA. The average output power of the
oscillator is 19.8 mW, its repetition rate is 4 GHz and the pulse duration is 6.1 ps
(Gaussian shape).

The tapered amplifier was pumped by a 4 A injection current. Oscillator and TA
were kept to 20 °C by a peltier cooler. The TA is operated at gain saturation
(P, = 16.6 mW) and delivers 1.56 W of average output power.

As can be seen from Fig. 2.7c the ACF of the compressed pulse is neither equal
to a Gaussian nor a sech? shape. To retrieve the true pulse duration from the ACF an
estimation of the pulse shape is made using the spectrum S(®) of the compressed
pulse. Note that the measured spectrum S(w) represents the spectral intensity, not
the electrical field. In a first approximation, we assumed a constant spectral phase

and calculate the shortest possible pulse by a Fourier transform of /S(w). This
bandwidth-limited pulse Is(¢) would be 255 fs long.

In a second step the intensity autocorrelation Ag(t) is calculated from Ig(f) as
function of the autocorrelator delay time z. The resulting FWHM of Ag(t) is 372 fs.
The relation of pulse duration and autocorrelation width is 0.69. This value is in
between the values for Gaussian (0.71) and sech? pulses (0.65).

Indeed, the measured ACF of the compressed pulse is broader than the calcu-
lated one because of uncompensated high-order spectral phase terms. We made the
assumption that the real and the calculated pulse differ in length but are similar in
shape. In a third step the calculated ACF Ag(r) is fitted to the measured ACF Ay (7)
by stretching it along the r-axis. The fitted ACF is in good agreement with the
measured ACF near the center of the pulse. From the fitted ACF a pulse duration
(FWHM) of 365 fs can be obtained.
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Fig. 2.7 a Autocorrelation functions and b spectra of the pulses produced by the oscillator,
tapered amplifier and grating compressor. ¢ Measured and fitted autocorrelation function of the

compressed pulse. d Rf spectrum of the pulse train after pulse compression. For further details see
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The peak power after compression depends on the pulse shape, which is
described by the pulse shape factor F*. The pulse shape function f(t) is then given
by the normalized temporal intensity Is(¢) or instantaneous optical power P(r)

Is(t P(t
)= O _ P—() : (2.9)
peak peak
Using f(¢) we obtain the pulse energy
! Lpeak * Tp
Epulse = ( )dt peak f(t)dtzi* (210)
one pulse one pulse F

with the pulse shape factor

1 -1
F'=|— d . 2.11
|:Tp /one pulsef(t) t:| ( )
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From Is(r) we obtained a value of F* = 0.8854. The same F* is valid for a sech®
pulse as predicted by the theory of passive mode-locking [83]. However, please
note that the exact temporal pulse shape cannot be identified based on a certain
value of F*. For this more advanced techniques like FROG or SPIDER [84, 85] are
required.

The pulse peak power can be obtained from the average power P, the repetition
rate v, and the pulse duration t, by

P,

Ppeak = F* (2.12)

Viep Tp

After the compression an average power of 851 mW and a peak power of 516 W is
reached. The pulse energy is 213 pJ.

From the compressor geometry we obtained that the MOPA system generates
up-chirped pulses [80]. Therefore the compression could also be achieved simply
by a pair of diffraction gratings. This allows a much more compact compressor
set-up.

2.5.2 Colliding Pulse Mode-Locking (CPML)

When the laser is operated in the CPML regime we changed As between —1200 and
+800 pm. Positive values denote a collision within the chip (n = 3.6), negative
values a collision in air (n = 1). The reflectivities of the cavity mirrors are R, =
30% and R, =99.3 %, the gain injection current is 100 mA and the absorber
voltage bias is changed from 2 to 6 V. The repetition rate changes from 3.16 to
3.42 GHz depending on the position of mirror M,. The current applied to the
tapered amplifier is 4 A and the amplifier is operated at gain saturation. For each set
of parameters the pulse compressor is optimized to the shortest pulse duration after
compression.

The minimum pulse width is reached for a collision in air, approximately
400 pm away from the absorber. If the collision point is located near the absorber
but inside the gain section, both gain and absorption saturation influences the
temporal phase of the pulse. This leads to a rather complicated, non-quadratic
spectral phase, which cannot be compensated by the grating compressor. If the
pulses collide in air near the absorber, the absorber gives the pulse a strong
up-chirp. Since the pulses have little overlap in the gain section the phase changes
are mainly influenced by absorption saturation. This leads to a nearly quadratic
spectral phase and a nearly linear frequency chirp, which can be efficiently removed
in the compressor.

Figure 2.8 reveals that the value of the absorber voltage is much less important
than the choice of the right collision point to generate short pulses. There is not
much difference between the minimal pulse duration achieved with 4 and 6 V. We
thus choose a reverse voltage of 4 V for further experiments to limit the absorber
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leakage current. In the next step we optimized the reflectivity of the cavity mirrors
R, and R, in order to further decrease the duration of the compressed pulse. The
values R, = R, = 40 % yield the shortest pulses after compression.

Figure 2.9 shows the autocorrelation functions (ACF), the optical spectra and the
rf spectra of the shortest pulse achieved in our CPML experiments. The oscillator
gain current was 120 mA, the reverse absorber voltage was 4 V. The oscillator
emits a pulse train with a repetition rate of 3.326 GHz and an average output power
of 20 mW. Assuming a Gaussian shaped pulse a pulse duration of 6.2 ps can be
obtained from the FWHM of the ACF. The peak power and pulse energy is 0.9 W
and 6 pJ, respectively. The pulses collide in air, 563 pm behind the absorber
section.

The tapered amplifier increases the average power to 1.45 W. The pulse is
slightly elongated to 7.6 ps, but is still Gaussian shaped. The peak power reaches
54 W and the pulse energy rises to 436 pJ. Due to diffraction losses at the com-
pressor gratings and transmission losses inside the optical isolator the average
power after compression is 708 mW.

As can be seen from Fig. 2.9c the ACF of the compressed pulse is not of Gaussian
or sech” shape. In order to retrieve the true pulse duration from the ACF we used the
method described in Sect. 2.5.1. A bandwidth-limited pulse Is(z) would be 148 fs
long. The relation of pulse duration and autocorrelation width is 0.6604, which is
close to the value for sech” pulses (0.6482). The fitted ACF is in good agreement with
the measured ACF near the center of the pulse. From the FWHM of the fitted ACF
(408 fs) a pulse duration of 267 fs can be obtained. The pulse duration is 1.8 times
above the Fourier limit (148 fs). This indicates, that the chirp is not completely
removed by the compressor, because quadratic and higher-order dispersion of a
grating compressor cannot be adjusted independently [39, 52]. Thus higher-order
phase terms remain after compression leading to a non-fourier-limited pulse.

The measured ACF indicates a small satellite pulse at a delay of approximately
1 ps. This delay agrees well with the spectral maxima with a separation of 2.74 nm,
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Fig. 2.9 a Autocorrelation functions and b spectra of the pulses produced by the oscillator,
tapered amplifier and grating compressor. ¢ Measured and fitted autocorrelation function of the
compressed pulse. d Rf spectrum of the pulse train after pulse compression. For further details see
text

that can be seen in the spectra of the amplified and compressed pulse. Hence the
satellite pulse is created in the MOPA system and is not an artefact of pulse
amplification or compression.

From Is(f) we obtained a value of F* = 0.83. This shows the similarity of the
compressed pulse to a sech’-pulse (F* = 0.88), which is predicted by the theory of
passive mode-locking [83]. We calculated a peak power of 661 W for the com-
pressed pulse. After pulse compression a pulse energy of 213 pJ was achieved. In
Fig. 2.9d the RF spectrum of the compressed pulse train is shown. From the rf
signal we conclude that the amplitude modulation is less than 36 dB.

2.6 Beam Quality

Usually TAs offer a better spatial beam quality along their fast axis, because of the
strong optical confinement between the guiding layers. As the current injection
cannot be made perfectly homogeneous, the beam quality along the slow axis is
strongly affected by filamentation, a distortion of the beam by regions of larger and
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Fig. 2.10 Beam cross section after the tapered amplifier (leff), the compressor (center) and at the
focus behind a lens system of 500 mm focal length (right). The fast axis is aligned vertically, the
slow axis horizontally. The shape of the beam cross section is indicated by a white dashed line

smaller refractive index. An example is shown in Fig. 2.10a. The mean M? values
were measured to be

(M}) =1.3340.15
(M%) =171 £0.12.

The beam profile was recorded by a moving 5 um wide slit through the beam. The
measurement was repeated with four lenses with focal lengths of 40-80 mm to
eliminate systematic errors by lens imperfections.

Most important for laser applications is the beam shape in the focal plane,
depicted in Fig. 2.10c. The focus cross section is the 2D fourier transform of the
collimated beam. The rectangular shape of the facet causes side lobes around
the fundamental mode at the center. To increase its quality we spatially filtered the
beam using a slit of variable width located in the focal plane of a 200 mm lens.
The slit was mounted perpendicular to the slow axis. The minimum M3 is 1.36
along the slow axis after the compressor. This value is slightly worse than for cw
radiation (M% = 1.22). 15 % of power is lost due to the filtering. 85 % of the
radiation is emitted as a diffraction limited beam.

2.7 Conclusion

This chapter presented an overview on our recent progress on the way to a compact
femtosecond diode laser source with high output power and good spatial beam
quality. Passive mode-locking was enforced by a monolithically integrated satu-
rable absorber section on the chip. The behaviour of the QW absorber was con-
trolled by a reverse DC voltage bias.

A mayor challenge for amplifying ultrashort pulses in diode lasers is the delayed
gain recovery within the quantum wells due to microscopic carrier dynamics. This
leads to a strong gain saturation and weak output performance of the amplifier for
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pulse durations below 1 ps. Changes in the carrier density also causes spectral and
temporal broadening of the pulse by self-phase modulation. To overcome this
problem, we applied the technique of chirped pulse amplification. We chose
oscillators that emit spectrally broad pulses with a strong wavelength chirp. The
pulses were approx. 6 ps in duration and were compressed by a grating compressor
after leaving the tapered amplifier.

In order to minimize the pulse duration we investigated two mode-locking
schemes. With self-colliding pulse mode-locking (SCPML) we achieved a pulse
duration of 365 fs and a peak power of 516 W at a repetition rate of 4 GHz. Using
colliding pulse mode-locking (CPML) the pulse duration could be lowered to 276 fs
by optimizing the location of pulse collision. The peak power was 661 W at a
repetition rate of 3.3 GHz. The optimum collision point is located in air near the
absorber facet.

We achieved a M? value of 1.33 along the fast axis of the tapered amplifier. The
M? value along the slow axis can be improved to 1.36 by spatial filtering. 85 % of
the radiation is emitted in a diffraction limited beam.
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Chapter 3
Femtosecond Mode-Locked
Semiconductor Disk Lasers

Uwe Griebner, Peter Klopp, Martin Zorn and Markus Weyers

Abstract The generation of ultrashort pulses with passively mode-locked semi-
conductor disk lasers (SDLs) incorporating only an optically-pumped surface-
emitting semiconductor gain element and a semiconductor saturable absorber
mirror (SESAM) is presented. The optimum parameters for nearly Fourier-limited
femtosecond pulses in single- or multiple-pulse regimes are investigated. On the
basis of the experience gained a harmonically mode-locked SDL emitting sub-
200 fs pulses at a very high repetition rate of 92 GHz and a fundamentally
mode-locked SDL generating practically chirpfree pulses with durations close to
100 fs at a rate of 5 GHz are demonstrated in the 1-um wavelength range. The latter
set a record for shortest pulse durations achieved directly from any fundamentally
or harmonically mode-locked semiconductor laser. Overall, the results are a further
step of modelocked SDLs in becoming useful compact and low-cost ultrashort-
pulse sources.

3.1 Introduction

Semiconductor disk lasers (SDLs), also called optically-pumped vertical-external-
cavity surface-emitting lasers (VECSELs) or optically pumped semiconductor
lasers (OPSLs), are a relatively new laser family combining high output power,
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wide wavelength coverage, and high beam quality. Another attractive feature of the
SDL concept is the potential of ultrashort-pulse generation at high repetition rates,
which is the focus of this chapter.

In general, semiconductor heterostructures enable compact and cheap lasers
operating in continuous-wave (cw) or pulsed regimes. Semiconductor bandgap
engineering gives large freedom concerning the emission wavelength, which can be
chosen almost anywhere from ~340 nm to ~30 pum [1, 2]. Femtosecond mode-
locked semiconductor disk lasers have the potential to replace rather complex,
expensive laser systems and to establish ultrashort-pulse applications outside of
scientific laboratories. Furthermore, the typically high pulse repetition rates of
21 GHz make SDLs attractive, e.g., for THz time-domain spectroscopy with
asynchronous optical sampling (ASOPS) [3] or for frequency comb generation [4].
The high pulse repetition rates of mode-locked SDLs are also interesting for
communication applications [5].

Compared to edge-emitting semiconductor lasers [6], in vertical-cavity
surface-emitting lasers (VCSELSs) [7] the laser cavity axis and the light emission
are perpendicular to the plane of the epitaxial laser structure, allowing the emission
of a circular fundamental transverse-mode beam. However, increasing the output
beam diameter to larger than 10 um, the laser output becomes multimode, and
uniform current injection over such large areas is difficult with edge injection
through transparent contact layers. A solution to realize carrier excitation uniformly
across such a large area is optical pumping. Efficient and simple continuous-wave
semiconductor diode lasers with multi-mode emission and high output power levels
can be used as pump sources.

The laser concept of optically pumped vertical-external-cavity surface-emitting
lasers (VECSELs) or semiconductor disk lasers (SDLs) was developed about one
decade ago [8]. An SDL pumped by a multimode laser diode can be considered as a
diode-pumped solid-state laser, where the gain medium consists of a semiconductor
structure instead of a classical ion-doped crystal or glass. The laser geometry
resembles the well-established solid-state disk laser configuration [9], where a thin
solid-state gain medium, such as an Yb-doped crystal, with a high-reflecting
dielectric backside coating is used as an active mirror and placed directly on a heat
sink. In the simplest SDL design, an additional spherical mirror and a highly
reflective mirror (usually a Bragg mirror consisting of semiconductor layers
with different refractive indices) underneath the semiconductor gain medium
(usually a multi-quantum-well structure) constitute the laser cavity. Using SDLs,
cw output powers of several 10 W have been demonstrated with excellent beam
quality [10, 11].

Similar to diode-pumped solid-state lasers, SDLs can be passively mode-locked
by introducing a semiconductor saturable absorber mirror (SESAM) into the cavity
[5]. However, there is a great difference between dielectric gain materials such as
ion-doped crystals or glass and semiconductor gain media. The latter exhibit several
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orders of magnitude larger absorption and emission cross sections, resulting in low
gain saturation fluences and short upper-state lifetimes. This limits the amount of
stored energy in the gain material and the minimum achievable pulse repetition
rates. Due to low saturation fluences, Q-switched mode-locking instabilities are
strongly reduced [12], which is an important advantage for achieving very high
pulse repetition rates. The full potential of semiconductor lasers for ultrashort-pulse
generation has not yet been exploited. In principle, the gain bandwidth of semi-
conductor lasers allows fundamental or harmonic mode-locking with sub-100-fs
pulse durations [13].

For a long time it was believed that the pulse durations now achieved by
mode-locked SDLs could be obtained only from oscillators using dielectric or dye
media and not from semiconductor lasers, since the strong carrier-density depen-
dence of the complex refractive index and the carrier dynamics in semiconductors
introduce a strong chirp. One of the first passively mode-locked SDLs, demon-
strated in 2000 by Hoogland et al., generated 22-ps pulses at a repetition rate of
4 GHz [14]. Since that time, considerable progress has been made in terms of
spectral coverage, output power, pulse duration, and repetition rate [S]. Experiments
with SESAM-mode-locked SDLs showed that in some operation regimes the chirp
contributions approximately compensate each other. In this case, one may obtain
something like a “soliton-like” pulse [15]. Nevertheless, the minimum achievable
pulse duration in this case had not been much shorter than about half a picosecond
[16, 17]. From monolithic edge-emitting lasers, there were demonstrations of
sub-500 fs pulses. Such a laser was reported to reach a repetition rate of >1 THz
with a pulse width of 260 fs [18], but in this case one had to speak rather of a
sine-shaped output instead of separate pulses. While the asymmetric beam profile is
a general difficulty with edge-emitting semiconductor lasers, additional problems
connected with pulse shortening are the large amounts of dispersion and nonlin-
earities introduced due to the long interaction length. As a result, strongly chirped
pulses and increased timing jitter can occur. As an example, 395-fs pulses at
21 GHz with a time-bandwidth product of ~1 were achieved from a monolithic
two-section quantum dot laser which is about three times larger than the Fourier
limit [19].

In 2008, we demonstrated a practically chirp-free 290-fs SDL [20] and Wilcox
et al. showed 260-fs pulses from a similar laser [21]. After these milestones, we
were able to further reduce the emitted pulse duration of mode-locked SDLs to
190 fs at 3 GHz pulse repetition rate [22] and then to 107 fs at 5 GHz [23].
Furthermore, we observed extraordinarily high pulse repetition rates from an SDL.
In [24], Lorenser et al. reported a rate of 50 GHz, obtained with a pulse duration of
~3 ps. We improved this value to ¥92 GHz with sub-200-fs pulses.

In this chapter, we present design criteria and experimental conditions for
ultrashort-pulse generation from mode-locked SDLs with an emission wavelength
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around 1 pm. We describe different regimes of laser operation and present almost
transform-limited pulses at very high repetition rates or with a shortest duration in
the 100-fs range.

3.2 Semiconductor Elements

3.2.1 Design, Growth, and Processing

For the semiconductor elements of a sub-picosecond SDL, there are specific
requirements which follow from the pulse shaping process and determine our
design strategy. As we will show in the following paragraphs, pulse shaping in such
SDLs cannot be described with the “soliton-like mode-locking” picture applicable
to ultrashort-pulse lasers with dielectric gain media or to picosecond SDLs [25].
Instead, we found fast and suitably strong amplitude modulation, in particular, a fast
saturable absorber, spectral matching of the elements, and minimized group delay
dispersion (GDD) to be key issues. Furthermore, a larger gain bandwidth is
expected to support shorter pulses, too. The SESAMs and the SDL gain structures
studied were designed for laser operation with a center wavelength around
1030 nm. The design was assisted by simulation, mainly with respect to GDD.

All epitaxial layers were grown by metalorganic vapor phase epitaxy (MOVPE)
in an Aixtron 200/4 reactor in 3 x 2" configuration. The sources used were trim-
ethylgallium, trimethylaluminum, trimethylindium, arsine, and phosphine. For the
SDL gain elements, removal of the heat from the optically pumped region is crucial.
GaAs has a relatively low thermal conductivity and thus the substrate hinders the
heat dissipation. Transparent heat sinks like diamond on the surface of the gain chip
are technologically challenging (bonding is difficult) and affect dispersion.
Therefore, we used gain structures where the Bragg mirror was attached directly to
a heat sink and the substrate was removed. This made it necessary to first grow the
active periodic gain structure with the quantum wells (QWSs) and then the Bragg
mirror. The active part was grown at 650 °C and the distributed Bragg reflector
(DBR mirror) at 700 °C. The wafer was cut into 2 x 2 mm? or 4 x 6 mm? pieces,
which were mounted mirror-side down (“bottom up”) on CuW heat sinks of the
same size using AuSn solder. Afterwards the substrate was etched off with an
aqueous solution of sulphuric acid and hydrogen peroxide. A ~300-nm-thick
Ing 45Gag soP layer served as an etch-stopper. Finally, an antireflective dielectric
coating was applied and the soldered structure was mounted onto a large copper
heat sink.

For the SESAM structure the DBR mirror was grown at 770 °C, while the
InGaAs QW was grown at 510 °C. After coating the wafer backside with metal, the
SESAM wafers were diced and the chips were soldered onto a CuW submount [26].
These submounts were attached to a Peltier cooling/heating element that allowed
for a variation of the band edge via changing the temperature.
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3.2.2 Semiconductor Saturable Absorber Mirror

Our SESAM structures for the 1 pm wavelength range consisted of a single
InGaAs QW sandwiched between two GaAs layers grown on an AlAs/(Al)GaAs
DBR mirror. The indium content in the QW defined the operation wavelength [27].
Usually a SiNy (or comparable) antireflection coating was applied. This also pro-
vided a protection of the GaAs surface against oxidation. To achieve very short
carrier recombination times in the QW and by this a fast over-all recovery of the
absorber, two approaches were studied. First, the QW was surrounded by equally
thick (approximately 60—70 nm) GaAs layers. As-clusters and point defects were
created in the QW by implanting arsenic (As) ions. Subsequent annealing results in
the formation of As clusters in the InGaAs QW, enhancing recombination [28, 29].
The second type of SESAM structure employed a “surface-near” QW without
implantation to achieve short relaxation times via surface states. “Surface-near”
means that the upper GaAs layer was only a thin cap, whose thickness was varied
between 1 and 5 nm. Such a “surface-near” SESAM structure is shown in Fig. 3.1a.
In general, the surface-near QWs showed a shorter relaxation time compared to the
ion treated ones. For the SiNy coating two different thicknesses were tested,
resulting in a non-resonant and a resonant design. Best results with respect to short
pulse durations were obtained using the non-resonant design.

The resonant responses of surface-near SESAMs were characterized by
pump-probe and nonlinear reflectivity measurements. For this purpose, the emis-
sion of a mode-locked Yb-laser delivering pulses with a duration of ~250 fs at
1030 nm (Amplitude, model: MIKAN) was focused on the sample. This SESAM
had a 2-nm GaAs cap layer and was the absorber device operating in the SDL with
the shortest pulse duration (paragraph 5).

Pump-probe traces are shown in Fig. 3.2a for two values of the pulse fluence. In
general, with a pump and probe pulse duration of a few hundred fs at low to
moderate fluences, a measured SESAM response (change of reflectivity versus
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Fig. 3.1 Structure of the semiconductor elements: a “Surface-near” semiconductor saturable
absorber mirror (SESAM). b Surface-emitting 4-QW gain structure
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pump-probe delay) consists of different parts. The “fast component” exhibits a decay
time in the order of the pulse duration (here: <300 fs) and is related to spectral hole-
burning (SHB). SHB means carriers that have been excited by a pump pulse with a
limited spectral bandwidth will first occupy only states within a certain range of
energies in the conduction band and will therefore lead to a spectrally selective
bleaching of absorption (Pauli blocking). This bleaching will relax when the carrier
distribution broadens by carrier-carrier and carrier-phonon scattering, resulting in a
weaker bleaching of the whole band. The effect of carrier-carrier scattering is visible in
the fast component. There may also be a fast contribution by exciton ionisation,
depending on the relative energies of excitation phonons and of the heavy-hole
exciton resonance. However, in our surface-near SESAMs at room temperature and
above, the exciton resonance can be assumed to be smeared out strongly. The “slow
component” is contributed by carrier-carrier scattering and interband relaxation, i.e.,
carrier recombination, with the latter more or less dominating. Spatial diffusion time of
the free carriers will also play a role, if there are no recombination centers nearby.
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In Fig. 3.2a, in case of the lower value of the pulse fluence (40 pJ/cmz), the total
1/e absorber relaxation time was about 1 ps. This indicates an enhanced tunneling
of carriers into surface states. Since these states lie between conduction and valence
band in terms of energy, their presence, unaffected by the additional SiN layer,
greatly accelerates the interband relaxation process. A comparison of pump-probe
response measurements at 1060 nm between SESAMs with an As-ion-treated or a
surface-near QW (2-nm cap) can be found in [30]. As-ion implantation yielded
longer 1/e relaxation times (3 ps and more compared to 1 ps). Thicker GaAs caps
(>2 nm), too, resulted in significantly slower recombination. All experiments pre-
sented in the following paragraphs were performed using SESAMs with a
near-surface QW and a 2-nm GaAs cap. So far, we have not been able to generate
any femtosecond pulses with slower types of absorbers.

When the pulse fluence in Fig. 3.2a was increased from 40 to 480 uJ/cm?, the
shape of the absorber response changed and the absorption recovered more slowly,
with a 1/e relaxation time of >2 ps. This can be explained by a stronger saturation of
the fast, SHB-related component compared to the slower one. The observation does
not support the hypothesis of an optical Stark effect in the SESAM as the dominant
pulse shaping mechanism in sub-picosecond SDLs, which had been proposed by
Wilcox et al. [21]. This would predict a faster response for higher fluences. A more
detailed discussion of this issue is included in [22].

The observed SESAM behavior has important consequences for mode-locked
SDLs, which have to rely on a fast absorber for ultrashort-pulse generation: The
shorter the pulse duration in the SDL cavity, the more important the fast component
of the absorber response. Hence, SHB helps to shape ultrashort pulses. The higher
the pulse fluence, the slower the overall relaxation of the SESAM. For shorter
pulses, oversaturation of the absorber will more strongly affect the pulse shaping.
Hence, SHB makes it more difficult to stabilize the mode-locking regime. The
complex temporal absorption behavior also corresponds to other pulse-shaping
effects, i.e., spectral dynamics (dynamic filtering) and self phase modulation (SPM).
Please note that the semiconductor gain element will show, to some degree, ana-
logue behavior (SHB in the gain spectrum, fast and slow gain relaxation compo-
nents, stronger gain saturation for shorter pulses, gain filter dynamics, SPM).

The nonlinear reflectivity of the surface-near SESAM was measured with the laser
mentioned above at 1030 nm in a setup similar to the one reported in [31].
The SESAM was heated to a temperature of 68 °C, which corresponded to the
operating point in the SDL laser experiment delivering the shortest pulses of 107 fs at
1030 nm. The measured absolute reflection of the SESAM versus input pulse fluence
is depicted in Fig. 3.2b. We extract a saturation fluence of about 10 pJ/cm?, a mod-
ulation depth of ~1.2 %, and a nonsaturable loss of ~1.5 %. With increasing pulse
fluence (>100 pJ/cm?), two-photon absorption can be observed, leading to a decrease
of the reflectivity and, in the worst case, to damage of the device. Additional nonlinear
reflectivity measurements were performed for SESAM temperatures of 46 and 22 °C,
delivering modulation depths of ~0.8 and ~0.6 %, respectively. The reduced mod-
ulation depth is related to the corresponding shift of exciton resonance and band gap to
higher energies. This behavior is schematically illustrated in Fig. 3.7, cf. Sect. 3.4.1.
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3.2.3 SDL Gain Structure

A simplified surface-emitting SDL gain structure is shown in Fig. 3.1b. Similar to
the SESAM structures, the SDL gain chips consisted of an AlAs/GaAs DBR mirror
followed by an active region. The active section contained InGaAs QWs and (Al)
GaAs barriers. SDL gain structures were tested with different barriers and QW
numbers (3—13 QWs). We investigated two different barrier configurations: The
simpler one used GaAs barriers and is denoted in the following as step-index
structure (STIN, see [32] and Fig. 3.3a). The second barrier design used graded
Al,Ga;_4As layers having an aluminum content of x = 0 at the QW side and of
x = 0.2 at the AIGaAsP strain compensation layer (graded-index or GRIN structure,
see also [32] and Fig. 3.3b). The AlGaAsP strain compensating layers (not con-
tained in the simplified design in Fig. 3.1b) had to be introduced since the high
strain incorporated by the InGaAs QWs would otherwise cause lattice relaxation
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Fig. 3.3 Schematic band gap diagrams of 4-quantum well (QW) gain structures with step index
(STIN) (a) and graded index (GRIN) design (b). Arrows mark the excitation photon energy (SC
strain compensation, B barriers)
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and formation of dislocation networks. Such would reduce the radiative recombi-
nation and can lead to rapid device degradation.

Figure 3.3 schematically shows the band gap diagram of the GRIN gain structure
in comparison to a step index (STIN) architecture. The QWs were placed into the
electric-field maxima of the interference pattern formed by the incident and
reflected light beam (see red curves in Fig. 3.3), thus increasing the longitudinal
confinement and consequently the gain. We varied the numbers of QWs in the
antinodes of the electrical field. For example, by introduction of a double quantum
well and omitting the last but one QW in our structure, the amount of pump power
provided to each QW was modified (Fig. 3.3b). In our case, this meant unequal
pumping of the QWs and resulted in an inhomogeneous broadening of the gain
spectrum of the structure, supporting shorter pulses. The pump radiation is mainly
absorbed by the spacer layers, and subsequently the generated carriers drift into the
QWs. A graded Al-content of the barriers results in a graded bandgap and thereby
in a quasi-electric field, which promotes the carrier drift towards the QWs. This was
confirmed by time-resolved photo luminescence (PL) experiments. The rise time of
the QW PL after barrier excitation was determined to be 17.7 ps for the STIN gain
section, whereas the corresponding value observed for the GRIN gain section was
<5 ps [32]. Because of the superior carrier collection capability, the GRIN design,
which we used for most of our gain media, is expected to result in higher laser
efficiency compared to the STIN-design [32].

Figure 3.4 shows the reflectance measurement of an SDL gain structure before
the antireflection (AR) coating. The reflectance was measured using a tungsten
white-light source. A reflectance stop band centered around 1030 nm was observed,
since the element was designed to serve as a mirror of the laser cavity. Due to the
missing AR coating, a resonance was formed within the gain structure, resulting in
the deep reflectance decrease at 1026 nm. The corresponding PL measurement,
performed with a semiconductor laser diode exciting at 797 nm, is also shown in
Fig. 3.4. Comparing the spectra measured with and without AR coating, the
influence of the cavity resonance effect is clearly visible. Without AR coating the
peak was shifted towards the resonance wavelength and a second small peak
appeared at 970 nm near the stop band edge. Only after AR coating, the undisturbed
PL emission was measured, since the resonance had practically disappeared due to
the minimized reflectance at the SDL/air interface. The undisturbed PL exhibited a
FWHM of about 20 nm, indicating that the gain medium should principally allow
laser pulse durations in the sub-100-fs range.

We obtained sub-ps laser pulses only with AR-coated SDL gain chips. The AR
coating has a strong influence on the group delay dispersion (GDD) of the gain
element as shown in Fig. 3.5, where an uncoated and a coated GRIN structure are
compared. In the uncoated case, the element showed the spectral-phase character-
istics of a Gires-Tournois interferometer (GTI). For femtosecond SDLs, the struc-
ture thickness and hence the spectral positions of the GTI resonances are chosen
such that the GTI is operated in the vicinity of zero dispersion [16]. However, these
positions depend on the operation temperature (Fig. 3.5). Furthermore, the dis-
persion varies considerably over the spectral width of a short pulse, and there are
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Fig. 3.5 Group delay dispersion (GDD) of a 4-QW GRIN gain structure. An AR-coated sample
(black solid line) is compared with an uncoated sample made from the same wafer. The latter
shows a significant temperature dependence as indicated by the other curves

also dispersion dynamics due to the interplay of GTI resonance and the gain or
absorption spectrum changed by the pulse. With AR coating, the measured dis-
persion is low for all wavelengths, i.e., always below the resolution limit
(4200 fs®) of our white-light interferometer (black solid line in Fig. 3.5).
Nevertheless, we can expect a thin structure with 3 or 4 QWs to have lower residual
dispersion compared to a thicker one with, e.g., 6 or 13 QWs, since the GDD is
proportional to the square of the thickness of the structure [33]. This motivated the
development of three- and four-QW gain media for shortest pulse operation. The
above mentioned findings are also valid for the SESAM structures used here, but to
a lesser degree, because their active zone is very thin (one QW only).
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Fig. 3.6 Setup of a
mode-locked semiconductor
disk laser (SDL). The Semiconductor
V-shaped cavity contains a gain element
saturable absorber mirror
(SESAM) as the mode-locker,
an InGaAs/AlGaAs disk gain S
element at the folding point, ~ TITor
and a curved output coupler

Saturable
Absorber Mirror
(SAM)

Femtosecond
Diode output
pump R

Focusing
beam S lens 5 mm

3.3 Setup of the Mode-Locked Semiconductor Disk Laser

Figure 3.6 shows the scheme of a V-folded, nearly hemispherical SDL oscillator
consisting of only three elements: the SDL gain structure, the SESAM and the
curved output coupler. The temperature of both semiconductor elements can be
independently controlled by the Peltier elements on which they are mounted. The
length of the resonator was typically around 50 mm. There was a tight focus with a
waist size of roughly 15-20 pm to create a high pulse fluence (several times the
saturation fluence) on the SESAM. An estimation of the focus size is difficult, since
solder-related deformations of the gain chip (see [26]) and a deviation of the output
coupler curvature from its nominal value prevent an exact calculation. Our SDLs
were optically pumped by diode lasers emitting around 800 or 840 nm.

3.4 Parameters for the Generation of Femtosecond Pulses
from Mode-Locked Semiconductor Disk Lasers

3.4.1 Spectral Tuning of the SESAM

The subject of paragraph 4 is the influence of adjustable laser parameters on the
ultrashort-pulse performance. At first, we investigated the relative energetic settings
of the laser photon energy and of the SESAM band edge and exciton resonance.
For our initial experiments, we chose a 6-QW STIN gain chip and three different
SESAMs, whose room temperature photoluminescence varied from one to the other
by steps of 10 nm. With one of the absorbers, stable mode-locking with sub-ps
pulse durations was achieved. The result is listed in Table 3.1 as experiment no. 1.
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Table 3.1 Optimum SESAM temperatures for shortest-pulse generation from our SDLs

Experi- SESAM | SESAM tempe- | Exciton Gain chip | Laser Minimum Comment/
ment no. | PL at rature (°C) transition emission | pulse Reference
(nm) at (nm) at (nm) duration (fs)
1 1028 43 1025 A 1040 590 [27]
6 QW
2 1028 59 1030 B 1033 350 [34]
4 QW
3 1031 61 1033 C 1036 290 [20]
4 QW
4 1031 85 1040 C 1039 300 Figure 3.9
4 QW
5 1031 106 1047 D 1045 210 Figures 3.10,
4 QW 3.11 and 3.12
6 1031 111 1048 D 1044 190 [22]
4 QW
7 1050 54 1050 D 1045 210 -
4 QW
8 1028 20 1018 E 1021.5 198 Figure 3.13
4 QW
9 1028 68 1032 F 1030 107 Figure 3.14
3QW

Three near-surface SESAMs (photoluminescence at 1028, 1031, 1050 nm) and six gain chips (A-F) were used. Bold
numbers The wavelength of the SESAM exciton transition (error £5 nm) is compared to the respective laser
emission wavelength

Using the setup of Fig. 3.6 with a 0.5 % transmission output coupler, practically
chirp-free pulses as short as 590 fs were generated with an average output power of
30 mW at 1040 nm [27]. For this absorber, we found that the SESAM exciton
energy was slightly higher than the energy of the laser photons. Figure 3.7a
illustrates this situation, where the laser is operated on the red side of the exciton
resonance of the SESAM.

A way to determine the position of the exciton resonance is from a photocurrent
(PC) spectrum of the SESAM, which was recorded using a Fourier-transform
spectrometer. The position is approximately at the maximum of dIp/dE (see
Fig. 3.7b; Ipc, photocurrent; E, excitation photon energy). The PL. maximum of the
above absorber was at 1028 nm, while the PC measurement yielded an exciton
transition wavelength of 1015 nm. From further comparisons of PL spectra with PC
spectra, we assume that for our type of SESAM at room temperature the heavy-hole
exciton resonance is generally ~#10 nm below the PL maximum [27]. We found a
variation of this shift in the range of £5 nm, which we attribute basically to the
difficulties in determining the exciton position in the PC spectrum. Band gap and
exciton resonance are no sharp features, but smeared towards lower and higher
energies by temperature-related and structurally induced broadening. While a sharp
exciton transition should cause a significant dependence of the dynamic behavior
on the excitation energy or on the absorber temperature, we did not find clear signs
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of this in pump-probe measurements of our SESAMs. Therefore, the exciton
transition is to be understood mainly as a landmark to characterize the operating
point on the slope of the SESAM absorption spectrum. This operating point will
determine the modulation depth of the SESAM and the dynamic spectral filtering
effect, which both strongly affect the mode-locked laser regime. In the above
experiment, taking into account the SESAM temperature (43 °C), the laser wave-
length was roughly 15 nm above the exciton transition. From the nonlinear-
reflectivity measurements of this absorber in paragraph 2.2., we estimate ~0.5 % of

saturable absorption for this case.
For our next experiment (labeled no. 4 in Table 3.1), we used a similar SESAM

with a PL maximum at 1031 nm. By heating of the SESAM, the exciton resonance and
the band gap of the device were tuned towards the laser photon energy (see arrow in
Fig. 3.7a). This increased the effective saturable absorption, providing stronger pulse
shaping. Compared to the initial experiments, we reduced the number of QWs in the
gain structure to minimize the dispersion; we chose a 4-QW GRIN structure
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containing two single QWs and a double QW as shown in Fig. 3.3b). The heat sink
temperature of the gain chip was kept at 19 °C. The optical pump power at 840 nm
amounted to 0.92 W, and an 0.5 % output coupler was used. The SESAM temperature
was increased from room temperature to 93 °C. At room temperature, the laser photon
energy was far below the energies of the band gap and the heavy-hole exciton reso-
nance of the absorber. By heating of the SESAM, these spectroscopic features were
red-shifted towards the laser photon energy by 0.25 meV/°C (0.3 nm/°C). Absorption
increased from practically zero for the SESAM at room temperature, which resulted in
an output power of 21 mW, to values in the order of 1 %, indicated by the considerable
decrease of the output power to 10 mW around 85 °C. At the same time the laser
emission wavelength was shifted towards the red, from 1034.5 to 1039 nm, since the
laser minimized absorption loss as far as this was advantageous considering the
filtering loss from the limited gain bandwidth.

Figure 3.8 shows the pulse duration versus the saturable absorber temperature.
We observed stable single-pulse sub-ps mode-locking only around 85 °C in a range
of about 10 °C. Here, the pulse had a duration around 300 fs and only very little
chirp. For lower temperatures, the pulse broadened, developed a strong tail, became
unstable, and the laser switched into a double-, multiple-, or long-pulse regime.
This observation can be explained mainly by the decrease of saturable absorption,
when tuning the temperature in this direction. Then, passive amplitude modulation
became too weak to provide sufficiently strong pulse shaping. The double- or
multiple-pulsing tendency was additionally promoted by the increase of the pulse
energy due to the lowered loss. Countering this by decreasing the pump power
resulted in pulses much longer than those obtained in the optimum range around
85 °C, however. If the SESAM temperature was driven too high, i.e., above 90 °C,
the laser switched to a much longer pulse with a center wavelength of ~1032 nm.
This operation regime experienced lower loss from gain filtering, but obviously the
contributions to the chirp were not balanced. Although the exact evolution of laser
performance with changing SESAM temperature differed somewhat depending on
the individual laser configuration and adjustment, so far for all the investigated
femtosecond SDLs we observed a similar behavior as in Fig. 3.8.

The optimum SESAM temperatures for shortest-pulse generation obtained from
nine experiments (including those from this chapter) are listed in Table 3.1, together
with relevant parameters and characteristics of the respective laser configurations.
The three saturable absorbers had the same design, but were made for different laser
wavelengths. They are distinguished by the center wavelengths of their room
temperature photoluminescence (PL) amounting to 1028, 1031 and 1050 nm. The
“estimated exciton transition wavelengths” at the operating temperature are based
on the room temperature PL, the shift of 10 nm as mentioned above, and a red-shift
by about 0.3 nm/°C when increasing the SESAM temperature.

Six gain chips were investigated; chip A was a 6-QW structure with ungraded
barriers (STIN), chips B to E were 4-QW graded-barrier designs like in Fig. 3.3b.
F was a 3-QW graded-barrier design. Compared to the other gain structures,
E contained no double QW; instead, inhomogeneous broadening was realised by
different In-contents in the QWs (designed for a total AL = 6 nm). A to C were
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2 x 2 mm?> samples (B and C from the same wafer); D to F were 4 x 6 mm? samples.
In general, the laser emission wavelength was close to the exciton resonance. The
estimation of the exciton transition energy is only rough; we see a trend, however:
While in our first experiments, the laser photon energy was rather below the exciton
energy, the laser operated energetically at or even slightly above the exciton resonance
in the experiments where pulse durations around 200 fs or shorter were obtained. In
any case, we observed that heating a SESAM above its optimum operation temper-
ature led to a further decreased output power of the respective SDL and in the
shortest-pulse experiments no. 5-9 lasing even ceased above some temperature,
which means that effective SESAM absorption was still increasing in this direction.

3.4.2 Dependence of Mode-Locked Laser Performance
on Pump-Power

As another important influence for the mode-locked performance we investigated
that of the intracavity pulse energy and of the corresponding fluences [22]. In
particular, we wanted to know if our SDL would show a behavior typical for
soliton-like mode-locking [15, 25].

The pump power incident on the gain medium was varied from 0.77 to 1.32 W,
while using an 0.5 % output coupler and keeping the heatsink of the gain chip at
16 °C and that of the SESAM at 106 °C. For the SESAM, the corresponding
exciton transition wavelength was estimated at 1047 nm. The laser resonator was
50 mm long.

With femtosecond SDLs, we generally observe two values for the lasing
threshold. The lower value is obtained when decreasing the pump power for the
already mode-locked laser, since, in this case, the absorber is significantly bleached.
When starting the laser, however, the SESAM is practically unbleached; the higher
absorption loss will lead to a higher threshold. In this experiment, a pump power of
0.77 W was very close to the laser threshold in case of mode-locking and the lower
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limit to permit measurements. Here, the laser would cease emission within less than
a minute. When increasing the pump power again, lasing restarted around 1.0 W.
The output power showed a linear dependence on the incident pump power,
amounting to 4—13 mW around 1045 nm for 0.77-1.24 W of 840-nm pump light.
At about 1.32 W of pump radiation, the output power jumped up to 17 mW,
indicating that here the onset of ps radiation significantly reduced the total loss of
the laser. Probably, spectral hole-burning (SHB) in the gain chip also played a role,
because fs pulses can extract only a part of the energy stored in the conduction
band, while, for a longer pulse, carriers at higher states within the band become
available by intraband relaxation during the course of the pulse.

Figure 3.9 displays a set of nine autocorrelation traces from our SDL. The first
trace at the bottom was recorded at 0.77 W of pump power and shows the auto-
correlation of a practically perfect sech® pulse. A sech® temporal shape is charac-
teristic for optical solitons [15]. The pulse duration did not change much, when the
pump power was increased, as can be seen also from Fig. 3.10a presenting the
FWHM values obtained from the respective fits. This behavior is not soliton-like.
The quality of the fits worsened while increasing the pump power up to 1.00 W. The
pulses developed a tail, which was observed as a weak pedestal in the autocorre-
lation signal. At 1.00 W, single-pulse lasing became unstable. If the laser switched to
double pulses at 1.00 W, these were again almost pedestal-free, just like the pulse at
0.77 W. In both cases the output pulse energy was approximately 1.5 pJ, as shown in
Fig. 3.10b. If the pump power was increased above 1.00 W, again a pulse tail
developed. The related pedestal was most pronounced just before double pulsing
became unstable and the laser started producing ps pulses. The ps-pulse shape did
not have much to do with sech” and did not resemble a soliton-like pulse any more.

Double-pulse traces
Single-pulse traces (only one peak shown)
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Fig. 3.9 SDL autocorrelation traces for different pump powers. Respective pump powers are
indicated by arrows. All traces were background-free; offsets were used to arrange all traces in one
graph. Solid curves are fits assuming a sech? pulse shape
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Comparing Fig. 3.10a with b illustrates that the pulse durations did not obey the
soliton area theorem, which would predict an inverse proportionality of pulse
duration and pulse energy [15]. Durations are not even generally shorter for higher
energies. Below 1.32 W of pump power, pulses were always around 220 fs.
Minimum durations were 215 fs for the single pulse and 210 fs for double pulses.
From the highest pulse energy before double pulsing started (Fig. 3.10b), 3 pJ, we
estimate a fluence in the order of 100 pJ/cm? on the SESAM. This has to be
compared to a saturation fluence of 10 pJ/cm® we typically determine for our
surface-near SESAMs using pulses with similar duration. The onset of double or
multiple pulsing in case of an oversaturated absorber is a common phenomenon
with soliton-like mode-locking [28]. It is additionally promoted by increased loss
from two-photon absorption, which starts to become significant around 100 pJ/cm?
in the SESAM nonlinear reflectivity curve in Fig. 3.2b, and by SHB in the gain
chip. The latter can be explained similarly as for the onset of ps pulses: Carriers at
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states not available for a single pulse will relax during the time in between pulses
and become available for a second pulse, leading to increased extraction efficiency.

The optical spectra corresponding to the autocorrelation traces in Fig. 3.9 are
shown in Fig. 3.11. Only at the respective lowest energies we find single and double
pulses to be almost chirp-free, i.e., soliton-like.

For 0.77 W of pump power, we observed emission centered near 1043 nm and a
spectral bandwidth (FWHM) of 5.6 nm, corresponding to a time-bandwidth product
of 0.35, close to the Fourier limit for a secant hyperbolic. The development of a pulse
tail was associated with the coming up of a red shoulder in the spectrum, which
extended over almost 10 nm. So, the pulses acquired additional bandwidth, which
would be expected for a soliton due to stronger SPM for higher pulse intensity.
However, no new frequency components were generated on the blue side with
respect to the spectrum at 0.77 W, and the pulse was becoming increasingly chirped.

As the laser switched to double pulses around 1.00 W of pump power, SPM and
the saturation of the SESAM were reduced due to lower pulse energy and therefore
the largest part of the red shoulder disappeared, growing again with increasing
pump power. The evolution of spectral shape and width was very similar for single
and double pulses. The shoulder growth was a little faster for the double pulses, if
the pulse energies shown in Fig. 3.10b are considered. Picosecond pulses at 1.32 W
of pump light corresponded to a spectrum with a FWHM of 1.1 nm.

With increasing pump power, the spectral maximum of the single pulse in
Fig. 3.11a was red-shifted from 1043 to 1046 nm; the double-pulse spectral max-
imum went from 1045 to 1047 nm; the picosecond pulse is centered at 1048 nm.
This shift documents the growing heat load. The absorption of the SESAM
decreased towards the red; hence, the shift weakened the pulse shaping by the
absorber. This resulted in insufficient suppression of the red shoulder and temporal
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Fig. 3.11 Optical emission spectra of the mode-locked SDL at different pump powers, recorded
simultaneously with the autocorrelation traces shown in Fig. 3.9. Offsets were used to present all
spectra in one graph
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tail; finally, the bandwidth that is required for sub-ps generation could not be
mode-locked any more.

Another way to investigate the influence of the intracavity pulse energy and,
hence, of the fluences on the laser performance is by variation of the output coupler
transmission Toc. Our results with Tpc = 0.2—-1.5 % (the gain was too low to permit
lasing with Toc = 3 %) confirmed our above findings. The minimum pulse dura-
tions varied from 190 to 230 fs [22].

3.4.3 Discussion—Mode-Locking Mechanism in SDLs

Usually, soliton-like pulse-shaping is required for sub-ps pulse generation in solid
state lasers [25]. Some observations typical for soliton-like mode-locking are made
with our SDLs as well as with femtosecond lasers using dielectric gain media:
temporal shape of intensity close to sech®, practically no chirp for appropriate
operation parameters, spectral bandwidth increasing with pulse energy, multiple
pulsing at high intracavity powers. However, with our SDLs, there is no inverse
proportionality of pulse duration and energy, i.e., the soliton theorem is not ful-
filled, and the absorber properties are crucial for SDL pulse durations, while they
have little influence on durations in dielectric-media lasers. This indicates, impor-
tant differences exist with the underlying pulse-shaping effects. Please note, that our
sub-ps SDLs are different from the ps SDLs that contain relatively large amounts of
intracavity dispersion and that were described as soliton-like in [15, 35].

In lasers based on dielectric gain elements, conditions for very short pulses are a
relatively large amount of Kerr SPM, balanced in terms of chirp by appropriate
GDD, and minimized spectral filtering effects (particularly, a large gain bandwidth).
Passive amplitude modulation (PAM) by an absorber initiates and stabilizes
mode-locking, but the absorber modulation depth and relaxation time does not
affect the pulse duration much [25].

Pulses in our mode-locked SDL resonator are shaped mainly by the spectro-
temporal behavior of saturable absorption and gain and the associated self-phase
modulation. Very short pulses can be obtained, if PAM is sufficiently strong, the
contributions to chirp largely compensate each other, filtering is minimized, and fast
dynamics dominate. This is possible when using a fast SESAM and a broad-gain
medium, minimizing GDD, matching SESAM and gain medium, and keeping the
laser photon energy close to the excitonic resonance of the SESAM, as shown in
Chap. 4 and [22].

If single-pulse operation is desired, too strong saturation of both semiconductor
elements must be avoided. However, as SDL pulses become shorter, it is increas-
ingly more difficult to fulfill the latter, since saturation will stem mainly from SHB
during the pulse duration and, hence, saturation fluences will be lower than for
longer pulses. For pulse durations <200 fs, in our experiments we found stabil-
ization of the single-pulse SDL regime to be a major issue, even if operating close
to the lasing threshold. In general, an oversaturated absorber will not suppress
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additional pulses in the resonator [28]. We also observed that this inability was
more likely or pronounced when we reduced the maximum SESAM modulation
depth, lowering the loss handicap for additional pulses this way.

Generally, additional pulses will be promoted by more efficient energy extraction
from the gain medium and/or nonlinear losses with inverse saturation characteristics,
e.g., two-photon absorption in the SESAM. For lasers with dielectric laser media and
soliton-like mode-locking, increased extraction efficiency can be explained by the
soliton theorem, i.e., the lower pulse energy in case of multi-pulsing corresponds to a
smaller spectral pulse width, which is favourable with respect to the limited spectral
bandwidth of the gain. With SDLs, the time constants of the gain chip become
important: If the resonator round-trip time is similar to or longer than the recom-
bination time in the gain chip (order of 1 ns), an SDL may produce additional pulses
to reduce the amount of laser inversion decaying in between the pulse transits [36].
This will usually lead to a harmonically mode-locked regime. Spatial hole burning,
too, will reduce the energy extraction per pulse, if the pulse duration is in the order
of or shorter than the carrier-carrier or carrier-phonon scattering times. This was a
possible reason why the maximum output pulse energy in Fig. 3.10b was limited to
about 3 pJ. The transitions into a femtosecond double-pulse or a picosecond
single-pulse regime are motivated by scattering processes that close or avoid the
spectral hole in the gain, making more free carriers available for stimulated
recombination; energy extraction is more efficient.

We often observed a third, alternative transition when increasing the intracavity
pulse intensities, especially the intensity on the gain chip. In this case, multiple
pulsing occured not by additional, ungrouped pulses but by emission of pulse
groups with close temporal spacings (“macro pulses”, “pulse molecules”). These
pulse molecules consisted of two to seven pulses. An example is shown in Fig. 3.12
(achieved with gain chip ¥, SESAM “PL at 1031 nm”). Quarterman et al. have
found macro pulses with up to 70 peaks [37]. So far, we do not know applications
for SDL pulse molecules. Harmonic mode-locking of SDLs enables very high
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repetition rates at sub-picosecond pulse durations, as we will show in the next
paragraph. Such a performance is attractive especially for communications with
THz data rates via time multiplexing.

3.5 High Pulse Repetition Rates and Ultrashort Pulse
Durations from a Mode-Locked Semiconductor Disk
Laser

3.5.1 Sub-200-fs Pulses at 92 GHz Repetition Rate
in the Harmonically Mode-Locked Regime

To obtain short pulses at high repetition rates, we chose a SESAM modulation
depth capable of mode-locking a sufficiently broad emission bandwidth and applied
a high pump power resulting in a high intracavity power. For this experiment, the
four-QW-gain structure labelled E in Table 3.1 was used in a ~29-mm-long
“V-shaped” laser cavity. The absorber that matched the gain chip best was the
SESAM characterized in Fig. 3.2. Its temperature was stabilized at 20 °C, where the
modulation depth amounted to 0.6 % at 1030 nm. Taking into account the actual
laser wavelength of 1022 nm, we assume a value of about 0.8 % for saturable
absorption. Pumping with a power of #4 W from an 808-nm laser diode, we
detected a trace of separate pulses with a spacing of ~11 ps. This result is docu-
mented by the autocorrelation trace in the 50-ps range in Fig. 3.13a. It corresponds
to a repetition rate of 92 GHz. This means 18th harmonic-order mode-locking of
our laser cavity. The autocorrelation trace recorded in the 1.5-ps range can be
approximated assuming a sech® shape of the pulse intensity and a pulse duration of
~198 fs (Fig. 3.13b). The 92-GHz rate is confirmed by the optical spectrum
(Fig. 3.13c), showing the corresponding modulation with a spacing of approxi-
mately 300 pm. Due to the extraordinarily high optical-pulse repetition frequency
and bandwidth limitations of photodetectors and microwave analyzers, it was not
possible to measure a microwave spectrum of the laser output. For an output
coupler transmission of 0.2 %, we measured an output power of 31 mW.

No efforts were made for stabilizing the laser. After several minutes, the spectral
comb lost contrast, which could be regained by readjustment of the SDL. In gen-
eral, with an increasing number of pulses circulating in the cavity, the stability of
the laser operation regime will decline. In particular, the number of pulses may
vary. Stable harmonic mode-locking with a pulse rate at a demanded value will
require an active stabilization of the laser resonator length and the application of a
spectral filter (e.g., etalons as sub-cavity) fixing the spectral comb belonging to the
desired harmonic order [38]. The filtering approach has already been demonstrated
for mode-locked edge emitting laser diodes. Such lasers can reach rates >1 THz
without time multiplexing, but one cannot speak of separate pulses. There is a rather
sine-shape output due to uncomplete recovery of the saturable absorber and the
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small number of resonator modes involved in the locking. For SDLs, higher orders
of mode-locking and even higher pulse rates than the 92 GHz without multiplexing
shown here should be possible, but carrier accumulation in the absorber will turn
out as a limitation when the temporal spacing between the pulses becomes too
short.

The pulse rate of 92 GHz surpassed the previous 50-GHz rate demonstrated for a
mode-locked SDL with 3 ps pulses [24] and, to the best of our knowledge, at
present, there is no other laser oscillator—of any kind—combining such a high
repetition frequency with a pulse duration below 200 fs. The output power of
31 mW reported here was limited by the available pump power; >100 mW of output
should be possible if a higher transmission of the output coupler is chosen (here,
Toc was only 0.2 %).

3.5.2 107-fs Pulses at 5 GHz Repetition Rate
in the Fundamentally Mode-Locked Regime

To achieve a single-pulse regime and the shortest pulses, we increased the SESAM
temperature to 68 °C and by this its modulation depth to 1.2 % and reduced the
pump power to 2.8 W to keep the pulse intensities moderate on both the SESAM
and the gain structure. For the results in Fig. 3.14, we used a 3-QW gain structure
(chip F). With above 4-QW chip (E), minimum pulse durations were 10 fs longer.
We estimated fluences of ~100 pJ/cm? on the SESAM and ~6 pJ/cm? on the gain
structure and conclude that, in this SDL, these values were low enough to avoid
oversaturation of the semiconductor elements. As shown in Fig. 3.14a, the auto-
correlation displayed a pulse duration 7, = 107 fs (sech’-shaped intensity assumed).
The optical spectrum was centered near 1030 nm and had a full width at half
maximum of ~10.2 nm (Fig. 3.14b). With a time-bandwidth product of ~0.31, the
pulse is approximately Fourier-limited. The small peak near 1046 nm indicates an
only weak pulse tail, which is barely visible in the autocorrelation trace. An output
power of 3 mW was measured.

The single-pulse regime was documented by a wide-range radio frequency
spectrum (Fig. 3.15a), recorded with a 26.5-GHz signal analyzer. The first peak at
Vyep ® 5.136 GHz is the fundamental resonance frequency of the laser cavity.
Decreased intensities of the higher-order harmonics are due to the limited band-
width of the photodiode. Figure 3.15b is a higher-resolution scan (5 kHz band-
width) of the fundamental. The signal-to-noise ratio was ~70 dB.

In principle, the gain bandwidth of SDLs can support even shorter pulses (see
typical PL curve in Fig. 3.4). In [37], with an SDL, pulse bunches were observed,
which had an envelope of a few ps and revealed a substructure of ~60-fs peaks.
However, no single-pulse operation was achieved, which was explained by the
influence of SHB in the gain chip. Therefore, to the best of our knowledge, the 107-fs
pulses set a new milestone for pulse durations from fundamentally mode-locked
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SDLs (and from any fundamentally or harmonically mode-locked semiconductor laser
without external pulse compression). The result shows that SHB does not prevent
single-pulse operation of SDLs at ultrashort pulse durations. Nevertheless, SHB must
be considered a severe issue when trying to achieve high output powers and high pulse
energies with single-pulse operation and pulse durations in the 100-fs range at the same
time. While power scaling is relatively easy for cw or picosecond SDLs, the average
output power of 120 mW for a pulse duration of 355 fs at 1 GHz in [39] is the highest
reported so far for sub-500 fs SDLs. Moderate improvement of the value of 3 mW
demonstrated here with Toc = 0.2 % can be expected with a higher output coupler
transmission. However, operating the SDL much further above the lasing threshold
will drive the laser into multiple-pulsing.

A way to boost the ultrashort-pulse output of SDLs to power levels required for
applications is by use of tapered diode amplifiers (TDAs) and/or fiber amplifiers
[22, 40]. A TDA with pulsed electrical pumping is capable of acting both as an
amplifier and as a fast pulse picker. This approach will give free choice of pulse
repetition frequency and make SDL systems applicable also for uses requiring
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lower repetition frequencies. As a proof of principle, in [22], we examined a
TDA/SDL combination and reduced the pulse repetition frequency from 3 GHz to
47 MHz.

3.6 Summary

This chapter addressed the generation of femtosecond pulses with passively
mode-locked semiconductor disk lasers (SDLs) in the 1-um wavelength range. We
investigated the optimum parameters for almost chirp-free femtosecond pulses in
single- or multiple-pulse regimes. On the whole, the pulse-shaping process in our
SDLs is not “soliton-like” in the classical picture applied to dielectric-gain-media
lasers. In particular, the pulse durations strongly depended on the relaxation behavior
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and the effective modulation depth of the semiconductor saturable absorber mirror
(SESAM). Throughout, we used semiconductor media with minimized group delay
dispersion, i.e., with antireflective coatings and thin active zones. Wavelength
matching of gain chip and SESAM was essential for ultrashort-pulse generation,
achieving a sufficiently deep absorber modulation. Spectral-hole burning (SHB) of
both gain chip and absorber affected the stability of single-pulse operation. For
fundamental mode-locking, operation close to the lasing threshold was required,
avoiding too strong saturation of the semiconductor elements.

Based on our findings, we built a harmonically mode-locked SDL emitting
198-fs pulses at a very high repetition rate of 92 GHz and a fundamentally
mode-locked SDL demonstrating 107-fs pulses at a rate of 5 GHz. The 92-GHz
result should fuel interest in using SDLs for communications or frequency comb
generation. At present, there seem to be no other laser oscillators that can generate
sub-200-fs pulses at such high rates. The practically chirpfree 107-fs pulses shown
here set a new record for shortest pulse durations achieved directly from any
fundamentally or harmonically mode-locked semiconductor laser. With respect to
pulse durations for mode-locked lasers in this emission region, InGaAs/(Al)GaAs
SDL gain media now surpass typical Nd**-doped crystals and compete with Yb>*-
doped media. Combination of SDLs with electrically pumped tapered diode
amplifiers offers an elegant approach to boost the output power and to realize
variable pulse repetition rates (in principle, down to 1 Hz) [22].

Overall, the results are a further step of mode-locked SDLs in becoming useful
compact and low-cost ultrashort-pulse sources. They are especially attractive for
applications requiring high pulse repetition rates, like in THz spectroscopy [3]. In
principle, following the same strategies with other semiconductor material systems,
similar results should be obtainable in other spectral regions.
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Chapter 4

Compact Ultrafast Oscillators and High
Performance Ultrafast Amplifiers Based
on Ytterbium-Doped Fibers

J Limpert, T. Eidam, M. Baumgartl, F. Roser, M. Plotner,
B. Ortac, S. Nolte and A. Tiinnermann

Abstract This chapter reviews the fundamentals and achievements of ultrashort
pulse generation and amplification in ytterbium-doped fibers. Compact and ul-
trastable passively mode-locked fiber oscillators represent an ideal seed source for
high performance femtosecond fiber amplification systems, which have been scaled
towards kW-level average power and pulse energies well above the mJ-level. These
laser systems will have significant impact in numerous scientific and industrial
applications.

4.1 Introduction and Motivation

A number of important practical as well as fundamental research applications of
ultrafast lasers appeared over the last decades, a trend initiated by the step from old
dye-laser technology towards solid-state lasers. These high-power ultrafast solid-
state lasers use small rods as the amplifier media, for instance, Titanium-doped
sapphire as the most widespread one and have the potential to generate significantly
higher pulse energies, higher powers and shorter pulse durations in combination
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with increased reliability than dye-lasers. However, these systems are difficult to
scale in average power and suffer from low efficiencies, because direct diode
pumping is not possible. Furthermore, the complexity of short pulse high energy Ti:
sapphire lasers still constrain the employment of ultrafast laser technology in
industrial environments. Material processing as one of the main driver applications
relies on reliable, compact and cost effective pulsed sources.

In order to overcome thermo-optical effects, which limit the power scaling
capability of these systems, several novel gain media designs, such as thin disk or
slab, have been introduced [1, 2]. However, due to the low single pass gain of these
amplifier materials, very complex systems, such as regenerative amplification
schemes, are required to obtain a reasonable output. Therefore the robustness,
compactness and long-term stability are restricted in short pulse bulk solid-state
laser systems.

Alternatively, forming the gain medium long and thin not only leads to out-
standing thermo-optical properties, but also to a very high single pass gain. Fiber-
based laser systems have the reputation to be immune against any thermo-optical
problems due to their special geometry. The excellent heat dissipation is due to the
large ratio of surface-to-active volume of such a fiber. The beam quality of the
guided mode is determined by the fiber core design and is therefore power-
independent.

Due to the confinement of both the laser and pump radiation the intensity is
maintained over the entire fiber length and is not limited to the Rayleigh length as it
is the case in longitudinally pumped bulk lasers. The gain of the laser medium is
determined by the product of pump light intensity and interaction length with the
laser radiation in the gain medium. Therefore, the decisive product can be orders of
magnitude higher in fibers than in other bulk solid-state lasers. This results in a very
efficient operation of fiber laser systems exhibiting very high gain and low pump
threshold values. Additionally, complete integration of the laser process in a
waveguide provides an inherent compactness and long-term stability of fiber lasers.

In particular Ytterbium-doped glass fibers, which have a quantum defect of less
than 10 %, can provide optical-to-optical efficiencies well above 80 % and,
therefore, low thermal load. These fiber laser systems are especially interesting for
high power ultrashort pulse generation and amplification because of several unique
properties [3]: Firstly, a broad emission spectrum allows for short pulse amplifi-
cation. In ytterbium-doped glass fibers the amplification bandwidth of approxi-
mately 40 nm supports in principle pulses of durations as short as ~30 fs.
Furthermore, the absorption spectrum covers a wavelength range in which powerful
diode lasers are commercially available. An additional point to note is that the long
fluorescence lifetime (~ 1 ms) results in a high-energy storage capability. Excited-
state absorption of pump or signal radiation, or concentration quenching by ion-ion
energy transfer processes does not occur with ytterbium, because only two energy-
level manifolds are relevant for all optical wavelengths.

High power fiber lasers usually use the double-clad fiber concept (Fig. 4.1),
invented in 1988 by Snitzer [4]. Such a double-clad fiber is characterized by a
second waveguide, which is highly multimode, surrounding the active core. Into
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Fig. 4.1 The double-clad fiber concept

this second waveguide, also called inner cladding or pump core, low brightness
high power diode laser radiation can be launched. This pump light is gradually
absorbed over the entire fiber length and is converted into high brightness high
power laser radiation. Thus, double-clad rare-earth doped fibers can provide a
highly efficient brightness improvement by pump-to-laser radiation conversion by
the laser process itself.

All the mentioned properties make rare-earth-doped fibers superior to other
solid-state laser concepts in a variety of performance categories. This has become
obvious following several recent demonstrations of continuous-wave fiber laser
systems exhibiting more than 10 kW of average power while maintaining an
excellent beam quality [5].

4.2 Fundamentals of Short Pulse Propagation in Passive
and Active Fibers

The fiber geometry itself is responsible for most of the outstanding properties of
rare-earth-doped fibers that make them attractive gain media. However, this
geometry also promotes nonlinear effects by making the light propagate under tight
confinement over considerably long lengths. In fact, in the context of ultrashort
pulse amplification, nonlinearity is mostly harmful and imposes performance lim-
itations in fiber laser systems.

Nonlinear effects in fibers can be manifold [6]. The lowest-order nonlinear
effects in standard optical fibers originate from the third-order susceptibility ‘.
These effects can be divided into those related to an intensity-dependent refractive
index and those resulting from stimulated inelastic scattering. Self-phase modula-
tion (SPM), four-wave-mixing (FWM), and self-focusing all fall into the first cat-
egory, whereas stimulated Raman scattering (SRS) and stimulated Brillouin
scattering (SBS) are effects of the second category.

In general, the nonlinearity coefficients in silica glass fibers are intrinsically
small. Both the nonlinear index coefficient n, and the gain coefficients of SRS and
SBS are at least two orders of magnitude smaller than in other common nonlinear
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media [7]. Nevertheless, due to the large product of intensity and interaction length
inside the fiber core, nonlinear effects can be observed at very low peak power
levels and can basically limit the performance of pulsed rare-earth-doped fiber
systems.

All the aforementioned nonlinear effects scale both with the light intensity in the
fiber core and with the interaction length between the optical radiation and the
nonlinear medium—that is, the fiber. Hence, to reduce the impact of nonlinearity,
temporal and spatial scaling is required. Temporal scaling can be achieved by the
well-known technique of chirped pulse amplification (CPA), which is schematically
depicted in Fig. 4.2.

In this technique, ultrashort optical pulses from a mode-locked oscillator are
stretched in time by a certain factor, which can be as large as 10,000, by passing
them through a dispersive delay line. Therefore, during amplification, the peak
power of the pulses is considerably reduced, as are the nonlinear effects. After
amplification, the stretched amplified pulses travel through a second dispersive
delay line with the opposite sign of the stretcher dispersion, resulting in a recom-
pression back to ultrashort pulse duration.

On the other hand, spatial scaling requires advanced fiber designs that present a
large mode area of the actively doped core and an absorption length that is as short
as possible, thus reducing the nonlinear interaction length. Consequently, there has
been a pursuit of novel fiber designs with increased core dimensions that are still
able to emit a stable fundamental mode. Conventional active step-index fibers with
reduced numerical aperture, assisted by coiled or tapered sections to achieve single-
mode operation, allow for core diameters of up to 40 pm. Rare-earth-doped pho-
tonic crystal fibers (PCFs) allow for significantly larger core sizes of up to 100 pm
[8-10] due to the significantly better control of the index step between a nano-
structured core and the holey photonic crystal cladding. Due to the PCF cladding’s
design freedom, an additional functionality, such as polarizing or polarization
maintaining properties, can be added [11]. An example of a large core ytterbium-
doped fiber is known as rod-type PCF. A cross section of the ultra-large mode area
fiber is shown in Fig. 4.3. The 200 pum inner cladding (pump waveguide) is

Oscillator
Stretcher

Amplifier

Compressor

Fig. 4.2 Principle of chirped pulse amplification (CPA)
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Fig. 4.3 Microscope image of a rod type photonic crystal fiber

surrounded by an air clad that consists of ninety 400 nm thick and ~ 10 pm long
silica bridges. This structure provides a numerical aperture of ~0.6 at 976 nm,
allowing for an efficient coupling of multimode pump radiation into the fiber.
Nineteen missing holes in the center of the fiber form the Yb/Al codoped active
core region, which has a corner-to-corner distance of 88 um. Three rings of small,
carefully dimensioned airholes (pitch A = ~14.9 um; relative hole size d/
A = ~0.1) around this core provide the confinement of the radiation in the doped
core. The mode area of the fundamental mode is as large as 4000 pm?. The small
ratio of pump core area to active core area results in an enhanced pump light
absorption of about 30 dB/m at 976 nm. The entire inner structure is surrounded by
a stiff 1.5-mm diameter fused silica outer cladding. This large outer cladding is
primarily introduced to keep the fiber straight, thus preventing bend-induced losses
or distortions of the weakly guided fundamental mode. Thus, in such a straight
structure, the large mode area is accessible over the entire fiber length, which is not
the case in conventional LMA fibers. In addition, the outer cladding makes the fiber
mechanically robust on its own, so that no extra coating material is required; this
allows for straightforward high-power extraction. By applying this kind of fiber,
novel performance levels have been achieved in various operation regimes, ranging
from femtosecond to nanosecond pulses [12-14].

4.3 Compact All-Fiber Femtosecond Mode-Locked Lasers

Sources of ultra-short laser pulses have become a versatile tool for an increasing
number of industrial and scientific applications. Despite of the outstanding per-
formance of passively mode-locked solid-state lasers, such systems have difficulties
to step out the laboratory environment. This is mainly due to the bulky elements
and free-space propagation inside the cavity. In contrast, fiber based sources give
the possibility to generate laser radiation in a completely integrated manner, hence,
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they allow for the development of compact, inexpensive, misalignment-free and
environmentally stable short-pulse lasers. Indeed, passively mode-locked single-
mode rare-earth-doped fiber lasers are nowadays routinely operated and are entering
the market to address real world applications.

Different operation regimes of mode-locked fiber lasers have been reported over
the recent decades. Following conventional mode-locked oscillators, the most
intuitive way is to run a fiber oscillator in the soliton regime, whereby mode-
locking is obtained using nonlinear polarization rotation inside the fiber or a
semiconductor saturable absorber mirror to favour the pulsed mode. Soliton fiber
lasers are built entirely from anomalous group-velocity dispersion (GVD) fiber and
the pulse maintains its shape through the combined action of negative GVD and
Kerr nonlinearity. However, the energy achievable in such a configuration is limited
by the soliton area theorem to some tens of picojoules [15, 16]. Disobeying this
theorem is leading to an excess of nonlinearity and finally is causing a pulse break-
up. An increase of pulse energy from fiber oscillators can be achieved by stretching
the pulse during its propagation. Thereby, the reduction of peak power keeps the
nonlinear phenomena under control. This approach is referred to as stretched-pulse
operation, in which the fiber laser comprises segments of large normal and
anomalous GVD in the cavity [17]. The pulse width experiences large variations
per cavity round trip, with a change in the chirp sign from positive at the end of the
normal GVD segment to negative at the end of the anomalous GVD segment. In
particular, with small net positive cavity dispersion, the pulse energy is larger than
that produced in the soliton regime. Stretched pulse lasers with output energies from
tens of picojoules to some nanojoules have been reported [18-22] before nonlin-
earity provokes instabilities. However, under certain circumstances nonlinearity can
be advantageous. It has been shown that in fibers possessing normal GVD a pulse
can propagate in a wave-breaking free manner despite strong nonlinearity [23]. In a
fiber oscillator operated in the self-similar regime, the pulse accumulates a linear, or
at least a monotonic, chirp, which is partially compensated at points in the cavity
using a linear process (e.g. diffraction gratings). In addition the spectral bandwidth
has to be filtered by the gain medium to obtain periodic self-consistency [24, 25].

For real world applications self-starting and environmentally stable ultrafast all-
fiber sources are of particular interest. Hence, a linear cavity fiber laser generating
self-similar pulses has been developed, which comprises only polarization main-
taining (PM) fibers. Two different cavity configurations have been investigated and
self-starting self-similar pulses could be generated over a wide range of parameters
such as output coupling, pump power and net cavity dispersion.

In Fig. 4.4 the two different cavity configurations can be seen. In both cases the
mode-locking mechanism is based on a semiconductor saturable absorber mirror
(SAM). Highly efficient transmission gratings are used for intra cavity dispersion
compensation. The fiber length inside the cavity was chosen to be the same in the
two cases. The only difference is the choice of output coupling. In one case
(Fig. 4.4a) the output coupler is a fixed fiber pigtailed coupler allowing for a fiber
based output, in the other case (Fig. 4.4b) the output coupler is based on a bulk
polarizer and a quarter-wave plate allowing for a tunable coupling ratio.
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Fig. 4.4 The two different cavity designs: a with fiber output coupler and b with variable bulk
output coupler. PM polarization maintaining, HR high reflection mirror, SAM saturable absorber
mirror, PBS polarization beam splitter

The gain medium is a 31 cm long highly ytterbium doped (~300 dB/m
absorption @ 976 nm) PM fiber with a mode-field diameter of 4.8 pm. The utili-
zation of the minimal length of gain fiber allows to decouple gain bandwidth
filtering from the nonlinear evolution in the undoped fiber because the effect of
GVD and nonlinearity can be neglected during the amplification [24]. This fiber is
pumped through a thin-film PM wavelength division multiplexer (WDM) by a
single mode diode providing a maximum output power of 400 mW at a wavelength
of 976 nm. The passive fibers used in the setup are Panda 980 PM fibers with mode
field diameters of 7 pm @ 1035 nm and a dispersion of 0.024 ps*/m. The total fiber
length inside the cavity is 5.6 m for both cavity designs and in both cases the length
of the passive fiber on both sides of the gain medium is equal in order to create
symmetric conditions for the pulse evolution after the gain medium in both
directions. All the PM fibers were fusion spliced together with an estimated
polarization extinction ratio above 37.5 dB and all fiber ends were either angle
polished or angle cleaved. The SAM is commercially available [26] and is based on
a non-resonant design, using a GaAs/AlAs Bragg mirror with 27 layer pairs and 26
low temperature molecular beam epitaxy grown InGaAs quantum wells in front of
the mirror. The AR coated device has a low-intensity absorption of 45 %, a
modulation depth of 30 % and a saturation fluence of ~ 100 mJ/cm”. In a pump-
probe experiment using 200 fs pulses, the recovery dynamics of the optical exci-
tation has been measured. The SAM shows a bi-temporal impulse response with a
short relaxation time of <200 fs and a slower part of 500 fs. The ratio of the fast and
slow parts has been determined to 3:2. To achieve the saturation threshold a tele-
scope is used to image the output of the fiber onto the SAM.

The transmission gratings used for intra cavity dispersion compensation are 1250
lines/mm gratings made of fused silica [27] with a high transmission into the first
order (>95 % @ 1035 nm). The gratings are set up in Lithrow angle (40°) with a
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grating separation of 16 mm. A half-wave plate is used between the gratings and the
PM fiber to ensure excitation of only the slow axis. In the case of the bulk polarizer
and the quarter-wave plate as an output coupler, an additional half-wave plate is
also used to ensure excitation of only the slow axis of the fiber after the polarizer. If
the axis of the fiber itself is properly aligned to the grating or the polarizer, the half-
wave plate can be removed resulting in an even simpler setup. With the fiber pig-
tailed thin-film 30:70 PM coupler used in the other configuration, a half-wave plate
is no longer necessary, as the coupler itself works as a polarizer transmitting only
light in the slow axis.

Self-similar spectra, characterized by a parabolic top and with steep edges [24],
with a FWHM between 8 and 12 nm dependent on the pump power, could be
obtained with a net cavity dispersion of 0.03 ps®. A typical output spectrum is
shown in Fig. 4.5, where the FWHM of the self-similar spectrum is 11.3 nm. As the
pump power is increased the spectral width increases monotonically, until the
threshold for double-pulsing is reached (i.e. two pulses per round trip). The rela-
tively large value of the net cavity dispersion of (>0.03 ps) is chosen to obtain a
symmetric spectrum.

In contrast, for lower but still positive values of net cavity dispersion broader,
but asymmetric and more structured spectra could be observed, which correspond
to the stretched-pulse regime [25]. In the following we will only focus on the self-
similar regime. The highest output pulse energy is obtained from the setup with the
bulk output coupler, where the output coupling could be tuned. For a high output
coupling coefficient the highest pulse energies of 1 nJ are obtained with a repetition
rate of 17 MHz.

The chirped self-similar output pulse has a duration of 7.2 ps (8.2 ps FWHM on
the background free autocorrelator) (see Fig. 4.6), but can be externally compressed
to an autocorrelation FWHM of 280 fs. The pulse duration can be calculated from
the width of the autocorrelation by assuming a transform limited self-similar
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Fig. 4.5 Solid curve Typical output spectrum on a linear scale of the laser operated in the self-
similar regime (net cavity dispersion 0.03 ps?). Dotted curve Numerical simulation. Inser Log.
scale
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Fig. 4.6 Autocorrelation trace of the externally compressed pulse at a pulse energy of 1 nJ with an
autocorrelation FWHM of 280 fs. Inset Uncompressed output pulse with an autocorrelation
FWHM of 8.2 ps

spectrum of the compressed pulse (deconvolution factor 1.33) and is evaluated to be
210 fs. From the actual measured spectrum a deconvolution factor of 1.65 is
numerically calculated assuming no chirp. It shows that even if the experimental
spectrum only slightly deviates from the parabolic shape as in our case, the
deconvolution factor changes significantly. Thus, an even more optimistic pulse
duration of 170 fs can be evaluated. The scan range of the background free auto-
correlator is 150 ps, but to check for multiple pulsing and to ensure that there is only
a single pulse per round trip, a 25 GHz photo diode in combination with a 50 GHz
sampling oscilloscope providing a scan range from 30 to 60 ns has been used.

Self-similar spectra similar to the spectrum shown in Fig. 4.5 are also obtained
from the setup with the fiber pig-tailed coupler. The output pulse energy is 0.12 nJ,
the pulse can be externally re-compressed to an autocorrelation FWHM of 350 fs.
Due to the fixed output coupling of 30 %, which is lower than in the other setup, no
flexibility is given to find the regime of higher pulse energy and shorter pulses.
Additionally, an extra loss of 30 % is introduced inside the cavity due to the fact
that the coupler is passed in both directions. Nevertheless, by optimizing the out-
coupling ratio it should be possible to obtain better results with the advantage of an
alignment-free fiber output.

To make sure the laser operates in the self similar regime some inspections have
to be made. Firstly, the spectrum should of course exhibit a self-similar shape,
which is fulfilled in our case. Secondly, an important condition for self-similar
evolution is that the pulse is always positively chirped inside the cavity, possessing
a minimum pulse duration after the intra cavity gratings just before entering the
fiber [25]. This is also true since the negative dispersion given by the grating pair
used for external compression (—0.36 ps® (double pass)) is higher than of the pair
used inside the cavity.

In addition, only half the length of intra cavity fiber is passed before the pulse is
coupled out, indicating that the pulse is still highly positively chirped before
entering the fiber after the intra cavity grating pair. As the dispersion from this point
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on inside the cavity is positive until the pulse again reaches the intra cavity gratings,
this point must be a minimum point. Hence, the pulse is not completely compressed
during propagation inside the cavity and, therefore, maintains its shape. As an
additional verification, a numerical simulation of the cavity was carried out. Each
segment was treated separately by solving the nonlinear Schrodinger equation with
the parameters of our experimental setup [24]. In Fig. 4.5 the simulated spectrum
can be seen to be in good agreement with the measured spectrum. In the simulation
the pulse exhibits self-similar pulse propagation [25] and is always positively
chirped.

In both configurations the laser is self-starting and immediately jumps back into
the same mode-locked state without any external perturbations if, for instance,
switching the laser off and on again. It has been shown, that SAMs exhibiting a bi-
temporal impulse response can fulfill both requirements of self-starting and sym-
metric spectra [28]. Furthermore, the use of PM fibers makes the laser stable toward
environmentally induced changes to the birefringence of the fiber. The fibers could
be twisted and moved around while maintaining a stable modelocked output. This is
verified by observing a uniform train of pulses using a fast photo diode and an
analogue scope.

The presented approach yields a practical femtosecond laser, which is a perfect
seed source for high-power amplifier systems. The parabolic pulse shape is a
highly desirable initial condition for further amplification as it helps to avoid
excessive accumulation of higher order phase terms along the amplifier chain,
which usually degrades the pulse quality and, hence, limits the overall system
performance.

The ideal femtosecond laser source for applications outside a laboratory envi-
ronment would be a completely alignment- and maintenance-free system. Hence,
the above laser was developed further to obtain complete fiber integration. The
resulting passively mode-locked all-fiber laser is shown schematically in Fig. 4.7.
The dispersion compensation is implemented in fiber integrated form as a chirped
fiber bragg grating, the saturable absorber mirror is directly glued to the fiber end
face. This results in a self-starting, alignment-free turn-key device, which is envi-
ronmentally stable. Such a compact and robust femtosecond laser is ideally suitable
as seed source for compact master oscillator power amplifier systems to be used in
rough environments.

o

SM Pump
976 nm
PM Isolator

—— " " ' =
Output PM WDM 0.31m Passive PM Fiber SAM
980/1030 PM Yb Fiber

Fig. 4.7 Schematic setup of a passively mode-locker all-fiber oscillator
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4.4 High Average Power Femtosecond Fiber Amplifier

In a fiber based CPA system, sufficient pulse stretching and the enlargement of the
mode-field diameter of the fiber to reduce the peak power and therefore nonlinear
effects such as SRS and SPM are the key points to scale the output parameters. The
setup of the state-of-the-art high average power femtosecond fiber laser system is
shown in Fig. 4.8 [29]. It consists of a passively mode-locked solid-state laser
oscillator, a grating stretcher, a three-stage ytterbium-doped single-mode photonic
crystal amplifier and a dielectric reflection-type multi-layer dielectric grating
COmpressor.

The front end oscillator produces 200 fs pulses at 1042 nm signal wavelength
with 78 MHz pulse repetition frequency and 150 mW average power. The pulses
are stretched to 800 ps duration. Afterwards, the remaining signal (120 mW) is
amplified to 50 W using two amplifier stages that comprise 1.2- and 1.5-m-long
double-clad PCFs, both with 40 pm core and 170 um pump cladding diameters. All
fibers are pumped at 976 nm wavelength. The main amplifier fiber is a water-cooled
8-m-long double-clad fiber with 26 um mode field diameter and 500 pm air clad.
This step index fiber has no PCF structure, but the core is nanostructured and
consists of Yb- and F-doped glass rods with sub-wavelength diameters arranged in
such a way that they allow tuning the refractive index and, at the same time,
reducing the NA. This large mode area fiber was especially designed for high
average power operation, i.e. it possesses a large air clad and a signal core that
guarantees single mode operation even at this average power levels. The resulting
amplifier characteristic is depicted in Fig. 4.9.

At a launched pump power of 1450 W the signal output power is 950 W cor-
responding to 12.2 pJ pulse energy. The beam quality of the main amplifier was
measured to be M? = 1.3 at this power level. The resulting maximum compressed
signal power is 830 W with 10.6 pJ pulse energy. The compression efficiency drops
slightly from 95 to 88 % at the maximum signal power because of depolarization
taking place inside the fiber. Owing to the acquired nonlinear phase (mainly in the
main amplifier) with a calculated B-integral of 11 rad, the autocorrelation width

4 . g N
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\Oscillator / \
-
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JOIp {= =7

\f)ffner stretcher K Pre-amplifiers / \__ Main amplifier /| Compressor )

Fig. 4.8 Schematic setup of a high-average power femtosecond CPA system. DL Diode laser, O
optical isolator
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increases from initially 750 to 880 fs, the corresponding peak power is approxi-
mately 12 MW. The setup represents the highest average power among all fem-
tosecond fiber laser systems with close to diffraction-limited beam quality.

4.5 High Pulse Energy Ultrafast Fiber Amplifier

Based on the considerations of nonlinearity in fiber chirped pulse amplification
systems, an ultrafast high peak power setup has been developed. The schematic
setup of the high energy high average power fiber CPA system is shown in
Fig. 4.10 [30]. It consists of a passively mode-locked Yb:KGW oscillator, a
dielectric grating stretcher-compressor unit, an acousto-optical modulator used as
pulse selector and two ytterbium-doped photonic crystal fibers both used in single-
pass configuration as amplification stages providing an overall gain factor of
approximately 25,000.

The long-cavity Yb:KGW oscillator delivers transform-limited 400 fs pulses at a
repetition rate of 9.7 MHz with an average power of 1.6 W at 1030 nm center
wavelength. The stretcher-compressor-unit employs two 1740 lines/mm dielectric
diffraction gratings, fits on a foot-print of 1.5 x 0.5 m and stretches the 3.3 nm
bandwidth pulses to 2 ns. The throughput efficiency of the stretcher is 60 %. A
quartz based acousto-optical modulator (with a diffraction efficiency as high as
75 %) is used to reduce the pulse repetition rate.

The pre-amplifier comprises a 1.2 m long 40 pm core single-polarization air-clad
photonic crystal fiber having an inner cladding diameter of 170 pum pumped by a
fiber coupled diode laser emitting at 976 nm. This stage is able of delivering a
single-pass gain as high as 35 dB and average powers up to 6 W, corresponding to a
pulse energy of 60 nuJ. However, we have operated the preamplifier just up to a few
uJ of pulse energy to avoid excessive accumulation of nonlinear phase in this stage.
The main amplifier is constructed using a 1.2 m long low-nonlinearity air-cladding
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Fig. 4.10 Schematic setup of the mJ level high repetition rate fiber CPA system; OI optical
isolator, AOM acousto-optical modulator

Fig. 4.11 Near-field intensity profile of the 88 pm core emission and caustic of the beam quality
measurement at 100 W output power

photonic crystal rod-type fiber as described above. The core supports very few
transverse modes; however, stable excitation of the fundamental mode only is
achieved by seed mode matching. Figure 4.11 shows a near-field intensity profile of
the large-mode area photonic crystal fiber output together with the beam quality
characterization measurement. Result is a power independent beam quality char-
acterized by a M?-value of less than 1.2.
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Figure 4.12 shows the output characteristics after compression at 200 kHz
repetition rate. The main amplifier was seeded with 0.5 W of average power,
corresponding to 2.5 pJ pulse energy. At a launched pump power of 230 W an
average output power of 145 W is obtained with a slope efficiency as high as 66 %.
Due to the avoidance of any coating material and a stable fiber mounting, no
thermo-optical or thermo-mechanical issues are observed up to this average power
level. The degree of polarization of the fiber amplifier output is 98 % allowing for
an efficient recompression of the pulses. The compressor has a throughput of 70 %,
leading to a total slope efficiency of 46 % and a compressed average power of
100 W, which implies pulse energies of 500 pJ.

The grating distance in the compressor is always adjusted for minimal auto-
correlation width. At 500 pJ the width is measured to be 1.2 ps, as shown in
Fig. 4.13 (dashed line), corresponding to a pulse duration of 780 fs assuming a
sech” pulse shape. For comparison the autocorrelation trace at very low pulse
energy is also shown (Fig. 4.13, dotted line). The autocorrelation traces reveal a
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wing structure growing with pulse energy, which can be attributed to the imposed
nonlinear phase. The total B-integral is calculated to be 4.7 rad in the case of the
500 pJ pulses.

Following the discussion above, a further increase of pulse energy without
further degradation of pulse quality was possible by decreasing the seed power
launched into the main amplifier. On the one hand this reduces the B-integral of the
pre-amplifier and, on the other hand the effective nonlinearity of the main amplifier,
and therefore the accumulated nonlinear phase per pulse energy, is reduced as well.
However, the amplification efficiency is also reduced due to increased pump light
absorption saturation, as revealed in Fig. 4.12. At 100 kHz repetition rate, a
launched pump power of 220 W and a seed average power of 100 mW were
necessary to extract 100 W of average power corresponding to 1 mJ of pulse
energy, leading to 700 pJ compressed pulse energy. At 50 kHz repetition rate and
70 mW seed power we achieved 71 W of average power with a pump power of
180 W, corresponding to 1.45 mJ energy. In this case the B-integral was 7 rad. A
further increase in pump power was avoided due to an increased risk of end facet
damage and pump light absorption saturation. The compressed pulses exhibited an
autocorrelation width of 1.23 ps (equivalent to 800 fs pulse duration), as also shown
in Fig. 4.13, and a pulse energy as high as 1 m]. The stronger nonlinearity is
indicated by the wider spread in time of the pedestal. The corresponding pulse peak
power is approximately 1 GW.

The output spectrum of the high performance fiber CPA system at the highest
extracted pulse energy is shown in Fig. 4.14. It is characterized by a 2.9 nm width
(FWHM) and a hard cut of 7.5 nm bandwidth defined by the stretcher-compressor-
unit. Only minor gain narrowing is observed for the power levels reported herein.
Amplified spontaneous emission and intermediated (non-selected) pulses are sup-
pressed better than 35 dB. The inset of Fig. 4.14 displays a larger wavelength scan
of the spectrum showing no evidence of Raman scattering.
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4.6 Conclusion and Outlook

Fiber based ultrashort pulse oscillators and amplifiers have reached impressive
parameters regarding average power, pulse energy, peak-power and beam quality.
Due to this immense progress and their robustness against environmental pertur-
bations they are now ideal sources for fundamental science and industrial pro-
duction. The further scaling potential is promising and fiber systems delivering
femtosecond pulses with average powers beyond 1 kW and pulse energies of
several mJ will be realized in the near future.
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Chapter 5
Ultrafast Thin-Disk Lasers

Oliver H. Heckl, Jochen Kleinbauer, Dominik Bauer, Sascha Weiler,
Thomas Metzger and Dirk H. Sutter

Abstract Thin-disk laser technology [1, 2] combines the inherent advantages of
allowing extremely high average power, excellent beam quality, and high peak
power levels [3]. In this chapter the benefits and limitations of the thin-disk concept
with respect to ultrafast operation will be discussed. Different aspects of pulse
duration, energy, peak- and average-power will be presented, reflecting the state of
the art, with latest updates as of 2015.

5.1 Introduction

During the last decade, three solid state laser geometries have proven to support
average power levels well above a kilowatt with nearly diffraction-limited trans-
verse mode quality, all based on ytterbium as the active laser ion [4]: Thin-disk
laser oscillators, fiber laser amplifier and slab laser amplifier systems, compare [5,
6] as well as the chapters on fiber and slab amplifiers of this book. All those
geometries exhibit excellent heat transport capabilities compared to traditional solid
state laser rods, since their ratio between cooling surface and active volume is very
large. This chapter will focus on thin-disk technology in ultrafast operation.
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Fig. 5.1 Left Schematic setup of the thin-disk pump configuration with the disk in the focal plane
of a parabolic mirror. The collimated pump light (/) is focused by a parabolic mirror (2) onto the
thin-disk (3), re-collimated by the parabolic mirror, routed by a pair of bending mirrors (4) via
another position on the parabolic mirror back to the disk, and ultimately the remaining unabsorbed
pump light is retro-reflected back by a rear mirror (5). The laser beam to be amplified (6) reaches
the disk through a hole in the parabolic mirror. Right Inside of a quasi-monolithic industrial
implementation of a pump beam folding geometry based on multiple reflecting prisms around the
central laser disk. The disk is glued to a water-cooled diamond heat sink. This efficient cooling
scheme leads to an almost one dimensional heat flow and strongly reduced thermal lensing.
(Images TRUMPF GmbH + Co. KG)

In thin-disk lasers, the active medium of the laser has the shape of a thin-disk with
a highly reflective coating on one side and an antireflective coating on the other side
for both pump and laser wavelength [1]. The reflective side is mounted directly onto
a heat sink and the disk is used in reflection. The thin-disk thus acts as an active
mirror within the laser resonator. The efficient heat flow is mainly one-dimensional
towards the heat sink, i.e. collinear to the direction of the laser beam. The thermal
gradients in the lateral direction are weak, and thermal lensing is therefore strongly
reduced compared to a rod or slab design. The pump absorption in a single pass
through the thin-disk is low, but highly efficient operation is easily obtained by
arranging multiple passes of the pump light through the disk. Typically this is
achieved by using a parabolic mirror to focus the incoming pump light on the disk,
and several bending mirror pairs to route unabsorbed pump light back to the disks in
many passes, compare Fig. 5.1. Similar schemes exist that use only two bending
mirror pairs but nevertheless achieve many passes of the pump beam. The multi-
plication of the incident pump-beam’s intensity on the disk is particularly useful for
pumping (quasi-)three-level gain materials. Industrial pump cavities are nowadays
fabricated as compact, quasi-monolithic blocks without any adjustable parts.

Disk lasers can provide high beam quality even at high output powers, and due
to the significantly lower thermal lensing the laser resonators can be designed to be
dynamically stable over a much larger range of output powers than comparable slab
resonators. Compared to a fiber laser, the large diameter of the pumped spot on the
disk and the small thickness of the disk allow for much lower pump beam
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brightness, enabling simple, cost-effective power scaling of the pump diodes.
Consequently, disk lasers enable very high output power levels directly out of the
laser resonator. For high-brightness continuous wave (CW) laser resonators output
powers in the range of several tens of kW have been demonstrated [5, 7], and even
higher powers are certainly conceivable with multi-pass thin-disk amplifiers. In
short, thin-disk lasers are ideal brightness converters.

An important difference between disk and fiber or slab lasers is that disk lasers
are typically operated with a highly saturated gain at low output-coupling rates.
Therefore thin-disk lasers and amplifiers are very insensitive to back reflections
from a work piece or an experimental setup. In contrast to fiber or slab amplifier
systems, thin-disk lasers therefore have little to no need for optical isolators to
prevent reflections from being amplified to destructive powers.

In addition, thin-disk lasers are ideal candidates for high-energy femtosecond
(fs) or picosecond (ps) operation due to their short length of transmissive materials
within the resonator in combination with large beam diameters. This results in
almost negligible nonlinear effects, which benefits stable pulse formation. In con-
trast to a fiber or slab amplifier system, the active medium in a thin-disk oscillator or
amplifier is only a fraction of a millimeter thick, while the pumped spot size is
typically one to two orders of magnitude larger. Hence intensities on the thin-disk
and potentially resulting nonlinear effects are minimized even at high peak powers.

For the development of ultrafast lasers, fundamental transverse mode operation
is crucial. The presence of multiple higher order transverse modes can lead to mode
competition and instabilities. Fundamental mode operation is achieved by choosing
a mirror configuration that provides a good overlap of the TEM resonator mode
with the pumped laser crystal. In rod-lasers, achieving fundamental transverse mode
operation has been challenging for high average powers because of the high thermal
load. This load induces thermal lensing on the intracavity optical components,
particularly the gain medium, in which a substantial amount of heat is generated
because of the quantum defect between pump and laser wavelength and other
additional parasitic processes. The resulting lateral thermal gradients can introduce
wave front distortions leading to thermal lensing and/or aberrations, which can
strongly degrade the transverse beam quality. Such affects are greatly reduced in the
thin-disk geometry.

A very successful way to produce pulsed output directly out of a laser oscillator
is the mode-locking technique. In this technique, several longitudinal laser modes
are “locked” in their relative phases to each other. These modes add up and form a
laser pulse [8—10]. The lower limit of the pulse duration is ultimately given by the
spectral width that can be added together and hence by the number of modes of the
laser pulse. In order to force the laser into mode-locked operation one has to
introduce higher losses for CW than for mode-locked operation. This can be
achieved by active modulation of the losses for example with an acousto-optic or an
electro-optic modulator or by passive loss modulation. Mainly two schemes have
successfully been used to obtain passive mode-locking from ultrafast thin-disk
lasers, i.e. Semiconductor Saturable Absorber Mirror (SESAM) [11, 12] and
Kerr-lens mode-locking (KLM) [13, 14].
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Fig. 5.2 Schematic reflectivity curves for two SESAMs (solid blue and dotted green) with the
same values for modulation depth AR, saturation fluence Fg, and nonsaturable losses R,s. The
reflectivity of a SESAM increases with the fluence on the SESAM up to a point where two-photon
absorption accounts for a “roll over”, here at a fluence of 1000 plJ/cm? for the green curve.
The SESAM depicted with the blue curve does not show a rollover in this schematic

In the approach of KLM the Kerr-nonlinearity is used to generate intensity
dependent lensing to introduce losses for lower intensities, hence favoring higher
intensities (pulsed operation) over CW operation. In the case of SESAM
mode-locking, the saturable mirror accounts for an intensity dependent loss mod-
ulation, see Fig. 5.2. Up to the so called rollover the reflectivity of the SESAM
increases with the fluence leading to reduced losses for pulsed operation. The roll
over is caused by nonlinear absorption processes, such as two photon absorption.
For a more detailed introduction to passive mode-locking see [10] or [15].

The concept of the thin-disk laser has the unique advantage of power scalability:
The output power can be scaled by increasing the pump power and the mode areas
on the gain medium. In case of mode-locked operation the mode area on the
SESAM is increased by the same factor as on the gain medium. The temperature of
the thin-disk will not rise if the cooling system is capable of removing the additional
heat. This scaling procedure avoids damage on the key components, because the
intensities on the disk and on the saturable absorber remain unchanged [16].
Furthermore, the saturation of the gain and the SESAM remains constant, which is
important for preventing mode-locking instabilities [17].

5.2 Overview of Disk Materials and Pulse Durations

By far the highest CW laser output powers have been achieved from ytterbium
doped yttrium aluminum garnet (Y3Al501,; “YAG”) disks. The Yb>* ion offers the
advantage of a simple energy level structure with low quantum defect (i.e. the
majority of the pump energy contributes to stimulated emission while only a small
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Fig. 5.3 Gain cross section of Yb:YAG (left shown for 25 % inversion), resulting from the
%Fs;,—"Fsy, transitions (energy levels on the right), on a wave number respective energy scale,
indicating the reduction of the residual quantum defect by a third by switching to pumping at the
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fraction decays non-radiatively) [4]. The correspondingly low heat generation is an
essential prerequisite for high average power generation at good beam quality. For
938 nm pumping, the quantum defect amounts to only ~9 %, whereas traditional
Nd:YAG or Nd:YVO, (yttrium orthovanadate) lasers pumped at 808 nm exhibit a
2.7 times larger quantum defect of 24 %. Zero phonon line pumping of Yb:YAG at
969 nm further reduces the quantum defect by a third [18, 19], compare Fig. 5.3.
Although the absorption peak at 969 nm is narrower than at 938 nm, high power
laser diodes can efficiently be locked to a suitably narrow spectral width (typically
Algiode < 0.5 nm) to reliably pump the zero-phonon transition, e.g. with a volume
Bragg grating [20-22].

The 9 nm bandwidth of the main gain peak at 1030 nm is broad enough to
achieve pulse durations of a few hundred fs. If desired, it is straight forward to use
pulse compression schemes based on nonlinear spectral broadening and subsequent
dispersive pulse compression to obtain shorter pulses, e.g. by pulse propagation in
gas filled hollow-core photonic fibers [23-27]. Besides its spectroscopic properties,
Yb:YAG also exhibits excellent thermal and mechanical properties of the YAG
host such as excellent heat conductivity, good hardness and stiffness, and an iso-
tropic thermal expansion coefficient, which are all important for the fabrication of
thin laser disks. However, in order to increase absorption and gain of the disk,
significant doping is desired, and the thermal conductivity of crystals host usually
drops somewhat with rising doping concentration of the active ion. This effect is
caused by the different atomic weights of the substituted ion and the doping ion:
The change in atomic weight across the crystal structure increases phonon scat-
tering and thus decreases thermal conductivity. While the high thermal conductive
of YAG of 9.4 W/m K drops to about 6 W/m K at only 10 at.% of ytterbium doping
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(ytterbium being about twice as heavy as yttrium), an alternative host exists whose
thermal conductivity is almost unaffected by ytterbium doping, and which is similar
enough to YAG such that the mature Yb:YAG manufacturing processes can be
applied, from crystal growth to polishing to coating and mounting, i.e. Yb:LuAG
(Yb:Lu3A50,) [28]. As the atomic weight of ytterbium and lutetium only differ by
about 1 %, the thermal conductivity of Yb:LuAG is so weakly affected by the
doping concentration, leading e.g. to a 20 % higher thermal conductivity at 10 at.%
doping concentrations then in Yb:YAG, with all other laser parameters being
practically identical. In particular both Yb:YAG and Yb:LuAG allow for
mode-locked pulses with durations well below 1 ps, which has until now proven to
be sufficient for all major applications in industrial micromachining.

Nevertheless, significant academic work has been devoted to testing other gain
materials in the thin-disk geometry, in particular motivated by the quest for ever
shorter pulse durations, despite the challenge of developing new production tech-
niques. The key requirement for supporting a large amount of locked longitudinal
modes for fs pulses is a sufficiently large emission bandwidth, but typically this
comes at the expense of reduced gain coefficients as well as inferior thermal
properties. Nevertheless, some attractive host materials next to YAG have been
identified for ytterbium doping, partially providing broader emission bands and at
least comparable thermal conductivity, notably from the group of sesquioxides [29].
They were among the first materials to be tested as an alternative to Yb:YAG in the
thin-disk laser geometry [30], and they have been recognized as potentially more
efficient gain materials than Yb:YAG [31-34]. A high mechanical strength in
combination with excellent thermal properties and high absorption cross sections
make them ideally suited for the thin-disk laser geometry. They are also very
suitable for high average power fs ultrafast sources due to their larger emission
bandwidths in comparison to Yb:YAG [35, 36]. However, the growth of
sesquioxide single crystals with their high melting points around 2400 °C is
challenging, compare [37], which resulted in a poor crystal quality and
optical-to-optical efficiency of less than 50 % in earlier experiments [33, 38].
During the last years, these difficulties have partly been overcome in laboratory
environments for the growth of high quality, large scale sesquioxide single crystals
[39, 40], with ceramics still being a possible alternative to single crystals [36, 41].
In particular, Ytterbium doped lutetia, Yb:Lu,Os3, achieved 500 W average output
power in CW operation [42], and the zero-phonon absorption line at 975 nm is
somewhat broader than that of Yb:YAG at 969 nm. Yb:Lu,03, might thus have a
potential to become a second major gain material for future ultrafast disk lasers,
provided it can reliably be fabricated at sufficient quality and size.
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5.3 Ultrafast Disk Oscillators

The first mode-locked disk oscillator was demonstrated in a collaboration of the
groups of Ursula Keller at ETH Zurich and Adolf Giesen from the University of
Stuttgart, which pushed the average power level obtained directly from a
mode-locked oscillator from typically less than 4-16 W [43]. It was followed by
many experiments that successfully scaled the average output power [44], extended
the wavelength range [45], increased the pulse energy and intensity [14, 46-52], or
reduced the pulse duration, partly by employing other laser materials than Yb:YAG
that offer a broader gain bandwidth [35, 53-59]. The straightforward approach to
generating higher laser pulse energies has always been to reduce the pulse repetition
rate, leading to a concentration of more power in fewer pulses. However, an
important limitation for high energy, ultrafast oscillators stems from the nonlin-
earities that eventually occur at high intensities inside the resonator. While the
nonlinearity of a thin-disk can typically be neglected (because of its small thickness
and the large beam radius at the disk), the propagation through air during the long
beam path of traditional low repetition rate oscillators results in significant non-
linear self-phase modulation at high intra-cavity intensities.

Two potentially complementary approaches have evolved to overcome this
limitation, the first being to evacuate the resonator or to flush it with a gas of low
nonlinearity such as helium, the other to increase the number of reflections of the
disk within a resonator round-trip and to increase the output coupling ratio
accordingly, giving access to a larger portion of the intracavity pulse energy. With
helium flooding, energies as high as 11 pJ have been generated directly from a disk
oscillator [47]. Subsequently the introduction of a mode-locked thin-disk laser
employing an active multi-pass cell (AMC) by TRUMPF enabled operation at
much higher output-coupling rates and lead to a substantial increase in pulse energy
again based on Yb:YAG [48-51].

Before we discuss the AMC concept, we will first give an overview of pulse
durations and pulse energies achieved with mode-locked thin-disk lasers. For some
time it has been a common understanding that lasers providing shorter pulse
durations generally tend to deliver less output power. However, KLM Yb:YAG
oscillators have also been demonstrated with extremely short pulses at very high
average powers [14, 60, 61], even going down to sub-50 fs, corresponding to a
spectral width exceeding the fluorescence bandwidth of the gain material [62]. An
overview of achieved pulse durations and average output powers in mode-locked
thin-disk lasers based on different disk materials is shown on the left side of
Fig. 5.4. By its nature KLM requires a somewhat stringent cavity design but it
offers the advantage of an almost immediate intensity dependent response of the
cavity losses. These fast dynamics can help to stabilize shorter pulse durations than
achieved in purely SESAM mode-locked operation [63]. A more detailed discus-
sion about materials for mode-locked thin-disk lasers can be found in [35]. The
right side of Fig. 5.4 shows the evolution of mode-locked Yb:YAG thin-disk pulse
energy records over time.
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Fig. 5.4 Non-exhaustive overview of pulse duration versus average output power of Yb-doped
thin-disk lasers. In the case of Yb:YAG there are two different symbols. The dots refer to SESAM
mode-locked thin-disk lasers and the squares to Kerr lens mode-locking (left). Pulse energy
records of mode-locked Yb:YAG thin-disk lasers (right) over time. The original publications can
be found in the references cited in this chapter

By 2012 the average output power of a SESAM mode-locked thin-disk laser at
the ETH Zurich was further increased to a value of 275 W by operating the laser in
a vacuum environment [64]. Later in 2012 the average power record was matched
with 270 W from a KLM thin-disk laser operating in air [14]. With another
SESAM-based oscillator operating in vacuum the pulse energy was increased up to
80 pJ with 66 MW peak power at 1.07 ps duration in 2014 [52]. In the following
year a similar peak power of 56 MW was reached with KLM at 140 fs duration at
145 W average power [65]. Overviews of SESAM-mode-locked thin-disk lasers
can be found in [66—68].

In the following we address the active multi-pass cell, which allows for
accessing a larger portion of the intra-cavity power and is therefore beneficial for
high-intensity operation. In an active multi-pass cell, the laser disk is used inside the
multi-pass cell to increase the roundtrip gain, a concept that has originally been
introduced for thin-disk laser amplifiers [69, 70]. In parallel, the multi-pass
increases the resonator length as desired in order to reduce the repetition rate [48—
51]. Due to the higher round-trip gain, a large output coupling ratio can be used. As
a consequence, the external pulse energy is much closer to the intra-cavity energy.

Figure 5.5 shows a schematic layout of an AMC disk oscillator with angular
multiplexing as used in [51], which resulted in the highest average output power of
and the highest pulse energy of at the time. Such schemes obviously rely on a good
surface quality of the disk, as wavefront distortions add up for each pass through the
AMC. TRUMPF’s proprietary disk mounting is the technology of choice for fab-
ricating disk modules with suitably low distortions [71]. To balance the nonlinear
dispersion due to self-phase modulation originating mostly from the ambient air,
dielectric Gires-Tournois mirrors provided negative dispersion in the resonator.
A SESAM self-started and stabilized soliton mode-locking. A quarter wave plate
and a thin film polarizer were used to set the desired output coupling. The portions
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Fig. 5.5 Schematic set-up of a mode-locked oscillator with an active multi-pass cell, shown in
green, that images the disk onto itself (for simplicity, only 4 passes in the cell are shown). GTI
Gires-Tournois mirror; SESAM semiconductor saturable absorber mirror; QWP quarter wave plate;
TFP thin film polarizer

of the beam path shown in red and blue were used to form a TEM, resonator with
the appropriate spot sizes at the thin-disk and the SESAM. Alternative to the Thin
Film Polarizer (TFP) and Quarter Wave Plate (QWP), a suitable output coupler
could have be used as an end mirror. Disk lasers employing an AMC can tolerate an
output coupling of >70 % in contrast to the typical output coupling of <10 % for
disk resonators with passive multi-pass cells. Obviously a much larger portion of
the intracavity energy can be utilized at the higher output coupling. A detailed
numerical study of the soliton formation in such lasers with high output coupling
was given in [50].

As presented in [51] more than 40 pJ were reached at an output coupling of
roughly 70 %. This pulse energy is still the highest ever achieved from an oscillator
operated in ambient air. At a repetition rate of 3.51 MHz, corresponding to a
resonator length of 42.7 m employing 11 passes over the thin-disk, the average
power of 145 W was of the same order as the 141 W reported in [72]. The latter
result was achieved by the ETH group with an Yb:Lu,0; disk oscillator at a much
higher repetition rate of 60 MHz and hence significantly lower pulse energies.
Although the width of the dynamic stability zone shrinks proportional to the
number of passes through the AMC, the laser reported in [51] operated in funda-
mental mode over the whole pump power range, indicating negligible thermal
deformation of the disk’s properties. The left plot of Fig. 5.6 shows the clean
second harmonic autocorrelation of the obtained 41.3 pJ pulses together with a
close to perfect fit based on the theoretically expected hyperbolic secant pulse
shape, indicating a pulse duration of 1.12 ps. The right plot of Fig. 5.6 displays the
sech? like spectrum on a linear as well as on a logarithmic scale, showing the
suppression of Kelly sidebands to more than 20 dB below the main peak. This
indicates a good potential for even higher pulse energies, provided that CW
instabilities and double pulses can be avoided. The time-bandwidth product of
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Fig. 5.6 Measured autocorrelation (left) and spectrum (right), on a logarithmic as well as a linear
scale of unamplified 41.3 uJ oscillator pulses

0.336 was within 7 % of the transform limit for an ideal sech? pulse. The peak
power corresponding to the measured pulse duration amounted to 32.5 MW, which
was quite comparable to that of typical amplified systems and certainly sufficient for
many interesting applications in micro machining. Figure 5.7 shows the spectral
width and the pulse duration as a function of output power. Above 75 W of average
output power stable CW mode-locking was obtained. The reciprocal reduction of
pulse duration at increasing energy fitted well to the modified soliton theorem
accounting for the high output coupling [49, 50]. We expect that by combining the
active multi-pass approach with a helium flooded or even evacuated resonator [68],
m] level pulse energies are certainly conceivable. The evolution of mode-locked
oscillators has thus led to energies that were previously only accessible with
amplified systems.
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Fig. 5.7 Spectral bandwidth and pulse duration (both FWHM full width at half maximum) as a
function of output power at 3.51 MHz repetition rate
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5.4 Ultrafast Regenerative Thin-Disk Amplifiers

The first regenerative amplifier (“Regen”) based on the thin-disk geometry was set
up at ETH Zurich using an early gain module from the Giesen group in 1997, a few
years prior to the first mode-locked disk oscillator demonstration. While this
experiment did not reach more than 1.35 W of average power, it already achieved a
peak power close to 100 MW without any need for chirped pulse amplification
(CPA) [73].

A certain benefit of using a Regen is the inherently guaranteed perfect beam
quality close to M = 1 imposed by the TEM, resonator. As one example Fig. 5.8
shows the final test beam characteristics of a commercial product. Coupling seed
pulses into and out of this resonator is obtained by polarization switching using an
intracavity Pockels cells in conjunction with a polarizing beam splitter.
Beta-barium-borate (BBO) Pockels cells, e.g., can operate at standing average
powers of several kW with negligible thermal lensing, due to very low absorption.
In 2012, using a 25 mm long BBO-Pockels cell with 6 mm free aperture, the first
1 MHz thin-disk Regen was demonstrated [74]. That system reached sub-ps pulses
of 770 fs duration at an average power of 185 W after compression. In fact, much of
the average power scaling in disk Regens was only possible due to parallel
improvements in high voltage switches with fast switching [75].

At the turn of the millennium, TRUMPF began its research on ultrafast lasers
based on Yb:YAG disk modules originally designed for kW level CW products, the
TruDisk lasers. Detailed application studies done in a federally funded collaborative
project showed that few-ps pulses were ideal for precise drilling of metals, avoiding
the heat affected zone and post processing known from nanosecond machining,
while eliminating unwanted nonlinear interaction with the ablated plasma that
occurred at shorter pulses [76]. Product development began in parallel to a second
research project aiming towards increased output powers. This resulted in the
world’s first industrial grade 50 W ps infrared laser, which was presented in 2008
and has since been widely adopted in 24/7 production, e.g. for the drilling of fuel
injection nozzles or engraving of metals and dielectrics at companies like Bosch
[77]. At that time, lab results reached 80 W of average power from a TEM disk

Fig. 5.8 Caustic (left), ellipticity (middle) and focus intensity profile (right) of a typical TruMicro
5070 with a measured M? = 1.05 and a roundness of >94 % over +4 Rayleigh lengths (final test
data at nominal power of 100 W)
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Regen [78]. In 2009 a more compact second generation was introduced, and in
2011, the third generation of the TruMicro Series 5000 became available, providing
100 W at 1030 nm from 200 to 800 kHz, and 60 W at 515 nm. The higher power
allowed for increased throughput enabling new highly cost efficient applications
e.g. for the processing of dielectrics and transparent media such as cutting of
display glass in smartphone manufacturing [79]. In 2013, the technological and
economic success of this innovative laser technology, which had originated from
federally funded projects, was recognized by the German Future Prize, awarded by
the German Federal President (Deutscher Zukunftspreis 2013 [80]).

The laser head of the fourth generation TruMicro Series 5000 [81], unveiled in
2015 with up to 150 W of average power at 1030 nm, is shown in Fig. 5.9. On a
footprint of 0.6 mz, it contains a low power, mode-locked fiber seed oscillator,
followed by the disk Regen, a telescope for precise adjustment of the output beam
diameter, an acousto-optic modulator for precise and highly dynamic setting of the
output energy, an optional, very compact grating based pulse compressor (in the
CPA version only), an optional frequency doubling or tripling module (to 515 nm
resp. 343 nm), and a mechanical safety shutter, as well as the required sensors,
control boards, and drivers.

Figure 5.10 shows a schematic setup of such a thin-disk Regen in ring resonator
configuration. The low power fiber-based SESAM mode-locked seed oscillator
generates a p-polarized train of nJ-level pulses of either picosecond duration or, in
the CPA-based Femto Edition, femtosecond pulses stretched to picosecond duration
by a chirped fiber Bragg grating (cFBG). After fiber-based pre-amplification the
seed pulse enters the folded disk resonator through a polarizing beam splitter (PBS).
As long as a positive quarter-wave voltage is applied to the BBO Pockels cell (PC),
it adds to the quarter-wave plate (QWP) resulting half-wave retardation, i.e.
switching the polarization of the incoming pulse from p to s. The s-polarized pulse
is reflected by the PBS, travels to the disk again, is then switched back to
p-polarization in its second pass through Pockels cell and QWP, and leaves the
resonator after just two reflections off the disk. When the voltage is reversed before
the pulse’s second pass through the PC, the inverted retardation of the Pockels cell
is cancelled by the QWP, such that the pulse stays s-polarized and takes many
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Fig. 5.10 Schematic of a regenerative thin-disk laser amplifier (¢ circulator, cFBG chirped fiber
Bragg grating—for chirped pulse amplification (CPA) only, PBS polarizing beam splitter, PC
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round-trips of amplification inside the Regen. The switches can apply the control
voltage for the PC with sub-ns timing accuracy and <10 ns rise time, suitable for the
round-trip time of the Regen resonator. Further pulses from the seed laser that may
arrive during the amplification phase will only be reflected off the disk once and
leave the resonator with unchanged p-polarization immediately. After the circu-
lating s-polarized pulse has gained enough energy the Pockels cell is switched back
to positive voltage, and the pulse’s polarization is switched back to p such that the
amplified pulse leaves the resonator. Due to the low single-pass gain of the disk,
only the amplified pulse extracts significant energy from the disk, and depending on
the number of round-trips the exponential amplification reaches a total gain of up to
60 dB. The disk module, compare Fig. 5.11, had already been redesigned in the

Fig. 5.11 Optical arrangement of a TruMicro Series 5000 laser (photograph from the second
generation, 2009). The delivery patch cord of the seed laser and collimating optics are visible in
the left of the photo. Green fluorescence of the thin laser disk is visible from the middle of the
pump chamber, which is capable of supporting hundreds of watts of average laser power
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second generation of the product to be significantly more compact than that of the
kW class TruDisk lasers, while still being capable of handling many hundreds of
watts of fiber-coupled pump power.

The standard version of the TruMicro 5080 Femto Edition supports a pulse
energy of 200 pJ at a compressed pulse duration of less than 1 ps, the picosecond
version goes up to 500 pJ. In the picosecond version (without stretcher and com-
pressor) the sub-10 ps duration of the amplified pulses is close to that of the seed
pulses, with negligible gain narrowing, and, due to the large beam size on the disk
and in the Pockels cell, without any relevant self-phase modulation. In the sub-ps
version, the TruMicro 5080 Femto Edition, based on CPA the stretched and
amplified pulses are recompressed with a compact, single pass Treacy compressor
through two transmission gratings with few-cm separation, allowing well above
90 % throughput at perfect beam quality, as only a little stretching is needed to
suppress nonlinearities in the amplifier. The optical efficiency after compression and
pulse picking by the first order diffraction of the acousto-optic modulator is on the
order of 50 % with respect to launched pump power, and even higher for the
non-CPA version without the compressor.

Clean >2 nm wide spectra had been demonstrated from a standard
TruMicro 5000 Femto Edition laser head as early as 2013, with pulse compression
to 650 fs [82]. Shorter pulse durations on the order of 400 fs can be reached from
the same platform without using any stretcher after the fs seed, simply making use
of intentional—but moderate—nonlinear spectral broadening in the amplifier, to
provide the required bandwidth for shorter pulses, compare Fig. 5.12. In such a
configuration, the dispersion from several reflections of strongly chirped mirror
coatings can already be sufficient for pulse compression. Operating the amplifier at
even higher energies allows for spectral broadening to tens of nanometers, with the
temporal pulse shape becoming rather rectangular before compression [83]. In this
case the spectrum supports transform-limited pulse durations below 100 fs.
However, driving the Kerr nonlinearity too strongly ultimately could begin to affect
the excellent beam quality of the Regen, which otherwise is better than M < 1.2 for
standard configurations. As of 2015, the available standard pulse durations of the
TruMicro Series 5000 with clean pulse shapes at either 6 ps or 850 fs are therefore
mostly based on practical reasons and market demand, which in turn results from
extensive comparative studies of optimum parameters for different applications.

Approximately 250 W had been reached as early as 2012 at close to 70 % of
optical-to-optical efficiency, maintaining the amplifier foot-print with only minor
scaling of the pumped spot, resulting in a frequency converted power well
exceeding 150 W, compare Fig. 5.13, and a first prototype with 100 W of second
harmonic power was already delivered in late 2012. As discussed above, pumping
at 969 nm reduced the quantum defect by a third compared to the standard pump
wavelength of 938 nm.

At a pulse repetition rate of 100 kHz and above, the Yb** doped thin-disk gain
element operates in the so called transient regime, with energies far below gain
saturation. The residual noise on the amplifier output basically resembles the small
pulse to pulse fluctuations of the mode-locked oscillator, typically below 1 % rms.



5 Ultrafast Thin Disk Lasers 107

. Measurement (special configuration) ®lam
) AL
S Fit (ideal sech? pulse, 405 fs FWHM) at|l®
© [}
E m  Measurement (standard configuration) L]
o L]
£ Fit (ideal sech? pulse, 850 fs FWHM)

[}
c
o
= ] L]
K
o | s
T
8 Pyl
2
S a [}
©
© o L}
c a
6 4 ) |
€ s
& 8 s
< a a
E R

o
f \
m"’ \"'-un-—-
Ty A e ) o S A B M M R R
2 3 4 5 6 7

7 6 5 -4 3 2 -1 1

0
delay (ps)

Fig. 5.12 Autocorrelations of a TruMicro 5070 Femto Edition with a standard pulse duration of

850 fs compared to a special IR version producing 405 fs pulses (markers measured data, lines fit
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Fig. 5.13 Second harmonic conversion of a modified TruMicro Series 5000 laser head with scaled
pump spot but on the same footprint of the amplifier as in the serial product TruMicro 5270,

delivering 157 W of green average power at 238 W of average IR power at a repetition rate of
800 kHz (TRUMPF, 2012)
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Only at much lower amplifier repetition rates of a few tens of kHz, i.e. close to
resonant operation, energy fluctuations due to gain saturation effects arise.
Nonlinear gain dynamics can then lead to chaotic behavior, but under carefully
chosen conditions also to surprisingly stable operation at high pulse energy in a
broadly intermittent single-energy regime of deterministic chaos [84].

While in almost all practical cases, the so-called single-pulse operation of the
amplifier at up to a few MHz of repetition rate optimizes ablation efficiency [85],
so-called burst operation, with groups of two or more pulses with pulse-to-pulse
separation below tens of nanoseconds can in some cases improve surface mor-
phology by controlled heating of the workpiece [86]. Bursts of reduced energy can
also be beneficial for controlled processing of transparent media [87]. Regens do
support such burst operation in multiple ways: Firstly, like for linear amplifier
chains, it is possible to couple groups of seed pulses into the amplifier resonator, as
long as the amplifier round-trip-time is longer than the total duration of the burst
plus the switching time of the Pockels cell switches [88]. By using long resonators
such as those described in Sect. 5.2 above, even total burst durations of hundreds of
nanoseconds are possible. Secondly, it is possible to couple out portions of the
amplified pulse in consecutive round-trips by applying suitable voltages to the
intracavity Pockels cell, resulting in bursts at the repetition rate of the Regen
resonator. Using patented switching technology [89] up to three identical pulse
energies can thus be coupled out within one amplification cycle, which up to now
has proven to be sufficient in all applications.

5.5 Conclusion and Outlook

Mode-locked thin-disk lasers oscillators deliver the highest average power and
pulse energies of any mode-locked laser technology. Pulses in the regime of several
tens of wJ and pulse durations around 1 ps now compete directly with more
complex amplifier systems. Nevertheless amplified systems will remain the choice
for applications requiring more flexibility in repetition rate or higher pulse energies
in abundant industrial applications of today and tomorrow. Pulse durations of a few
ps are already sufficiently short to avoid heat conduction to surrounding material of
the work piece, and hence to avoid the heat affected zone and melt, typically
associated with nanosecond lasers. Moreover, picosecond systems are generally
simpler compared to fs systems. Thus it is fair to assume that picosecond lasers will
continue to play an important role in industrial micromachining [90], while lasers
with shorter pulses based on the same proven architecture but employing reliable,
compact CPA schemes address more special applications.

High field experiments in particular rely on high peak intensity levels leading to
a need for short pulses with high pulse energies. It is likely that the development of
mode-locked thin-disk lasers will lead to reliable light sources that deliver sub
100-fs pulses at tens of microjoule pulse energies. These lasers might also be based
on broadband materials other than Yb:YAG. But even with Yb:YAG, sub-50 fs
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pulse durations, well below the fluorescence-bandwidth-limit of the gain medium,
have been obtained in 2015, using distributed Kerr-lens mode-locking, representing
the shortest pulse duration achieved from any thin-disk oscillator and any Yb:YAG
oscillator (at 1030 nm central wavelength) [62]. Alternatively, well established
pulse shortening schemes based on nonlinear spectral broadening of Yb:
YAG-based oscillators and subsequent pulse compression have already demon-
strated durations below 10 fs [26], in this case using a hollow-core Kagomé type
gas filled optical fiber.

For ultrafast science with highest light intensities, suitable pump sources for
optical parametric amplification are required that provide significantly higher pulse
energies as well as high average powers at few ps durations. Gigawatt-class pulses
from disk amplifiers at pulse durations of less than 2 ps were first presented in 2012
[74]. Shorter pulses of about 0.2 ps have been demonstrated with disk Regens based
on ytterbium tungstates [91, 92]. Intensities as high as 15 GW have been obtained
after compression directly from a single stage regenerative CPA system [84]. In 2013,
300 W of average power was demonstrated with 30 mJ pulse energy [93]. By 2015 the
energy had been scaled to more than 220 W of average power and more than 200 mJ
after compression to a duration of <2 ps [94]. In other configurations, even kW class
average powers have been obtained from chirped pulse thin-disk Regens with suit-
able stretching to avoid excessive intracavity peak intensities [95, 96].

The highest average powers of any ultrafast system with pulse durations below
10 ps, i.e. 1.4 kW in the near IR or 820 W in the green and 234 W in the UV, have
been obtained with a multi-pass thin-disk amplifier [6, 97]. As these results were
pump-power limited, there is potential for further scaling, which may 1 day lead to
multi-kW average power ultrafast thin-disk laser systems. Pulse energies of a joule
or beyond are certainly achievable based on multi-pass thin-disk amplifiers [98].
Record average powers have been obtained at DESY, Germany, reaching multi-kW
output in burst operation [99, 100]. Such multi-pass amplifiers are basically similar
to Regens in the sense that the small signal gain of the disk is exponentially
multiplied with many reflections over the disk, but in contrast to a Regen no
switching element is needed. Moreover, in today’s multi-pass systems the power
load on opto-mechanical components remains moderate compared to
state-of-the-art TEM, CW disk oscillators that easily operate at intracavity powers
of tens of kW, leaving room for further scaling of the multi-pass average powers
[5]. Multi-pass schemes with many tens of roundtrips are conceivable, certainly
more than employed so far in [6, 97], such that a total gain of up to two orders of
magnitude and an amplified average power in the multi-kW regime should be
reachable even at seed-powers below 100 W.

As of today, ultrafast thin-disk regenerative amplifiers are the most successful
ultrafast laser systems for high average power industrial micro machining, but their
performance can be further boosted by multi-pass thin-disk amplifiers. In scientific
applications, it would be surprising if thin-disk lasers and amplifiers did not play an
important role for the generation of extreme light intensities in the coming years
[101]. As demonstrated by carrier-envelope-phase-locked sub-6 fs pulses obtained
by optical parametric amplification pumped with a thin-disk amplifier [84, 102],
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such systems certainly have the potential for laying the foundation of the third
generation fs technology [103].
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Chapter 6
High-Average Power Ultrafast Yb:
Innoslab-Amplifier

Peter Russbueldt, Torsten Mans, Dieter Hoffmann
and Stefan Schippel

Abstract The state of the art of Yb:Innoslab femtosecond amplifiers is presented.
Diode-pumped Innoslab amplifiers are designed for a good thermal management
and low nonlinearity and enable ultrafast laser systems with high average power
and almost diffraction limited beam quality. The presented compact femtosecond
oscillator-Yb:Innoslab amplifier MOPA provide nearly transform and diffraction
limited 640 fs pulses at 620 W average output power and 20 MHz repetition rate.
By cascading two amplifiers an average output power of 1.1 kW and peak power of
80 MW is achieved in a single, linearly polarized beam. The specific properties and
scaling laws of Yb:Innoslabs are discussed.

6.1 Yb:Innoslab Amplifier

6.1.1 Introduction

Today, ultrafast lasers have found widespread applications in micromachining,
metrology and physics. The generation of high harmonics from femtosecond pulses
focused in a gas provides a compact source of coherent radiation with wave length
down to a few nanometers. Pumping of optical parametric oscillators and amplifiers
permits almost any wavelength and pulse duration. Micromachining by
sub-picosecond radiation is characterized by a high precision. Heat affected zones are
minimized and processes are much more stable and reproducible for pulse durations
shorter than the electron phonon coupling time than with longer picosecond and
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nanosecond pulses [1]. Exploiting nonlinear processes, absorption becomes nearly
material independent enabling precision cutting, ablation and drilling of weakly
absorbing materials, multi-component and multi-layer systems. Femtosecond pulses
allow local in-volume modification in transparent dielectrics for the production of
waveguides, etched micro-channels or micro mechanical parts. New laser sources
will establish ultrafast laser technology as a cost- and time-effective tool in an
industrial environment.

For average powers beyond 100 W with pulse durations below 1 ps only
ytterbium-doped media are established. Besides the sufficient amplification band-
width the main reason is the availability of high power and high brightness diode
lasers for pumping in the 4, = 940-980 nm wavelength range. The quasi-three-level
energy scheme of ytterbium®* induces a high Stokes efficiency at the peak emission
wavelength around 4 ~ 1030 nm and a small quantum defect. However, it is
accompanied by a thermally populated lower state of the laser transition, that leads
to absorption of the laser radiation below a minimal pump intensity.

Ytterbium-doped laser materials require high pump intensities throughout the
crystal which in turn lead to high thermal loads. For efficient operation pump
intensities throughout the gain volume in the order of the saturation intensity of the
pump radiation I,(4,) ~¥ 5 kW cm 2 and an efficient heat removal from the gain
volume are essential. A good thermal management avoids failure by
thermo-mechanical stress and allows nearly diffraction-limited beam quality at high
average power. Today the basic designs Fiber, Thin-disk and Innoslab fulfill these
requirements. Amplifiers based on Innoslab and Fiber technology have demon-
strated nearly diffraction-limited 1.1 kW and 830 W average power, respectively,
at ~700 fs pulse duration [2, 3]. With Thin-disk ultrafast amplifiers, average
powers of 200 and 32 W have been demonstrated using a regenerative and
multi-pass setup, respectively [4, 5]. With a high-power Thin-Disk oscillator an
average power of 275 W has been achieved [6].

Within this chapter we will discuss the Innoslab approach in detail. The fiber
based amplification is discussed in Chap. 5 while the Thin-disk geometries are
evaluated in Chap. 4.

6.1.2 Setup

An Innoslab laser [7] or amplifier [8] consists of a longitudinally, partially pumped
slab crystal. Grinding of the mounting surfaces of the slab suppresses parasitic
oscillations across the line-shaped, homogeneously pumped cross section inside the
crystal. The short distance between the pumped gain volume and the large cooled
mounting surfaces, see Fig. 6.1, allows for efficient heat removal. For cw-pumping,
the thickness of the slab is in the order of d # 1 mm and the length in the order of
I ~ 10 mm. The gain volume is formed by a thin line (height 0.1-1 mm) of pump
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Fig. 6.1 Schematic setup of an Innoslab amplifier

radiation which is homogenized along the width b of the slab. This geometry is well
adapted to the beam characteristics of laser diode bars. The terms fast and slow axis
are therefore also used for the direction of the slab thickness and width,
respectively.

One-dimensional heat flow establishes a homogeneous cylindrical thermal lens
and avoids depolarization. In an amplifier a confocal arrangement of two cylindrical
mirrors folds the laser radiation several times through the gain volume [2, 8-10].
Perpendicular to the pump line the thermal lens reproduces the laser mode at every
round trip. In the plane of the pumped volume the beam is expanded by a constant
factor at each round trip, according to the magnification M of the confocal cavity
(Fig. 6.1). Innoslab lasers are designed for a moderate gain of about a factor of 2—-10
per pass. By the confocal cavity as many as 9 passes through the slab and ampli-
fication factors of 1000 are achieved. Nevertheless, Innoslab amplifiers are
single-pass amplifiers—at each passage a new section of the gain volume is satu-
rated. In Innoslab lasers the beam expansion balances the increase of power and
yields a reasonably constant intensity over the slab width. This decisively improves
the efficiency by homogeneous saturation of the gain medium and constantly keeps
the intensity below the damage threshold of the optical components. By a short
interaction length inside the laser material and by keeping the ratio of laser intensity
to saturation intensity constant the nonlinearity is minimized. The low nonlinearity
of the single-pass setup is one of the key advantages of Innoslab amplifiers.

The two pump modules enclose the cavity of the Innoslab amplifier (Fig. 6.2).
The setup is compact with a footprint of 500 x 500 mm?. Temperature stabilization
at room temperature by water cooling of the whole setup ensures stable longtime
operation.
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6.1.3 Simulations

Numerical simulations of the Yb:Innoslab amplifier were conducted based on two
different approaches. The first approach is the expansion of the electric field
according to Hermite transverse modes and the cw amplification in a quasi-three-
level system (Fig. 6.3).

In order to check the amplification behavior and beam propagation with greater
precision, the cw amplification for a quasi-three-level system was additionally
integrated into a program which permits the rigorous propagation of a complex
electric field using the Kirchhoff diffraction integral (Fig. 6.4). Also the propagation
of the pump radiation in the crystal was incorporated by ray-tracing.

The Innoslab amplifier based on Yb:YAG or Yb:KGW was examined numeri-
cally using the two approaches. Taking the rate equations into account, the
three-dimensional amplification distribution was calculated for a quasi-three-level
system in the laser crystal with specified values for geometry, pump power and seed
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Fig. 6.5 Dependence of the amplifier output power P on crystal temperature (at a doping level of
N =2 %) and doping level (at temperature 7 = 50 °C). Parameters: magnification M = 1.2; pump
height 2w, = 240 pm; pump power P, = 800 W; seed power P, = 3 W

power. The simulations allow evaluating different geometries, i.e. number of crystal
passes, magnification of the confocal cavity and seed beam parameter as well as
power of pump and seed, with respect to output power, beam quality and B-integral.

Further comparative examinations of the resonator geometries and dependences on
temperature and doping level were carried out for Yb:YAG and Yb:KGW (Fig. 6.5).

The simulation data yields key requirements for the laser setup: For the required
amplification a pump intensity of ~50 kW cm 2 must be attained in the longitu-
dinal slab. For effective heat removal the slab should have a length of ~ 10 mm and
should be pumped over the width of 10 mm at a height of 200-250 pm. To avoid
self-absorption the slab must be pumped in the entire mode volume. The high pump
intensity implies high laser intensities and therefore requires high damage thresh-
olds of all optical surfaces. The beam path must be optimized not only with regard
to high amplification but also to avoid intensity peaks.
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6.1.4 Experimental Results

The two commercially available horizontal laser diode stacks (JOLD-720-HSC-4L)
used in our setup consist of four collimated laser diode bars each. They provide up
to 660 W at A, = 940 nm. The radiation is imaged into a planar waveguide for
homogenization in slow axis (Fig. 6.6). Afterwards the exit of the waveguide is
imaged by a relay optic into the 1 x 10 x 10 mm® Yb:YAG crystal (2.5 % doping
level). In fast axis the collimated laser diode bars are imaged into the middle of the
slab, adapting beam parameters by two cylindrical lenses.

The amplifier was seeded by a Yb:KGW oscillator (HighQ Laser Innovation
GmbH) of P;=2.3 W output power at v,,, = 20 MHz. The almost transform limited
T = 289 fs pulses of AL = 4.2 nm bandwidth are centered at 4, = 1030.2 nm
(Fig. 6.7).

Only a spherical telescope and a focusing lens were used for mode matching to
the amplifier mode. No stretcher or cylindrical beam transformation were
employed. An optical isolator was inserted to protect the oscillator against feedback
by the amplifier. Up to P = 620 W of linearly polarized fs-radiation was extracted
from the amplifier (Fig. 6.8) at P, =2.3 W seed power and 2 x 200 A diode current
corresponding to P, = 1250 W pump power. An optical-optical slope efficiency
Nopr = 0.65 is reached above a threshold pump power of 300 W.

After seven passes inside the 10 mm long laser crystal the pulses of T = 636 fs
duration (FWHM, sechz-ﬁt) stay nearly transform limited (t Av = 0.365) without
compression (Fig. 6.7). At 20 MHz repetition rate and pulse energies of E = 31 pJ
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Fig. 6.8 Measured (triangles) and calculated (/ine) output power of the amplifier seeded by the
2.3 W femtosecond oscillator (left) and beam radius at P = 620 W output power (right)

corresponding to a B-integral B = 1.6 no sign of self phase modulation is visible.
Maximum peak intensity inside the amplifier is 13.5 GW cm 2. Gain narrowing
reduces the spectral bandwidth Ak; = 4.2 nm of the oscillator to AL = 1.97 nm
behind the amplifier (Fig. 6.7). After amplification a cylindrical telescope trans-
forms the radiation into a circular beam. Beam quality was measured (Spiricon
M2-200/v.4.2, 2nd momentum method) to be M2 = 1.43 and Mi = 1.35 respectively
at P = 620 W output power (Fig. 6.8). There is no sign of background radiation or
nonlinear spectral broadening. Lasing of the amplifier is completely suppressed by
the seed radiation at seed powers as low as P, =1 W.

For even higher output power two or more amplifiers can be cascaded. In the
experiment the oscillator 7-pass Innoslab MOPA setup described above is com-
bined with a single-pass booster amplifier (Fig. 6.6). Except for the cavity, booster
stage and 7-pass amplifier have the same setup. By three spherical lenses the output
of the first amplifier is imaged in fast-axis telecentrically to the second amplifier in
such a way, that an eighth pass is added to the first stage. In slow-axis the output of
the first stage defined by the geometric margins of cavity mirrors and slab crystal is
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Fig. 6.10 Spectra (left) and autocorrelation (right) fitted by sech? (line) of fs-oscillator (red) and
amplifier (blue) at P = 1.1 kW output power

matched by two cylindrical lenses to the 10 mm width of the slab crystal in the
second stage. The imaging ensures power independent mode matching of the
second amplifier stage. The high output power of the first stage allows for efficient
power extraction out of the second stage by one pass. The single pass in the second
stage only slightly increases the B-integral to B = 1.8.

Up to P = 1.1 kW of linearly polarized fs-radiation was extracted from the
amplifier (Fig. 6.9) at P, =2.3 W seed power and 2 x 200 A in the first and 2 x 190
A diode current in the second stage corresponding to P, = 1249 + 1180 W pump
power. The corresponding peak power at the repetition rate v,, = 20 MHz is
Ppax = P/(v 1)-In(1 +v2) = 80 MW. Pump power in the second stage was limited by
the wavelength shift of the laser diodes. After 7+1 passes the laser pulses of
T = 615 fs duration (FWHM, sechz—ﬁt) are nearly transform limited without com-
pression (T Av = 0.362; Fig. 6.10). At 20 MHz repetition rate and E = 55 pJ pulse
energy there is no sign of self phase modulation. Gain narrowing reduces the
spectral bandwidth AA; = 4.4 nm of the oscillator to AA = 2.02 nm after amplifi-
cation (Fig. 6.10).
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Fig. 6.11 Setup (left) and beam radius (right) of system with improved beam quality and
high-power isolator between the Yb:Innoslab amplifier stages at P = 0.95 kW output power

After amplification a cylindrical telescope transforms the radiation into an almost
circular beam. Beam quality behind transformation was measured (Spiricon
M2-200/v.4.2, 2nd momentum method) to be M2 = 1.5 and Mf = 2.7 respectively at
P =1.1 kW output power (Fig. 6.9). Beam quality was mainly limited by the quality
of the solder joint of slab crystal and heat sink. Again, there is no sign of nonlinear
spectral broadening, background radiation or lasing of the amplifier.

More recently, an improved setup was realized (Fig. 6.11). It contains an optical
isolator between the two Yb:Innoslab amplifier stages, in order to protect the seeder
from feedback. The isolator consists of a magnetic field and a TGG slab crystal with
dimensions 12 x 1.5 x 14.5 mm®. The output of the first amplifier is telecentrically
imaged into the isolator crystal. In order to image the margins determined by the
slab crystal and the second resonator mirror to the edges of the isolator crystal, a
magnification factor of 2.3 was used. This yields a complete filling of the width of
the isolator crystal and ensures that the output of the first amplifier always hits the
isolator crystal. The radiation is then imaged into the crystal of the second Innoslab
amplifier stage, adapting the size in both transverse directions by two spherical and
two cylindrical lenses. After the second stage the beam is transformed into a cir-
cular beam by a one spherical and one cylindrical lens. The slab geometry of the
isolator crystal allows for an improved thermal management compared to a rod
design (see 6.1.5), which is inevitable at high power and diffraction-limited beam
quality due to residual absorption in the TGG crystal.

The beam quality of the setup could be improved compared to the results shown
in Fig. 6.9 to M* = 1.64 x 1.14 (Fig. 6.11). The average power is P = 0.95 kW at a
repetition rate of v =20 MHz and with a seed power of P, =4.1 W and 4 x 170 A
diode current corresponding to P, = 1050 + 1040 W pump power.

For frequency doubling experiments a femtosecond MOPA with a single Yb:
Innoslab amplifier stage at a repetition rate of v,,,, = 50 MHz was used. As nonlinear
crystal lithium triborate (LBO) cut for type-I conversion and mounted in an oven
with a temperature stability of 0.02 K was used. Up to P, =377 W at 515 nm with
a beam quality of M* < 1.7 were achieved from P = 570 W of infrared radiation. For
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Table 6.1 Experimental results of the Yb:Innoslab amplifier [2, 12, 13]

CPA No Yes

Repetition rate v, 20 MHz 1 MHz/100 kHz/12.5 kHz

Average power P 620 W/1.1 kW 420 W/350 W/250 W (before compression)
Pulse energy E 31 pl/sSs pl 420 pJ/3.5 mJ/20 mJ (before compression)
Beam quality M> <1.5/<3 <14

Pulse duration 636 fs/615 fs 720 £s/720 £s/830 fs

Spectral bandwidth A1 2.0 nm 2.3 nm/2.1 nm/2.8 nm

long term stable operation the infrared power was limited to P = 470 W delivering
P, =287 W at 515 nm with a conversion efficiency of 61 %. The beam quality was
M? < 1.4. This is the highest average power at 515 nm and at diffraction-limited
beam quality demonstrated so far. The pulse duration is T = 700 fs and the band-
width Av = 0.46 nm, yielding a time-bandwidth-product T Av = 0.364 close to the
transform limit [11].

The above mentioned results were achieved without chirped-pulse amplification.
This makes the amplifier especially interesting for applications where a robust setup
and only moderate pulse energies of some 10 pJ are needed, e.g. in micro pro-
cessing. Using a chirped-pulse amplification scheme in the Innoslab amplifier
allows for higher pulse energy. Up to E =420 uJ at a repetition rate of v, = 1 MHz
and E = 3.5 mJ at a repetition rate of v,,, = 100 kHz have been achieved by seeding
the amplifier with P, =5 W of a fiber laser system, with pulse duration stretched to
2 ns [12]. A pulse energy of E = 20 mJ was achieved at a repetition rate of
Vyep = 12.5 kHz [13]. Table 6.1 summarizes the results attained with the Yb:
Innoslab amplifier.

6.1.5 Scaling

The good thermal management of Innoslab amplifiers is due to the small height 2wg
and high aspect ratio b/(2wg) of the gain volume compared to a rod (Fig. 6.12).
A reasonable measure for the thermally induced aberrations is the phase difference
A¢ between the center and the edge of the laser beam acquired at a pass through the
crystal. This phase is proportional to the crystal length / and the temperature dif-
ference ATr = P/(M)-1/(4m) or ATg = P/(M)-ws/(4Db). The phase difference is
independent of the pumped area for the rod and it scales with the aspect ratio b/
(2wg) of the pumped area for the slab. The temperature differences compare as ATs/
ATk = 1.6 - 2wg/b. The temperature difference is determined by the distance for the
heat to travel and the area for heat removal. In a rod these terms scale equally with
the pump radius, while in a slab the area for heat removal is increased and the
distance for the heat to travel simultaneously decreased by increasing the aspect
ratio of the pump area. As a consequence a high aspect ratio 2wg/b reduces ther-
mally induced aberrations in the slab geometry.
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Fig. 6.12 Heat conduction in rod and slab geometry

For the realized Yb:YAG Innoslab amplifier, thermal aberrations are reduced
compared to rod type amplifiers by about a factor of 30, allowing kW average
power at diffraction-limited beam quality. The basic amplifier module of all realized
setups consists of a 1 x 1 x 10 mm? slab crystal, pumped by up to 1250 W at
940 nm in a 0.2 x 10 mm? cross section. It enables an average power of up to
700 W and pulse energies of up to 100 pJ at 700 fs-pulses and 100 m]J for stretched
ns-pulses (Table 6.1). To scale the output power, two or three amplifiers can be
cascaded doubling or tripling the output power. Adding even more amplifier stages
is unpractical not only due to complexity, but also due to thermal aberrations
degrading the beam quality.

However, increasing the slab width b at constant pump height 2w, and pump
intensity keeps the thermal management inside the amplifier constant and increases
the output power without degrading the beam quality. An Yb:YAG Innoslab
amplifier of a slab width b = 30 mm is capable of 1.5-2 kW average power at
diffraction-limited beam quality, cascading three amplifiers enables up to 5 kW. Up
to 30 mm slab width, the technology of the existing setup can be used: slightly
modified pump modules, the resonator setup and crystal mounting technology.
Beyond a slab width of ~30 mm the size and complexity of the pumping optics
increases disproportionately, mounting and cooling of the slab crystal becomes
difficult. For even higher power thin-disk booster amplifiers may be favorable,
perhaps enabling 10 kW ultrafast lasers 1 day.

The maximum pulse energy of laser systems is limited by three constraints. First
of all, the maximum pump power and the storage time of the laser medium
determine the stored energy, a few Joules in the case of Yb:YAG Innoslabs. The
second limit is the damage threshold of the antireflection-coated gain medium in the
order of 10 J cm™ 2. The mode area limits the pulse energy to E < 40 mJ for the
realized b = 10 mm 7-pass Innoslab amplifier, to E < 100 mJ for the multi-stage
setup or E < 0.3 J for b = 30 mm. Finally, the B-integral defines the threshold of
possible damage by self-focusing and degrading beam quality by filamentation. By
beam expansion and a short interaction length inside the laser material the
B-integral of Innoslab amplifiers is minimized. In case of the realized » = 10 mm
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single-stage 7-pass Innoslab amplifier (gain 500) the B-integral for pulse energies
E =100 pJ at T =1 ps pulse duration and E = 10 mJ at t = 1 ns is below the critical
value B = 3 [2]. For a three stage setup of the same amplifier modules, the limits are
E=200puJatt=1psand E =200 mJ at Tt =1 ns.

In summary, the damage threshold of the gain medium (Sect. 6.2) finally limits
the pulse energy of Innoslab amplifiers. For a continuously pumped Yb:YAG laser
optimized for high average power and efficiency the repetition rate is limited to
Vyep > 10 kHz. This is basically given by the saturation intensity of 9.7 kW cm 2 at
room temperature and the damage threshold of Yb:YAG. For efficient operation of
a single-pass amplifier like the Innoslab the laser intensity inside the laser medium
should exceed the saturation intensity several times. Hence, fluences below 10
J cm™? to avoid optical damage require repetition rates of multi-kHz in the best case
of a constant intensity inside the gain medium. The best case is realized by beam
expansion in case of the Innoslab. At the dispense of efficiency and average power
the pulse energy can be further increased. The pump intensity has to be reduced in
order to decrease the stored energy per area and the laser medium has to be pumped
quasi-cw to maintain the thermal management. At 100 Hz repetition rate pulse
energies of ~500 mJ should be feasible.

If required, sub-picosecond pulses can be compressed to <100 fs at >100 W
average power. In nonlinear post-compression fs-pulses are spectrally broadened by
SPM in a nonlinear waveguide and their linear chirp removed by a compressor.
With the Innoslab laser system and silica fibers pulse energies up to 1.6 pJ, average
powers up to 100 W and pulse duration as short as 30 fs have been achieved at
diffraction-limited beam quality. For higher pulse energies >100 pJ a gas-filled
capillary can be used for the nonlinear medium. Optical parametric chirped pulse
amplification (OPCPA) enables even shorter sub-10 fs pulses [14].

6.2 Optics Development
6.2.1 Optics for the fs Laser System

As described in the previous chapter the damage threshold of the optical coatings is
the main limiting factor for Yb:YAG lasers and amplifiers and the Yb:Innoslab
amplifiers in particular. Figure 6.13 is a schematic diagram of the laser system,
including the required damage threshold of the components, which are exposed to
the highest power densities. These are the laser crystal, the resonator end mirrors
and the beam splitters for pump light coupling (indicated under 45° with reference
to the resonator and pump light beam path).
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Fig. 6.13 Schematic setup of the fs laser system

Homogenizer

6.2.2 Beam Splitter for Pump Light Coupling

The laser design provides for the crystal to be pumped from two directions. The
resonator itself must therefore be folded, while the folding mirrors must at the same
time be highly transmissive for the pump radiation, i.e. they have to be beam
splitters or beam combiners. In addition, the pump radiation has to be focused into
the crystal and therefore hit the beam splitter convergently with an angle range
of £15°. The layer system was therefore specified as highly reflecting (>99.9 %) at
45° and 1030 nm and highly transmitting (>90 %) at 45° £ 15° and 940 nm.

High-power-resistant pump mirrors, i.e. resonator mirrors with high transmission
for the radiation of the pump laser diode for Yb-doped laser materials are state of
the art. When the beam incidence is vertical these mirrors exhibit a very steep
transition from the range of highest transmission T(0°, 980-990 nm) > 99 % to the
range of highest reflection R(0°, 1020-1030 nm) > 99.9 %. The spectral gap
between the two ranges only amounts to 30 nm, i.e. about 3 % of the wavelengths
considered. Figure 6.14 shows the reflectivity of such coatings when used under an
angle of incidence of 45°.

It can be seen that the steepness of the curve shown above is retained both for the
s- and the p-polarization. The reflection band edges for s- and p-polarized light,
however, have a spectral gap of approx. 50 nm. This explains the identical mea-
surement for the transition width between the spectral ranges of high transmission
and high reflection for unpolarized light at an angle of incidence of 45°. From
Fig. 6.14 (right) it can be seen that the s-polarized fraction of the radiation is
reflected practically completely at angles of incidence greater than 50°. The
required high transmission of a convergent unpolarized pump beam thus cannot be
provided by such standard layer systems.
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Fig. 6.14 Reflectivity of a standard beam splitter as a function of wavelength at an angle of
incidence of 45° (left) and as a function of the angle of incidence at a wavelength of 940 nm (right)
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Fig. 6.15 Reflectivity of a newly developed beam splitter as a function of wavelength at an angle
of incidence of 45° (leff) and as a function of the angle of incidence at a wavelength of 940 nm
(right)

To solve this problem, a layer design was calculated using a different layer
material combination exhibiting a much narrower transition between the HR and
HT ranges. Figure 6.15 shows the reflectivity of this new folding mirror.

It is clear that this layer design meets the spectral requirements stated above. The
transition between the HR and HT ranges is only about 10 nm wide for unpolarized
light. Even with large angles of incidence up to 60°, the reflectivity at 940 nm is
only approx. 10 % for the s-component and about 8 % for unpolarized light. Owing
to the changed refractive index difference of the layer materials, the reflection band
is considerably narrower than with the standard beam splitter.
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The standard beam splitter consists of a layer package of approx. 60 layers. For
the special beam splitter about 100 individual layers are required. As the laser
damage threshold generally depends to a large extent on the layer materials used,
the new layer system was tested before the optics for the laser system were pro-
duced. The layer system exhibited a laser damage threshold of 1.1 Jem?® or
220 GW/cm?® at a pulse duration of 5 ps, which roughly matches the damage
threshold of the best standard optics. For the laser system being developed a sus-
tained resistance to pulse peak power densities >2 GW/cm” was required.

6.2.3 Polishing of YAG Substrates

The laser damage threshold also depends on the substrate polishing. The faces of
the slab crystals are exposed to very high energy densities and so an improvement
in the quality of the polishing, in particular the avoidance of surface defects and a
reduction in roughness, will raise the laser damage threshold. During the work
several polishing compounds and polishing agents (pitch, various foils) as well as
various polishing techniques (contact pressure, relative speed of substrates and
polishing agents) were tested. Figure 6.16 shows profilometer images of the surface
topography of polished YAG substrates which were polished using the previous
(left) and the improved (right) technology.

The YAG polishing tests produced distinct improvements in polishing quality.
The rms roughness of the polished substrates was reduced to 0.2 nm, which is
comparable with a good polished finish on quartz glass. The number of surface
defects and their size were also significantly reduced.
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! b 1
by ‘I ‘} 1
L] “ y
I‘ 1 ' i

A ' b |

¥ v 1

. x ; ! ' )
T oy ) 4

Ll d ™

-2.000 nm -2.000 nm

Fig. 6.16 Surface topography of a YAG substrate (profilometer measurement, image sec-
tion 650 x 450 um) polished with the previous technique (left, Rq = 0.49 nm) and with the
improved technique (right, Rq = 0.20 nm)
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Damage threshold measurements on uncoated YAG substrates were also con-
ducted. The damage threshold of the uncoated substrates was improved from 0.89
to 0.98 TW cm > (A = 1064 nm, T = 10 PS, Vigp = 10 KHz, Epp50 max = 200 pl).

6.2.4 Anti-reflective Coating of YAG and KGW

Anti-reflective coatings had to be developed for both YAG and KWG crystals. The
coatings were specified as anti-reflective (<0.2 %) at 0° for 940 and 1030 nm.

In order to obtain highest-possible damage thresholds, two different coating
material combinations were used on the YAG anti-reflective coating tests (Ta,Os/
SiO, and HfO,/SiO,). The coating design was not changed fundamentally (apart
from slight modifications owing to the different refractive indices). For the
anti-reflective coating of KGW two different coating designs were tested with the
coating materials Ta,O5/SiO,. Table 6.2 shows the measured damage thresholds for
uncoated crystals and the various AR coatings.

As already outlined before, the damage threshold of the uncoated YAG sub-
strates was distinctly improved by the new polishing method. On the coated YAG
substrates the new polishing method performed less well than the original tech-
nique. Close inspection of the optics showed that this was due to cleaning artefacts.
Ultrasonic cleaning of the YAG substrates, which is much more reliable than
manual cleaning, was subsequently introduced and eradicated this effect. The
problems with the cleaning also make it difficult to interpret the differences between
the HfO,/SiO, and the Ta,0s/Si0, systems. If very good substrate cleaning is
achieved, HfO,-based coating systems clearly have the potential to significantly
raise the laser damage threshold.

In the design comparison on KGW, Design 2 was found to have the distinctly
higher laser damage threshold. Despite the uncertainties mentioned, it can be stated
that the laser damage threshold of all the coating designs tested is higher than the
required values by a factor of 4—7. The KGW slab crystals for the laser demonstrator
were coated with Design 2 and the YAG crystals with the Ta,Os-based design.

Table 6.2 Laser damage thresholds of uncoated YAG and KGW crystals and various
anti-reflective coatings

Crystal Coating Polishing LIDT (TW cm %)
KGW Design 1 Crystal manufacturer 0.83 + 0.08
Design 2 Crystal manufacturer 14 +£0.13
YAG Uncoated Crystal manufacturer 0.89 + 0.04
LAYERTEC 0.98 + 0.06
Design Ta,05 Crystal manufacturer 1.12 £ 0.03
LAYERTEC 1.01 = 0.05
Design HfO, Crystal manufacturer 1.34 + 0.05
LAYERTEC 0.94 +0.10

Laser parameters: A = 1064 nm, t = 10 ps, v,,, = 10 kHz, E,,;150,max = 200 pJ
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6.2.5 Technology for the Production and Coating
of Slab Crystals

In addition to developing the coating systems for reflection suppression and met-
allization and proving their suitability in principle, a technology also had to be
developed for completely coating the slab crystals. The crystals used in the project
have dimensions of 10 x 10 x 1 mm®. Two opposing surfaces measuring
10 x 1 mm® have to be polished and anti-reflection coated for the pump and laser
radiation. The 10 x 10 mm? surfaces are metallized with gold.

The problem is that the metallization coating has to extend to the edge in order to
guarantee adequate cooling over the entire surface after soldering into the heat sink,
but there must not be any metal on the entry and exit surfaces for the laser radiation
because even the tiniest absorption losses would immediately destroy the crystal,
given the high laser power densities used here.

To achieve this reliably and reproducibly, the following technology was
deployed which suitably combines the works steps of crystal polishing and coating
and ensures metallization up to the edge without affecting the entry and exit
surfaces.

. Crystal is ground to the required dimensions
. Ultrasonic cleaning

. Metallization

. Faces polished

. Ultrasonic cleaning

. AR coating

AN AW

Polishing the faces after metallization ensures that no metal remains on the faces.
During AR coating the metallized surfaces are protected by a special fixture which
stops any dielectrics getting onto the gold layer and preventing it from being wetted
by the solder.
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Chapter 7
Few-Cycle Mid-Infrared OPCPA System

Xun Gu, Yunpei Deng, Gilad Marcus, Thomas Metzger,
Reinhard Kienberger and Ferenc Krausz

Abstract We review the principle, design and output characteristics of the MPQ/
LMU LWS-1 mid-infrared few-cycle OPCPA system. With the output of CEP-
stable 2.1-um—700-pJ 15-fs (2-optical-cycle) pulses at 1 kHz, this laser is unique in
the world, providing the shortest sub-mJ pulses in the mid-infrared. A system
upgrade with a Yb:YAG thin-disk pump laser has recently produced 1.2-mlJ
1.5-cycle pulses at 3 kHz, approaching the TW-level monocycle regime.

7.1 Introduction

Isolated attosecond pulses can now be routinely generated and utilized in a host of
interesting applications requiring atomic time resolutions, creating an entire new
field of attosecond physics [1]. Typically, such pulses are generated by high har-
monic generation (HHG) in a noble gas, driven by intense few-cycle CEP-stable
laser pulses [2, 3]. The process can be well described by the famous semiclassical
three-step model [4]. First, the intense laser field ionizes the atom by tunnel
ionization, releasing the electron into the continuum; second, the free electron
accelerates in the laser field, and is driven back to the parent ion after the laser
electric field reverses direction; finally, the electron recombines with the parent ion,
releasing the energy it has acquired during acceleration as a HHG photon. Using
this model, the cutoff energy of the HHG photon is derived to be [5]
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where I, is the ionization potential, and the ponderomotive potential U, scales with
the driver laser intensity / and the square of the laser wavelength A.

The typical driver laser for HHG and attosecond pulse generation is a Ti:sap-
phire amplifier system, generating few-cycle pulses of a few hundred microjoules at
~800 nm [2, 3]. The pulse’s carrier-envelope phase (CEP) is monitored by a
nonlinear interferometer, and is actively stabilized by controlling both the oscillator
pumping power and a mechanical element in the amplifier. As an example, the
shortest pulse ever produced was a 80-as pulse generated in such a fashion [6].
While such isolated attosecond pulses have been widely applied in many experi-
ments, their photon energies have unfortunately been limited to ~ 100 eV. This is
largely due to ionization depletion, which effectively limits the maximum laser
intensity at the focus to 10'*-10"> W/cm?.

To circumvent the intensity limitation, an alternate and more effective route to
higher photon energies is by using a longer driver laser wavelength in the infrared.
This is clearly implied by the cutoffformula above, where the ponderomotive potential
is proportional to the square of the driver laser wavelength. Using a 2.1-um driver
laser, (7.1) predicts a HHG cutoff energy of 1321 eV with 1 PW/cm? laser intensity, in
contrast to 205 eV with a 800-nm laser at the same intensity. The possibility of
generating soft X-ray photons up to keV with a tabletop system is extremely attractive
for many applications. For example, the generation of coherent water-window X-ray
radiation (280-530 eV) is highly sought after for biomedical imaging, because of the
possibility to selectively image carbon atoms without water absorption.

However, generating intense few-cycle pulses in the mid-infrared requires a
different laser technology, due to the lack of a broadband laser medium in the mid-
infrared similar to Ti:sapphire in the near infrared. Fortunately, there exists another
very good mechanism for broadband pulse amplification, namely, optical para-
metric amplification (OPA).

OPA is physically the same process as difference-frequency generation (DFG),
whereby one photon gets divided into two photons carrying the same total energy in
a second-order nonlinear optical crystal. In OPA, the initial condition is that a strong
pump beam of shorter wavelength and a weak signal beam of longer wavelength
interact in a nonlinear crystal. Through the DFG process, pump photons are con-
tinuously converted into pairs of signal photons and difference-frequency “idler”
photons. As a result, the pump energy flows into the signal beam and a new idler
beam, whereby the weak signal can be amplified by many orders of magnitudes.

OPA can be very efficient. Combined with chirped-pulse amplification (CPA), the
technology known as OPCPA [7-9] has in recent years become the most promising
technique for the amplification of high-energy ultrashort laser pulses, and is so far the
only method by which multi-mJ few-cycle pulses are generated [10—13]. Compared
with traditional laser amplification, the advantages of OPA/OPCPA include:

e Gain bandwidth: One of the most remarkable properties of parametric ampli-
fication is broad amplification bandwidth without substantial gain narrowing.
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Single-pass gain: The single-pass gain achievable in OPA is extremely high,
possible to reach even six orders of magnitude.

Thermal load: The thermal load in OPA is almost negligible. The energy con-
version from the pump into the signal and the idler is an instantaneous process.
No excess energy is produced or stored in the crystal, which is different from
laser amplification.

Efficiency: High efficiencies can be reached with OPA, up to 25 % in many cases.
Scalability to high energies: OPA can be scaled to very high pulse energies.
With a broader amplification bandwidth, hence a shorter compressed pulse
duration, the achievable pulse peak power can be much higher than in a con-
ventional CPA amplifier.

Versatility to achieve phase matching: There are several degrees of freedom that
can be exploited to achieve broadband phase matching, including crystal ori-
entation, the noncollinear angle between the pump and the signal, and the
spatio-temporal properties of the beams.

Idler wave: The idler wave can sometimes also be useful, for example, to
generate a signal in spectral regions difficult to reach with conventional tech-
niques or to use the idler wave to stabilize the CEP [14-17].

On the other hand, new challenges and disadvantages of OPA compared to the

conventional laser amplification include:

Pump-to-signal synchronization: Amplification takes place only when the pump
and the signal are both present. Therefore precise synchronization is required.
Stretching and compression: Stretching the seed pulse to a fraction of the pump pulse
duration is required for efficient energy conversion. In case of a long pump pulse,
recompression with a ratio of many orders of magnitude can be difficult to achieve.
Strict phase matching conditions: Alignment of a parametric amplifier involves
numerous factors including the geometry of interaction, pointing stability, pump
energy fluctuations, beam collimation, etc.

Background superfluorescence: The background emission in OPA has a different
mechanism compared to the amplified spontaneous emission (ASE) in a solid-
state laser amplifier. The background emission in an OPA is created by optical
parametric superfluorescence due to spontaneous decay of a pump photon into an
idler and a signal photon which is further parametrically amplified.

Demanding pump beam requirements: The pump beam must have high peak
power, a relatively short pulse duration (<~ 100 ps), a good temporal profile and
a good beam quality.

Despite the challenges, for our goal of developing an intense mid-infrared

few-cycle light source, OPCPA is clearly the only technique capable of delivering
the desired output parameters. The MPQ/LMU LWS-1 prototype system is based
on this technique, and is the subject of discussion in this chapter.
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7.2 Broadband OPA Phase-Matching Configurations

In this section, we are going to review some basic factors affecting the amplification
gain bandwidth of the OPA process, which is critical for few-cycle pulses.
Particularly, two phase-matching configurations will be covered.

We assume a type I configuration in a uniaxial birefringent crystal, in which the
pump is an e-wave, and the signal and the idler are o-waves. This is the most
common phase-matching situation for OPA applications.

The basic OPA gain formula can be derived from the coupled-wave equations
between the pump, signal and idler waves. Neglecting pump depletion, and
assuming plane waves and the slowing-varying-envelope approximation, we have

I(L) ,sinh? @
=1 L 7.2
L) = L (712)
where
I,(0
g = 4ndes (0) (7.3)
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a=/(eL)® — (4KL/2) (7.4)
and  Ak(wp, 05) = ke(wp) — ko(@s) — ko(@p — ws) (7.5)

Clearly, the spectral dependence of the gain, i.e., the gain bandwidth, is mostly
determined by the spectral dispersion of the phase mismatch factor. While the pump
frequency wy, is basically fixed, the seed frequency w; varies over a large range for
broadband pulses, and hence 4k can also vary. The maximum amplification is
achieved at signal frequency wg where Ak(wy, ws) =0, and the OPA gain will
remain high only in the region around ws where 4k stays small enough. Therefore,
for broadband amplification to occur, we need both

Ak(wp, 5) =0 (7.6)
ONk(wy, ws)

d — 22— 7.7

an o, 0 (7.7)

The first condition can be easily satisfied by choosing an appropriate crystal
angle 0, which affects the e-wave k. The satisfaction of the second condition at the
same time requires some more thinking.

In a collinear geometry, in which the signal, idler and pump beams propagate
along the same direction, (7.7) implies
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Obviously, this can be satisfied at ws = w; = w, — w;, or w, = 2w;. In this
case, the signal and the idler have the same wavelength, polarization and propa-
gation; therefore, they are in principle indistinguishable. This configuration is called
degenerate OPA, and it ensures broadband amplification.

If the desired signal center wavelength is not half of the pump wavelength,
obviously, (7.7) cannot be satisfied in a collinear geometry, and the amplification
bandwidth would be narrow. An additional degree of freedom can be introduced,
however, if we allow the pump and the signal beams to cross with a certain angle.
In this case, 4Kk is defined as the vector difference between the k-vectors of the three
waves, and is dependent on both the propagation direction of the pump beam 6 and
the signal-pump noncollinear angle a.

Differentiating 4K against g in a similar fashion will lead to

(g’;) st f) - <g’;> —0 (7.9)

Wj

where f is the angle between the idler and the pump, and can be calculated from a
using the relation k,(w;) sin o = ko (w;) sin f.

Therefore, by choosing appropriate angles 8 and a, one can also achieve a broad
OPA bandwidth. This configuration is called noncollinear OPA (NOPA), which is
widely used in the design of many OPCPA systems [10—13].

For the MPQ/LMU LWS-1 system to be discussed in this chapter [18, 19], we
have chosen to build a 1053-nm Nd:YLF pump laser [20]. Twice the pump
wavelength is 2.1 pm, which is an ideal center wavelength for our infrared OPA
system. Therefore, we have chosen to build a near-degenerate OPA system in order
to realize a broad gain bandwidth for few-cycle pulses. The design slightly deviates
from the true degenerate configuration, in that the signal and the pump are not
perfectly collinear, but cross at a very small angle. The angle difference allows us to
easily separate the signal and the pump beams after the OPA crystals, and avoid
signal-idler interference which might disturb the signal pulse profile. The deviation
from the degenerate condition is small, and the broad bandwidth is therefore not
affected.

7.3 MPQ/LMU LWS-1 System Description

The MPQ/LMU LWS-1 prototype IR OPCPA system generates CEP-stable
2.1-pym-700-pJ 15-fs pulses at 1 kHz [18, 19]. With pulses spanning only about two
optical cycles, this laser is unique in the world, providing the shortest sub-mJ pulses
in the mid-infrared. A further upgrade to the LWS-1 system is currently underway
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Fig. 7.1 Schematic of the MPQ/LMU LWS-1 mid-IR OPCPA system

with a new ps Yb:YAG thin-disk pump laser [21], promising to reach multi-mJ and
an octave bandwidth in the coming years.

The schematic of the LWS-1 prototype system is shown in Fig. 7.1. We will
discuss the design and performance of the system in detail in the following sections.

7.3.1 Infrared Seed Pulse Generation

First, we start from the generation of the broadband infrared seed pulse for our
OPCPA system, by means of intrapulse DFG (optical rectification) in a PPLN. This
design automatically ensures the CEP stability, which is preserved in the OPA
process, and is of vital importance to many applications which rely on few-cycle
pulses.

A number of options exist for the generation of mid-infrared pulses. A
straightforward way is to use a broadband oscillator based on a laser medium in this
spectral region. However so far the shortest pulse duration of laser oscillators
operating around 2 um has been limited to sub-ps [22].

Because of the lack of an appropriate ultrafast laser oscillator in the mid-infrared,
an optical parametric oscillator [23-25] has been used as an ultrashort tunable light
source. However, the bandwidth and the pulse duration are also not sufficient for
our few-cycle OPCPA system. Another approach to obtain the infrared radiation is
by optical rectification (intrapulse DFG) of a broadband optical pulse in the visible
and near-infrared region. This scheme is frequently used in ultrafast terahertz (THz)
optics and spectroscopy [26—28]. Recent advance in ultrabroadband laser oscillators
in the visible has naturally resulted in the generation of high-photon-energy THz
radiation, all the way down to the mid-infrared range. Mid-infrared pulses at 7 pm
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has been demonstrated by use of optical rectification (DFG) of sub-20-fs Ti:sap-
phire oscillator pulses [29]. Few-cycle or even mono-cycle pulses with a stable
electric field is exactly what we desire as a seed source.

Using optical rectification (intrapulse DFG), Fuji et al. have previously
demonstrated the detection and stabilization of CEP based on the interference at
1.4 um between the fundamental spectral component and the intrapulse DFG signal
[30]. This mechanism satisfies two important requirements for an OPCPA seed
source. First, with an appropriate nonlinear crystal, 2-pum radiation can be acquired
even more easily than 1.4 pum, because it requires less bandwidth from the fun-
damental radiation. Secondly, the CEP of the infrared signal generated by intrapulse
DFG is automatically stabilized, regardless of the CEP stability of the fundamental
pulse [14—17]. The mechanism can be easily understood by recognizing the fact that
all the components in the fundamental pulse carry the same CEP, and the infrared
DFG pulse has a CEP which is the difference between the long- and short-wave-
length components in the same fundamental pulse. Therefore, even though the
fundamental pulse’s CEP may be random from shot to shot, the DFG pulse’s CEP
does not change, and is only defined by the envelope of the fundamental pulse. The
stable CEP of the infrared seed pulse will in principle also be preserved in the OPA
processes, regardless of the CEP stability of the pump pulse. The CEP stability is
very important to the users of few-cycle laser pulses, when the pulses are used as a
driver for HHG or other highly nonlinear processes, where CEP plays a central role
in determining the electric field of the pulse.

The front end of our system consists of a commercial 1-mJ 25-fs 3-kHz
Femtolasers Femtopower Pro Ti:sapphire multipass amplifier system. Five percent
of the Femtopower system output is first spatially clipped by an iris, reducing the
pulse energy to 12.3 pJ, and then focused into a gas cell filled with 17-bar krypton,
where the pulse creates a single filament which broadens its spectrum by SPM to
cover a spectral range from ~ 600 to ~950 nm. The pulse energy and the iris size
are chosen such that the filament’s output spectrum is as broad and smooth as
possible without breaking into unstable multiple filaments. The white-light beam is
then reflected four times on homemade bandstop mirrors, which are designed to
remove the strong components between 750 and 850 nm from the reflected beam
and which meanwhile have flat dispersion and uniform reflectivity in the spectral
regions below 750 nm and above 850 nm (see Fig. 7.2). The pulse after the
bandstop mirrors are then temporally compressed by a set of home-made chirped
mirrors. An XFROG setup with the Ti:sapphire amplifier pulse as the reference
pulse is used to measure the dispersion of the pulse and make sure that the long- and
short-wavelength components overlap in time. The pulse is afterwards sent into a
I-mm-long 11.21-pm-period MgO-doped periodically poled LiNbOj; crystal
(PPMgLN), where the long- and short-wavelength components are mixed, gener-
ating a difference-frequency signal extending from 1.7 to 2.6 pm, This nJ-level
infrared seed is to be used as the seed for our OPCPA system.
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7.3.2 Nd:YLF Pump Laser

To achieve mJ-level infrared output pulse from the OPCPA system, one principal
challenge is to design and build a picosecond pulse pump laser capable of deliv-
ering pulse energies of tens of mJ at kHz repetition rates. Considerable research
effort has been devoted into the development of a 20-mJ 2-ps Nd:YAG thin-disk
laser, which promises to be an ideal pump laser for our next-generation OPCPA
sources. This laser has recently been placed into commission, and is at the time of
writing being used to pump the next-generation IR OPCPA system. Meanwhile, for
our prototype IR OPCPA system covered in this chapter, we have built a 49-ps
13-mJ Nd:YLF amplifier chain, consisting of a regenerative amplifier and three
linear post-amplifiers, all developed in house [20].

The regenerative amplifier is seeded by the Ti:sapphire oscillator (Femtolasers
Rainbow) contained in the Femtopower front end described in the previous section,
and is operated at 1 kHz. The oscillator spectrum is specially tuned so that its
spectrum extends just beyond ~ 1060 nm. The infrared part of the oscillator output,
measuring ~ 10 pJ within the fluorescence bandwidth, is split off by a diachronic
mirror, and sent as the seed into our Nd:YLF regen amplifier, which features a
Northrop-Grumman laser module containing a 80-mm-long 4-mm-diameter a-cut
Nd:YLF rod. This optical seeding scheme ensures that excellent synchronization is
maintained between the seed and pulse pulses of the OPA, which is of great
importance for the stability and reliability of the system [31]. The infrared pulse is
amplified up to 3.5 mJ after ~40 round trips in the cavity, at which point it is
ejected out of the cavity by Pockel cell switching. Two fused silica etalons of 0.7
and 1 mm are inserted in the regen cavity, in order to control the bandwidth and the
pulse duration, to prevent detrimental self-focusing in the laser crystal.

Three single-pass Nd:YLF amplifier modules are used to further amplify the
regen output. These amplifiers each contain a 120-mm-long a-cut Nd:YLF rod
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crystal, of diameter 4 or 5 mm, and are continuously pumped by laser diode arrays.
The c-axes of the Nd:YLF crystals are arranged such that each crystal has an
orthogonal c-axis to the one before or after, and half-waveplates are inserted
between the amplifiers to rotate the beam polarization accordingly. This design is
used specifically to compensate for the elliptical thermal lensing of the Nd:YLF
crystal. Additionally, cylindrical lenses are also inserted at appropriate locations to
maintain a good beam profile. Most importantly, delicate balance must be achieved
between thermal lensing and self-focusing in these crystals, in order to extract
maximum amplification without damaging the crystals. To this end, appropriate
lenses are placed between the stages to optimize the beam size and divergence in
these amplifiers. After the three post-amplifiers, an output energy of 13 mJ is
obtained. The pulse energy stability is measured to be 1.2 % rms. A third-order
autocorrelation measurement of the output pulse determines the intensity contrast
ratio between the peak of the amplified pulse and the ASE floor to be ~ 10°. The
FWHM pulse duration, assuming a Gaussian pulse shape, is 49 ps. This pulse is
used as the pump pulse for our OPCPA system.

7.3.3 Stretcher and Compressor Design

OPA being an instantaneous nonlinear process, energy transfer from the pump
pulse to the seed pulse can occur only when and where both pulses overlap. Since
the pump pulse is much longer than the seed pulse, in order to achieve maximum
amplification efficiency, the seed pulse must be first temporally stretched to a
significant fraction of the pulse pump duration, and after amplification recom-
pressed back to its Fourier limit as closely as possible. The design of the stretcher
and the compressor must allow, first of all, the required stretched pulse duration,
and secondly, the cancellation of not only the GDD but also the higher-order phases
in the final compressed pulse.

Traditional CPA systems typically use a positively dispersive bulk material as
the stretcher, and a prism/grating pair as the compressor. For our system, we have
chosen to do the opposite. We use positively dispersive AR-coated bulk silicon
substrates as the compressor, which has a higher transmission throughput and
requires easier alignment than a grating compressor. For the stretcher, we use a pair
of 300 line/mm gratings separated by 75 mm, and a Fastlite Dazzler specially
designed for the infrared spectral range. The use of the Dazzler, an acousto-optic
pulse shaper, allows for fine compensation of arbitrary phase profiles within its
tuning range, which is defined by the area between the group delays (GD) corre-
sponding to the o- and e-waves in the TeO, crystal of the Dazzler. The design GD
curves of the grating pair, silicon compressor, the phase to be compensated and the
Dazzler tuning range are shown in Fig. 7.3. As one can see from the figure, the
infrared seed pulse between 1.8 and 2.7 um is stretched to 26 ps after the grating



144 X. Guet al.

N
o

Grating pair
= 100 mm silicon
Dazzler target ||

@
o

N
o

Group Delay (ps)
o

o

L
)

-20 : :
1500 2000 2500 3000
Wavelength (nm)

Fig. 7.3 Calculated GD curves for the grating pair (red), silicon compressor (blue) and the target
GD to be realized by the Dazzler (black). The gray shaded area represents the tuning range of the
Dazzler, delimited by the e-wave and the o-wave GDs in the TeO, crystal

pair and the Dazzler (which is the opposite of the silicon block’s dispersion), and
the phase to be compensated by the Dazzler falls well within its tuning range. Fine
tuning of the dispersion can be achieved by measuring the phase of the compressed
pulse, and feeding back the opposite of the measured phase to the Dazzler
accordingly.

7.3.4 OPA Design

In this section, we discuss the OPA design of our system. For our system pumped
by 1037-nm pulses, degenerate OPA provides a broad bandwidth around 2.1 pm.
Experimentally, the signal and the pump beams are arranged to cross with a small
angle (~3°) in the OPA crystals, to allow for easy separation of the beams and to
avoid signal-idler interference.

Up to date, the best crystal transparent in the whole spectral range of our interest
and providing the highest second-order nonlinear coefficient is lithium niobate
(LiNbO3). Pumped at 5 GW/cm?, a 6.5-mm-thick MgO-doped LiNbO; crystal cut
at 42.9° can support a small-signal-amplification bandwidth from 1.8 to 2.5 pm,
sufficient for a sub-3-cycle pulse. Even better, periodically poled LiNbO3; (PPLN)
crystals can provide the same amplification with a shorter crystal length, and
therefore, a broader amplification bandwidth. In a PPLN crystal, the higher ds3
coefficient is used (dszz = 25 pm/V), and the effective second-order nonlinear
coefficient for OPA is deit = 2d33/m = 16 pm/V. In comparison, for a type-I bulk
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LiNbO; crystal, des = 5 pm/V, significantly smaller than the PPLN value. The
phase mismatch in a PPLN can be calculated by adding a quasi-phase-matching
(QPM) term to the usual definition

Akzkp—ks—ki—z—n (7.10)
A
where A is the poling period.

The OPA gain calculation is the same as described in (7.2).

The calculated small-signal OPA gain curves are shown in Fig. 7.4. Clearly,
PPLN supports a broader amplification bandwidth than bulk LiNbO3, and therefore
is the crystal of choice for our broadband IR OPCPA system. However, a practical
problem with PPLN is its limited available size. Therefore, for our prototype
system, we have chosen to use a 3-mm 30.2-um poling period PPLN in the first
OPA stage, where a nJ infrared seed pulse is amplified to ~3 pJ. In the second and
the third OPA stage, we use 4-mm-thick bulk LiNbOj crystals. Large-aperture high-
quality PPLN crystals are currently being developed in our collaborator Prof.
Taira’s group at the Institute for Molecular Science in Japan [32], and they will be
key components in the next-generation IR system, which will possess an even
broader bandwidth.

It should also be noted that LiTaO;5 crystals can also be periodically poled, and
provide a similar performance as PPLN. However, periodically poled LiTaOs5 is less
common, and the available size is smaller.
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7.3.5 OPCPA System Output and Parametric
Superfluorescence

Based on the design described in previous sections, a prototype infrared OPCPA
system has been built at MPQ. The infrared seed signal generated by DFG in the
PPLN is sent through a grating pair and a Dazzler, and the stretched pulse in
amplified in three OPA stages, consisting of PPLN and bulk LiNbOj crystals. The
first and the second OPA stages are pumped by 3 and 97 % of the 13-mJ 1053-nm
pulses, and the pump beam after the second OPA stage is reused for pumping the
third OPA stage. The amplified signal beam is finally sent through a 100-mm-long
silicon block for compression.

The OPA system output, including possible superfluorescence, is 6 pJ after the
first stage, 200 pJ after the second stage, and 920 pJ after the third stage. The
energy stability of the third-stage output is 9 % rms.

In general, high-gain OPA systems have an inherent problem of background
superfluorescence, and our system is no exception. Indeed, with the IR seed beam
blocked, one can measure a superfluorescence output of ~780 pJ, almost equal to
that of the full amplified signal with an unblocked seed. However, it is important to
note that, with the pump pulse energy significantly depleted in the final OPA stage,
the true superfluorescence in our system is much smaller than the superfluorescence
when the seed is blocked. That is because, when the OPA system is seeded, both the
seed pulse and the noise that initiates the superfluorescence experience the same
saturated parametric gain, whereas when the seed beam is blocked, the noise
experiences a much higher unsaturated gain. Therefore, ascertaining the true
amplified signal and the superfluorescence levels in a high-gain low-seed OPA
system is very difficult.

To resolve this important but difficult issue, we have employed a novel method
of spectral shaping of the seed pulse. In the absence of superfluorescence, any
shaping of the IR seed spectrum by the Dazzler will be directly transferred to the
amplified signal. In particular, if we annihilate a narrow region in the seed spectrum
(or create a zero-reaching spectral hole) using the Dazzler, the real amplified seed
will preserve the spectral hole with a 100 % modulation depth. (A spectral hole can
also be created by placing a narrow object on the Fourier plane within the grating
stretcher. This method produces the same result as the Dazzler pulse-shaping.)
Broadband parametric superfluorescence, on the other hand, is not shaped and its
level unchanged if the hole is narrow enough. Therefore, in the combined spectrum,
the spectral hole will be partially refilled by the superfluorescence. By measuring
the depth of the spectral hole at different wavelengths across the spectrum, we can
trace out the superfluorescence spectral distribution relative to the full OPA output
(see Fig. 7.5), and determine how much energy is in the superfluorescence and in
the amplified signal, respectively.
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Fig. 7.5 Spectra of the full third-stage OPA output (black), the OPA output with a 50-nm-wide
Dazzler-imposed spectral hole at 2150 nm (red), the superfluorescence profile traced out by hole
depths at different wavelengths (magenta), and the true amplified signal (blue, the full OPA output
minus the superfluorescence). The black square denotes the measured level of superfluorescence at
2150 nm by the spectral hole technique

Let us now have a brief discussion on the basic assumptions and limitations of
this simple superfluorescence estimation method. First of all, it’s easy to see that for
this method to work, the seed pulse should be heavily chirped in the OPA crystals,
so much so that its temporal profile faithfully reflects its spectral shape. Only then
will a sharp and narrow hole in the seed spectrum be turned into a sharp and narrow
gap in its temporal profile. Under this condition, the superfluorescence level outside
the narrow temporal gap in the seed pulse will not be affected by the shaping of the
seed pulse. In our system, the seed pulse of more than 800 nm bandwidth is
stretched to ~25 ps, comfortably satisfying this condition. Secondly, the super-
fluorescence inside the temporal gap created in the seed pulse will become stronger
at the unsaturated level, because no seed is present there to deplete the
pump. Therefore, the temporal gap, or the spectral hole, in the seed pulse should be
made narrow enough to avoid overestimation of the superfluorescence. In our
measurement, we used a 50-nm wide spectral hole, about 6 % of the total band-
width. We have also tried holes of varying widths, and confirmed that the choice of
the hole width up to 100 nm did not change of the depth of the hole in our
measurement.

We have used this simple method to measure the superfluorescence in our OPA
system output, and the result is presented in Fig. 7.4. From this measurement, it is
clear that out of the total 920 pJ third-stage OPA output, 740 pJ (80 %) belongs to
the amplified seed and the rest (20 %) belongs to the superfluorescence. In com-
parison, the superfluorescence is negligible in the first-stage OPA output, and
accounts for 2.5 % of the second-stage OPA output.
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7.3.6 Pulse Characterization

The final compressed output pulse of the OPCPA system is characterized by a third-
harmonic-generation (THG) frequency-resolved optical gating (FROG) apparatus
[33]. The third-harmonic signal is generated on an air-CaF, interface, which pos-
sesses a large bandwidth sufficient to cover the full bandwidth of the amplified IR
signal. A home-written FROG retrieval code is used to retrieve the pulse intensity
and phase from the measured THG FROG trace. Several iterations have been used
to make fine spectral phase corrections with the Dazzler using the result of the
FROG retrieval, ultimately making the compressed pulse approach the Fourier-
transform limit as closely as possible. The THG FROG measurement results of the
final compressed pulse are presented in Fig. 7.6. The temporal intensity profile of
the compressed pulse measures a FWHM of 15.2 fs, which is very close to the
Fourier limit of 14.6 fs. At 2.1 um, this pulse duration corresponds to merely 2
optical cycles. This is, to our knowledge, the shortest sub-mJ level pulse ever
generated at this wavelength.

The compression ratio of 25 ps to 15.2 fs and the amplified signal to superflu-
orescence energy ratio of 2:1 means that the intensity contrast between the
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Fig. 7.6 THG FROG measurement results of the compressed 15-fs pulse. a Measured FROG
trace, b retrieved FROG trace, ¢ temporal intensity and phase, d spectral intensity and phase. The
black and the red curves in (c) are the measured and the ideal Fourier-limit intensity profiles,
respectively
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Fig. 7.7 CEP measurement of the OPCPA output pulse. Left A single-shot f-to-3f interferogram;
right Interferograms measured in 1000 consecutive shots

compressed amplified signal pulse and the parametric superfluorescence is larger
than 107, which should be sufficient for a high-quality HHG experiment.

The CEP stability of the final output of the OPCPA system has been further
verified in an f-to-3f nonlinear interferometer measurement [19] (see Fig. 7.7). The
spectrally broadened fundamental 2.1-um light and its third harmonic are interfered
in a spectrometer in a spectral region near 700 nm, resulting in spectral fringes
whose positions indicate twice the CEP of the fundamental 2.1-um light. This
measurement experimentally confirms the preservation of the CEP stability of the
infrared laser system output, which is very important for CEP-sensitive experi-
ments. The CEP stability of the OPCPA system has also been further verified by a
range of CEP-sensitive experiments, such as HHG and molecular ionization, in
which the CEP is scanned by moving a thin substrate in the beam, and the CEP-
dependent measurement results are recorded.

7.4 Further Upgrade of the LWS-1 System

Further upscaling of the output pulse energy of the infrared OPCPA source is
limited by the fact that the Nd:YLF pump laser is already near its maximum
capability. To this end, intense research in MPQ has in the past several years been
devoted on the development of a Yb:YAG thin-disk-based laser amplifier. A
regenerative thin-disk amplifier was recently demonstrated with an output of 1.6-ps
20-m] pulses, with a repetition rate of 3 kHz, operating in a “pulse-doubling” mode
[21]. Even higher output energy (>50 mlJ) is in the plan with the addition of a Yb:
YAG thin-disk power booster. Utilizing the Yb amplifier as the pump, a new
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infrared OPCPA is to be built in the next few years, promising to deliver TW-level
near-monocycle infrared pulses.

The shorter pulse duration of the Yb amplifier brings an immediate benefit, as
the intensity damage threshold of crystals scales inversely with the square root of
the pulse duration to 10 ps, and goes up even more rapidly with few-ps pulses.
Therefore, with ps pulses, higher pump intensity can be used for the pumping of the
OPAs, which reduces the required nonlinear crystal length, and broadens the
amplification bandwidth. With the 1.6-ps pump pulses, 1-2 mm bulk LiNbO;
crystals are expected to deliver high parametric gain (up to 10* unsaturated gain in
each stage) with an amplification bandwidth approaching an octave.

With the clear benefits of shorter, more energetic pump laser pulses, new results
have recently been obtained, generating CEP-stable output pulses with a pulse
energy of 1.2 mJ and a 1.5-cycle pulse duration [34]. We are confident that further
work can deliver TW-level CEP-controlled infrared pulses, with a bandwidth
reaching and exceeding an octave, thus supporting a near-monocycle pulse. This
will be an exciting driver for keV HHG and a range of other experiments.

7.5 Summary

In this chapter, we have reviewed the principle, design and output characteristics of
the MPQ/LMU LWS-1 mid-infrared few-cycle OPCPA system. With the output of
CEP-stable 2.1-pm-700-pJ 15-fs (2-optical-cycle) pulses at 1 kHz, this laser is
unique in the world, providing the shortest sub-mJ pulses in the mid-infrared. A
system upgrade with a Yb:YAG thin-disk pump laser has recently produced 1.2-mJ
1.5-cycle pulses at 3 kHz, approaching the TW-level monocycle regime.
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Chapter 8
Micromachining

Alexander Horn, Ulrich Klug, Jan Diising, Javier Gonzalez Moreno,
Viktor Schiitz, Oliver Suttmann, Ludger Overmeyer, Andreas Lenk
and Bodo Wojakowski

Abstract Micromachining using ultra-short pulsed laser radiation can be used to
manipulate matter without interacting with the surrounding matter. This ideal
processing, called “cold ablation”, is attributed to picosecond and femtosecond laser
radiation, and nowadays there are applications in some special industrial processes.
But ultrafast laser radiation can also be used to heat matter very locally, allowing
new processing strategies for welding or annealing. Starting from typical micro-
machining conditions, the limitations and scaling up techniques for industrial ultra-
short material processing are presented. Significant examples of possible industrial
applications using ultrafast laser micromachining are presented, elucidating the
applicability of this unique radiation source.

8.1 Ultra-Short Laser Pulses and Their Way
into Industrial Applications

The first experiments on the interaction of ultra-short laser pulses with matter
revealed a new kind of laser ablation mechanism characterized by the almost
complete absence of recast and heat affected zones. “Cold ablation” immediately
sparked the idea of pushing the accuracy of laser material processing to a new
dimension. Simultaneously with the invention of the post-amplified solid state Ti:
Sapphire femtosecond laser, the new ablation mechanism quickly found its way
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into other research groups that focused on new laser machining applications. Since
then, the number of publications regarding the effect of ultra-short laser pulses on
structure resolution and the machining of delicate and heat-sensitive materials has
progressively increased [1, 3, 9]. Negative effects known from conventional laser
processing with continuous or nanosecond-pulsed lasers, such as melt spilling,
could be avoided by using ultra-short laser radiation. Material is mostly vaporized,
and is deposited only as re-solidified, removable debris. From the beginning,
microstructures generated by laser ablation using Ti:Sapphire systems have been of
superior quality, compared to longer pulsed systems, and is thus technically highly
interesting for the micro- and nanotechnology community (Fig. 8.1). However, only
a very small number of micromachining applications could successfully meet the
requirements for commercial exploitation. Particularly, the technical complexity
and the achievable system parameters, such as average power and pulse repetition
rates of the Ti:Sapphire systems in the 1-10 kHz-regime were a limiting factor for
economically interesting medium- and large-scale production. This situation dra-
matically changed in the beginning of this century, when ultra-short pulse gener-
ation and amplification concepts based on new laser media such as Nd:YVO, and
Yb:YAG emerged. Different laser concepts were applied, starting from the known
rod to the fiber, disk or slab designs. The new developments quickly provided
reliable laser sources with ultra-short pulse durations less than 10 ps at high average
power levels of up to multiple 100 W and repetition rates up to the MHz regime.
This new generation of high-repetitive, ultra-short pulsed lasers offers a good
tradeoff between process quality and process speed, that in return will provide
profitable, high-quality laser micromachining processes, including the non-aca-
demic end user market.

A new microstructuring quality resulting from laser ablation using ultra-short
pulsed laser radiation is, apart from production aspects, important for industrial
applications. These applications show a possible technological advance:

Burr-free drilling, cutting and texturing, without post-processing
Processing of heat-sensitive materials such as biopolymers (poly lactate), or
NiFe-alloys with magnetic properties
Real layer-by-layer ablation (2.5-D structures) for shaped holes and texturing
Post-processing of prefabricated microstructures, such as trimming and repairing
of sensors

e Use of sacrificial layers without bonding to the substrate

e Selective thin-film structuring for sensor applications

e Multi-photon processes like 2-photon polymerization, in-glass scribing, and in-
glass structuring

In fact, combining the processes mentioned with high-repetition, ultra-short
lasers is still a challenge for the system technology, for example high-velocity,
high-precision focused beam positioning. In order to maintain high ablation quality
with the beam sources in the range of several hundred watts, very fast scanning
techniques in the range of several 100 m/s are necessary. Already, industrial
applications demonstrate the power of ultra-short laser microstructuring.



8 Micromachining 157

1 r.u].'”

Fig. 8.1 a Laser drilled match tip, b laser structured chip breaker in polycrystalline diamond,
¢ laser patterning of metallic cylinders

Fig. 8.2 Ablation depth per 100
pulse for X20Cr13 versus
incident laser fluence for =
12-ps laser radiation. Inlet £ 801 7
SEM of ablated grooves K
within the two regimes [15] a 60 i
g
<
S
2 40 -
c
kel
<
o 20 A .
<
0

10

Fluence md/cm?

8.2 Residual Heat Due to Excessive Fluence

The characteristic ablation behavior with two ablation regimes [8] (Figs. 8.2 and
8.3) is typical for ultra-short laser processing. The ablation rate per pulse in
dependence of the logarithmic fluence features a linear dependency. In this regime,
also called the optical regime, single pulse ablation results in smooth surfaces, and
for overlapping multi-pulses a periodic to quasi-periodic topology [10]. Above a
transition fluence F,,s > Fy,, the linear dependency of the ablation rate continues,
but with an increased slope (Fig. 8.2). Single pulse ablation is accompanied by
melting, and multi-pulse ablation results in strong heating and melting of the
substrates. Therefore, this regime is called the thermal regime (Fig. 8.2 and inlets).
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The ablation depth for metals can be calculated by applying the two-temperature
diffusion model, [8] and citations therein. One dimensionally, the temperature
evolution of the electron and the lattice can be described by

o, _00@) . -
o =g NTe—T)+S (8.1)
T,
CiE =p(T. —T;) (8.2)
oT,
0(z) = _kea—z (8.3)
S =1I(t)Aoe™* (8.4)

where z is the direction perpendicular to the target surface, Q(z) the heat flux, S the
laser heating-source term, I(f) the laser intensity, A and o the surface absorptivity
and the material absorption coefficient, C, and C; the heat capacities (per unit
volume) of the electron and lattice subsystems, y the parameter characterizing the
electron—lattice coupling, and %, the electron thermal conductivity. In this simplified
model following [8], one can calculate the ablation depth per pulse ! being also
driven by the optical penetration depth A and thermal penetration depth &:

locdln % , (>0 (8.5)
1:thr
F,
Fthr

The proportional factors detected for the ablation depth per pulse (Figs. 8.2 and 8.3)
are represented by the optical or respectively thermal penetration depth. Precise
microstructuring with smooth ablation features with little melt and small heat affect
zones at fluencies below the transition fluence (inlet Fig. 8.3) are represented by an
optical absorption behavior (8.5). Above the transition threshold, microstructuring
is accompanied by re-solidified melt and large heat-affected zones.

8.3 Accumulated Heat Due to High Repetition Rates

The two-temperature model depicts ablation only in a semi-qualitative manner, and
does not consider thermo- or hydrodynamics of the solid, the melt and the plasma.
Also, a multi-dimensional approach will not sufficiently describe the observed
heating due to high-repetitive, ultra-short laser radiation. In fact, apart from the
vapor and the plasma plume interacting with the surface, excessive pulse energy not
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Fig. 8.3 Schematics on accumulated heat in percussion drilled foil material (left); description of
the threshold definition and of accumulated heat (right)

contributing to ablation is partly converted to heat. At large repetition rates, the heat
accumulates and the temperature rises within the interaction volume to values up to
melting temperatures. This effect is disadvantageous for machining heat sensitive,
microstructured materials (e.g. special alloys, ion-doped semiconductors, organics),
but can also be used as a heat source, for example to weld glass [7].

Exemplary, drilling and cutting of thin sheets of metal, nylon or silicon using
picosecond pulsed laser radiation [5] have been investigated. The thermally induced
vertical displacement has been detected while drilling thin sheets irradiated at
intensities above ablation threshold (Fig. 8.3 left).

By irradiating a metallic surface with focused Gaussian distributed laser radia-
tion at fluencies above ablation threshold, two regions are characterized, see
Fig. 8.3 right: the region within the dashed lines represents the ablated region, and
the region outside the dashed lines represents the heated region. Multi-pulse irra-
diation of the metal surface results in an accumulation of heat followed by
mechanical expansion of the material (Fig. 8.3 left). Depending on the thermo-
mechanical material properties, a linear or nonlinear displacement is observed: For
example, when irradiating thin foils of silicon with 50 pm thickness at a constant
fluence, a linear dependence of the vertical displacement on increasing repetition
rate is observed (Fig. 8.4 left), whereas steal and nylon depict a nonlinear one. Also,
exposing the investigated material to laser radiation at a constant average power,
but altering the repetition rate shows an increasing foil bending for steel foils, due to
an increasing heat accumulation, though the fluence is decreasing. Applying high-
repetitive, ultra-short laser radiation e.g. for high-density drilling thin sheets, need a
drilling strategy, like ablating with a chaotic strategy reducing the local heat load.
Or, the repetition rate must be reduced below 100 kHz, until the displacement is
smaller than the precision needed (Fig. 8.4 right).
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Fig. 8.4 a Displacement of 50 pm foil substrates versus average power. b Displacement of 10 pm
thick steel versus repetition rate at constant average power

8.4 Typical Micromachining Conditions and Methods
for Up-scaling

8.4.1 Small Aspect Ratio Processes

Microstructuring with ultra-short pulsed laser radiation can be subdivided in small
aspect ratio’ processes and high aspect ratio processes. Small aspect ratio processes
like cutting substrate with an aspect ratio 3, thin-films, or free-form texturing need
ultra-short pulsed laser radiation with low pulse energies and high repetition rates.
Cutting depends on the material properties, the thickness, and the pulse overlap
(Fig. 8.5). Thin-films can be removed with ultra-short pulsed laser radiation with
little or no pulse overlap, either by ablation (melting and vaporization), or for a
substrate transparent for the laser radiation, by chipping the metal from the backside
of the substrate, see Fig. 8.6.

An advantage of microstructuring thin-films close to the ablation threshold is
precise ablation with little plasma plumes at small electron and ion densities.
Therefore, the subsequent laser radiation does not interact significantly with the
plasma, and does not induce plasma heating of the surface. This allows an increase
of the repetition rate into the multi-100 kHz regime without altering the ablation
quality. Nevertheless, care must be taken not to alter the material, because heat
induced by the tail of Gaussian shaped radiation is localized in a thin layer.

"The aspect ratio is defined here as the ratio of the structure lateral size and the structure depth.
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Fig. 8.5 SEM images of cutting edge in silicon (a—c) and Nylon (d—f) produced with a variable
pulse overlap (a/d: 55 %, ble: 75 %, c/f: 95 %) [5]

22 um

Fig. 8.6 Chipping of thin-film molybdenum (thickness 500 nm) from a glass substrate with little
pulse overlap using laser radiation with 600 ps pulse duration [4]

8.4.2 High Aspect Ratio Processes

Contrary to small aspect ratio processing, hole drilling, excavation, or cutting on
substrate thicknesses >250 pm (aspect ratios >> 3) requires high fluencies at
moderate repetition rates (<150 kHz). The repetition rate must be decreased
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Fig. 8.7 Prism structure in tungsten: SEM (left), Laser scanning micrograph (right)

significantly to increase fluence, because plasma shielding inhibits laser ablation,
and the high energy plasma plume acts as a secondary heat source, negatively
altering ablation. Because the optical properties of the material are also altered by
ablation, the ablation rate will consequently change, requiring adaption of the
fluence during processing. Ablation of multiple layers requires a dynamic adaption
of the focal plane.

Removing large amounts of material generates a lot of debris. Depending on the
material properties and the laser parameters, the debris adheres to the material
surfaces and cannot be removed during laser processing, which further inhibits the
ablation process. High-power aspiration on the one hand, and a high-pressure
process gas stream on the other hand can avoid the re-deposition of most debris.
Complex 3-D structures, for example in tungsten, can then be generated at high
aspect ratios (Fig. 8.7), and the material can be removed layer by layer in real-time
by adapting the process parameters.

Alternatively a combined process can be developed, first ablating the material
with large fluencies to achieve rough structures. Then, high-precision laser struc-
turing at small to moderate fluencies is used to generate acceptable surface qualities
with a roughness in the range of the applied wavelength. Thus, the excessive
roughness and the heat affected layer are removed.

8.4.3 Limitations

Ultrafast laser processing can be used to very precisely ablate material. However,
materials emit surface plasmons during irradiation. The surface plasmons interact
coherently with the incoming radiation and change the absorption properties of the
surface drastically, e.g. imposing a spatial, periodically varying absorptivity which
limits the resolution of micromachining. As a consequence of the changed
absorptivity, also the ablation changes by locally generating ripples [10] (Fig. 8.8).
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Fig. 8.8 Laser-induced periodic structures (LIPS) a in an ablated crater of NiCr film, b in linear
scribes on polycrystalline diamond, ¢ on steel surface

Ripples, also called LIPS (Laser-Induced Periodic Structures) are periodic
structures with about the laser wavelength in periodicity, and with an orientation
perpendicular to the laser polarization direction. Looking closer at LIPS, two types
of ripples are observed, the HF-LIPS and the LF-LIPS [11, 16, 19]. Avoiding ripple
formation is still a topic of research. Micro structuring close to the ablation
threshold using circular polarized laser radiation might reduce ripple formation.
But, because the manipulation of the laser radiation to ideal circularity is a nearly
unreachable effort, real circular polarized radiation will even induce ripples itself.
Processing with long pulsed laser radiation in the nanosecond regime can smooth
the surface by melting the ripples, or chemical etching can be used.

Even processing metals and semiconductors at moderate to high fluencies,
2-5 Fy,, will induce quasi-periodic features, so called cones [10, 17]. The period-
icity depends not only on the radiation wavelength, but also on the processing
parameters (such as fluence, overlap, focusing diameter, repetition rate, processing
gas). Cones are applied for reflectivity reduction in electronics, especially for
semiconductor detectors and photovoltaic elements.

8.4.4 Frequency Conversion

Picosecond and femtosecond laser radiation can efficiently be frequency-converted
into lower or higher frequency harmonics of the fundamental wavelength with very
high power densities. The fundamental wavelength of the laser radiation is typically
in the near-infrared regime. Optical equipment such as dielectric mirrors or lenses,
and optoelectronic components such as optical switches, nowadays feature indus-
trial standards with high quality, and offer a nearly loss-free transmission or
deflection of radiation. Generally, converting laser radiation to higher harmonics
can better focus the radiation, e.g. the focal diameter scales with about half the
wavelength, and allows micro structuring close and even below diffraction limit.
Diffraction limited infrared ultrafast laser radiation converted by second har-
monic generation (SHG) into the visible spectrum features radiation with excellent



164 A. Horn et al.

beam quality M? ~ 1, and conversion efficiency as high as 80 %. All available
conventional optics for visible radiation can be adopted for micromachining, also
allowing the use of microscope lenses for focusing and microstructuring in the
micrometer range. Because conventional optics is designed for low intensity radi-
ation, care must be taken not to damage the optics due to overloading. Specially
designed high-power optics for ultra-short pulsed laser radiation allow micro-
structuring at high fluencies.

Microstructuring with ultraviolet laser radiation can be used to “ablate cold”
organic materials such as polymers, by photo-chemically breaking the chemical
bonds. Converted IR laser radiation into the ultraviolet regime by third harmonics
(THG) or forth harmonics generation (FHG) is applicable today, especially the
THG. But due to aging, the lifetime of the converting crystals is limited, and
continuous operation on an industrial level (24/7) is not achievable. Conversion
efficiency up to 30 % has been reported for THG. Also, the THG beam quality has
negative effects on suffers little on the crystal quality, resulting in a non-diffraction
limited radiation M? ~ 1.5. High-power optics for UV converted YAG radiation are
available today.

8.4.5 Scaling Up

Scaling up of micromachining using ultra-short laser sources is predominantly done
by increasing the repetition rate, or by applying multiple beams. However, fast
micromachining with all the features of cold ablation limits the maximum repetition
rate, since:

(a) residual heat due to incomplete transfer of absorbed pulse energy into ablation,
and
(b) temporal and spatial overlap of pulse sequences

results in accumulated and residual heat. Apart from scaling up the microstructuring
process by increasing fluence (see Sect. 8.2) and repetition rate (see Sect. 8.3) of
the laser radiation, a process can be parallelized by multiplying the number of laser
beams using conventional beam splitting optics, or diffractive optical elements
(DOE). Depending on the application, the multi-beams are either separated, and
each of the beams delivered to different machining stations, or the beams are
focused on one micromachining station (Fig. 8.9).

A single laser beam can be multiplied using DOEs, increasing the number of
beams linearly up to about 100 spots, or distributed on a matrix up to 10 % 10 beams
(Fig. 8.10). The diffraction efficiency is now about 80 % of the incoming radiation.
Zero-order diffraction is often implemented in the diffraction scheme.

Speeding-up is achieved by increasing the scanning velocity using high-speed
galvano scanners (limited to about 10 m/s at 100 mm focus length), or polygon
scanners (limited to 360 m/s at 100 mm focus length). Volumes up to 2 mm?/s are
removed using high-power, high-repetition rate ultra-short laser machining systems
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Fig. 8.9 Schematics of multi-beam processing using diffractive optical elements (DOE), scanning
technology and focusing optics
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Fig. 8.10 Multi-spot generation using DOE: 3, 7, 81 spots in a line; 5 X 5 matrix, larger diffraction
orders outside the red lines contain <5 % of the pulse energy

combining high-speed scanning for one axis, and an electro-optic deflection with
low deflection in the other axis. Also, combing a high-speed rotational stage with a
slow co-axial axis allows micromachining on the shell of cylindrical samples with
high processing velocities.

Spatially shaping the intensity distribution of the focused laser radiation reduces
the amount of wasted energy, i.e. energy not used for ablation. For example,
micromachining with diffraction-limited laser radiation suffers of the heat load
given by the tails of the Gaussian distribution and the ablation threshold (Figs. 8.3
and 8.11). Spatially shaping the laser radiation to achieve a top-hat shaped focused
radiation can be used for ablating materials with a reduced heat-affected zone
(Fig. 8.11). Exemplary, patterning of molybdenum layers using shaped laser radi-
ation reduces the heat load, and also the pulse overlap.
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8.5 Exploitation of Residual Heat

Heat accumulation during ultra-short laser micromachining can be successfully
applied in different processes: Multi-photon absorption of ultra-short laser radiation
can be used to deposit much localized. Heating and melting using high-repetitive
laser radiation with repetition rates beyond 100 kHz benefits of heat accumulation
[6, 7]. Focusing the radiation at the boundary of two compressed glass plates results
in welding glass with little mechanical stress. Moving the laser radiation relative to
the substrates generates a welding seam with lateral dimension well below 100 pm,
with excellent bonding strengths [12].

Thin-film metals and semiconductors such as ITO (Indium tin oxide) and zinc
oxide are adopted for electronics, photovoltaic, and lighting. Their optical and
electrical properties often need to be altered after deposition on the substrate. For
example, ZnO, thin-films exhibit poor optical properties and low electrical con-
ductivity after deposition. Conventional thermal treatment, so called annealing, is
achieved by furnace treatment, a slow and expensive process. Using laser radiation
optical energy can be localized within the layer, not stressing the substrate. Apart
from continuous wave laser treatment, also ultra-short high-repetition laser treat-
ment is applicable. A very precise and spatially localized heat input is used to
thermally treat thin layers, preserving thermally sensitive substrates [4].

Conventional laser microstructuring of ceramics induces microcracking because
of the excessive heat load. By using ultra-short laser radiation crack-free ablation is
possible. The re-depositions generated during multi-pass irradiations of up-scaled
ultra-short laser processes, however, firmly adhere to the inner surface of the
ablation trench which cannot be removed by compressed air or by ultrasonic
cleaning any more. In case of an electromechanic component such as a piezo stack,
where a metallic inter layer has to be recessed within the ceramic bulk material
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Fig. 8.12 Laser-structured piezo stacks emphasizing “cold” ablation: metallic recast blocks
functionality (left). Well-balanced laser processing applying residual heat results in recast-free
structures on piezo stacks (right)

(green part), the metallic re-depositions alter the electric properties of the post-
processed (debindered) ceramic (Fig. 8.12 left). In the worst case the piezo stack is
then non-functional. A novel process has been developed, applying ultra-short laser
radiation with well-balanced laser process parameters, especially pulse energy and
repetition rate. Localized heating of the immediate vicinity of the ablation trench
results in delayed flaking of the r-depositions by heat induced exudation of the
surrounding binder material of the green body. A simple ultrasonic post-treatment
completely removes the metallic debris (Fig. 8.12 right).

8.6 Scenarios for the Transfer of Ultra-fast Pulsed
Processes to Large Scale Industrial Applications

8.6.1 Electrical Deactivation of Piezo Stacks
Using Laser Ablation

Laser microstructuring of piezo stacks for automotive injection modules using ultra-
short pulsed laser radiation is investigated here. The aim was to find a way to save
costs with a new process, and at the same time to increase the performance and the
durability of the product. The piezo stacks consist of a series of piezo ceramics
layers (thickness 70 um) divided by metallic, electric conducting layers (thickness
2 um). In order to connect two piezo elements in series, the electrical conductor of
every second piezo layer has to be removed locally using laser ablation, as shown in
Fig. 8.13. Using ultra-short laser radiation, full active stacks were generated with
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Fig. 8.13 Principle of electrode deactivation (left), technological variants for the fabrication of
piezoelectric stacks with alternating electrodes (right): structuring of green part first (upper
scheme) and first sintering then structuring (lower scheme)

reduced micro-cracking. Two strategies for accomplishing electrical isolation have
been investigated (Fig. 8.13 right):

1. After sintering the green part (see Fig. 8.13), the electrical isolations of the piezo
stack electrodes is achieved by ablating gaps between two piezo cells using
“cold” ablation of the metallic layer

2. Using laser structuring, the metallic layer is removed from the green
part. Afterwards, the gap is closed with slurry, and the complete piezo stack is
sintered.

Non-thermally loaded ceramic results from using “cold” ablation with ultra-short
laser radiation at reduced repetition rates smaller than 100 kHz. However, the re-
deposited metal on the walls of the gap influences the electrical conductivity of the
filling (Fig. 8.14 left) in post-processing. The re-deposited metal could not be
removed by post-processing, such as ultrasound cleaning. Electrical isolation could
not be achieved.

A functional piezo stack could be achieved by first structuring the green part and
locally removing the metallic layer, and afterwards using ultrasound cleaning,
filling and sintering. In order to completely and easily remove the re-deposited
metals, the heat load during laser processing was balanced, resulting in a cloudy
recast with in clean structures (Fig. 8.14 right).
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Fig. 8.14 Strategies for gap generation: a “Cold” ablation of metallic layer resulting in metallic
recast on the walls. b Heat accumulated ablation removing metallic layer, and by post-processing
the re-deposited material. Right SEM of cross-section with piezo-ceramic layers, metallic layer and
fillings

(a)

8.6.2 Micromachining of Seal Faces Without Post-processing

A leakage trench on a surface of a seal face (Fig. 8.15 left) was accomplished,
ablating grooves with a width of about 40 pm and a comparable depth using ultra-
short pulsed laser radiation (Fig. 8.15 right). The processing parameters were
adapted to form grooves with negligible bulging and recast on the surface. Post-
processing of the component was not necessary, reducing production costs.

8.6.3 Efficiency Enhancement by Patterning Si-Solar Cells

The efficiency of multi-crystalline silicon (mc-Si) solar cells can be improved by
reducing the amount of reflected solar radiation. Today common techniques are

1. Iso-texture etching for mc-Si,

2. Applying antireflective coatings, and

3. Anisotropic etching for mono-crystalline silicon solar cells for pyramid
structures.
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Fig. 8.15 Laser engraved leakage trench on the sealing surface of a buffer (leff). SEM surface with
leakage trench, inlet enlargement of leakage trench (right)

A reduction of reflectivity using ultra-short laser surface treatment of different
materials, including silicon, has already been demonstrated [17].

Here, an alternative approach is shown, which is industrially applicable. High-
repetition rate ablation is achieved, by scanning meandrian trajectories with focused
laser radiation. By using high-repetition rate laser radiation from an industrial laser
in the multi-100 kHz regime, productivity, expressed in m2/scan, can increase into
the productivity range of one 5” wafer per second, at an appropriate mean laser
power. Processing is parallelized by using diffractive optical elements to generate
multiple laser spots (Sect. 8.4.5) [14].

Depending on the applied fluence, two regimes for ablation are detected
(Sect. 8.2). In the optical regime at fluencies below about 4 J/cm?, a cone-like
topology can be generated, whereas when fluencies are above 4 J/cm?, smooth
structures attributed to the thermal regime are generated [10, 13]. The surface is
modified by ablation, depending on the laser parameters in the optical regime of
silicon, by generating cones with sizes of up to 10 um with dimensions in the range
of a few um. The reflectivity is reduced absolutely to about 11 % over the spectral
distribution of solar light, in comparison to the standard iso-textured surface on mc-
Si solar cells (Fig. 8.16).

8.6.4 3-D Laser Patterning of Thin-Film Strain Sensors

Thin-film strain sensors which are directly deposited onto the surface of mechanical
components can be used for measurement of forces, pressure or strain in harsh
environments and at high temperatures [18]. Femtosecond laser patterning is used
for thin-film sensors on component surfaces. Ultra-short pulsed laser radiation
allows high selectivity and quality during ablation of the different thin-film layers
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Fig. 8.16 Multi-spot processing of silicon using ultrafast laser radiation (leff), non-processed, iso-
textured silicon surface (fop) and laser-processed surface (bottom)

Deposition of Isolation Film
e.g.: Si0,, AL,O4

Deposition of Sensing Film
e.g.: NiCr (wt-% 80/20)

Laser Thin Film Patterning

- low heat damage due to ultrashort
laser pulses

- no masks, high process flexibility

Further Process Steps
e.g.: packaging, deposition of
protection layers

WAL

Fig. 8.17 Schematic procedure for laser-processing of thin-film sensors (left); laser patterned thin-
film strain sensors processed into a v-shaped groove of an aluminum component. The top metallic
layer is selectively removed using ultra-short laser pulses (dark area, right)

(Fig. 8.17 left). This method is particularly useful for patterning strain sensors
which are sputter deposited directly onto curved surfaces.

The ablation behavior of NiCr film irradiated by femtosecond laser pulses at
non-normal angles of incidence has been modeled and experimentally verified with
linear and circular beam polarization for incidence angles up to 80° [2, 9]. The
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ablation threshold behavior can be described when including polarization and angle
dependent Fresnel reflection in the laser ablation model. The laser process was
demonstrated by patterning NiCr thin-film sensors on the non-planar surface of a
mechanical component for a machine tool (Fig. 8.17 right).

8.7 Conclusion

Micromachining using ultra-short pulsed laser ablation is nowadays part of pro-
duction chains in industry. Today, high-power laser systems in the kW-range are
available, with very high repetition rates up to the MHz range, which allow high-
quality, highly productive microstructuring of all kind of materials. Due to the
unique processes induced by ultra-short laser radiation, on one hand nearly “cold”
ablation is achievable, and on the other hand a very precise heat load is applicable
for sensitive thermal treatments of materials such as welding of glass and annealing
of thin-films.
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Chapter 9
Drilling with Ultrashort Laser Pulses
at High Repetition Rates

Felix Dreisow, Sven Doring, Antonio Ancona, Jens Konig
and Stefan Nolte

Abstract Ultrashort laser pulses offer extraordinary precision in microprocessing a
variety of materials, especially metals. Thermal and mechanical damage can be
minimized by working at fluences not too far above the ablation threshold.
However, this comes at the expense of low ablation rates and thus high processing
times. A scaling of processing speed by increasing the fluence results in degradation
in quality. Therefore, in this chapter we investigate the potential for scaling the
processing speed by increasing the pulse repetition rate to several 100 kHz up to the
MHz regime with average laser powers of up to 100 W exemplary for percussion
drilling of metals. Limiting factors like particle shielding and heat accumulation are
identified, their dependence on laser parameters as well as material properties are
discussed and options for drilling at significantly improved speeds are highlighted.

9.1 Introduction

The advent of reliable ultrashort pulse lasers at the end of the last century has
led to their widespread use in research laboratories, with various applications such
as chemistry [1], microscopy [2], high field physics [3, 4], filamentation and
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supercontinuum generation [5, 6] as well as metrology [7, 8]. A very important
application, especially from an industrial point of view, is ultrafast laser materials
processing. The use of ultrashort laser pulses promised a significant increase in
quality. With the right choice of processing parameters well-defined patterns were
ablated in metals [9] and other solid targets [10, 11]. The minimized thermal and
mechanical damage to the surrounding material led to the term “cold” ablation.
However, despite of these advantages a use in serial production in a harsh industrial
environment was not possible at that time. This was mainly due to the fact that,
although commercial amplified ultrashort pulsed laser sources became available,
their output power was limited to the Watt level and the repetition rate to the kHz
range. Therefore, production times were substantially too high.

Within the past 10 years tremendous advancements have been made in ultrashort
pulse laser development. Today, average powers around 1 kW have been demon-
strated [12—14] and >100 W are commercially available (see Chaps. 4, 5 and 6).
These systems offer high repetition rates up to the MHz range, at pulse energies
appropriate for various processing applications. However, to make full use of these
high-power, high repetition-rate laser sources for scaling the processing speed, a
detailed understanding of the processes and time-scales involved under these
conditions is required.

This chapter provides the necessary fundamentals of ultrashort pulse laser
micromachining and describes possible effects and relevant time-scales for pro-
cessing at high repetition-rates and high average powers. The first section gives an
introduction to laser materials processing, defines the required quantities and pre-
sents basic concepts of laser ablation. Subsequently, the physical background of the
ablation process is discussed as well as the light absorption by opaque materials,
energy relaxation processes and in particular the material removal itself. We focus
on the different relevant time scales that cover the range from sub-picoseconds to a
few microseconds, even for ultrashort laser pulses. The third section finally analyses
the drilling of holes in metal sheets at various repetition rates and pulse energies.
The relevant aspects are linked to the time scales of the particle removal process.

9.2 Ultrashort' Laser Ablation of Opaque Materials

The laser is an indispensable tool in metalworking and materials processing. It is
used in various fields for cutting, welding, hardening, joining, bending, drilling,
milling, surface structuring and texturing. Most of them are large-scale applications
driven by the metal and automotive industry. The use of lasers leads to benefits in
the achievable precision exceeding most mechanical manufacturing methods.
Moreover, it offers the advantage of contactless processing most common metals

In this chapter we use the term “ultrashort” for sub-picosecond and picosecond pulse durations.
With “long” we refer to pulse lengths of nanoseconds and longer.
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like aluminum, copper, tungsten, nickel, alloys like stainless steel and brass, and
even composites and ceramics.

Even though conventional laser processing methods often provide high precision
and flexibility, one typically cannot achieve the theoretical resolution limit as defined
by Abbe’s diffraction law. According to this law the laser can be focused down to
minimal dimensions in the order of the laser wavelength, i.e. from approximately ten
microns for CO, lasers to one micrometer for neodymium or ytterbium based systems
and several 100 nm for UV laser systems. However, such structural sizes typically
cannot be attained with standard laser processing methods. Instead, the structure size
is determined by the light-matter interaction process and heat diffusion into the
surrounding material. As a result, typical structural dimensions are several tens of
microns, i.e. much larger than the wavelength of the light used. One reason is the
occurrence of a molten phase during the ablation process. The residues thereof can
often be seen by the rounded shapes at the edges of the ablated structure. In addition,
sharp peaks of rapidly cooled material occur as burr. However, even larger regions
surrounding the laser ablation spot may be affected by heat diffusion. In these
so-called heat affected zones (HAZ) the material morphology and physical properties
may have changed. Also, in certain cases phase changes or coloring of the material
can occur. Particularly the latter one is a very famous effect for stainless steel, which
shows tempering colors, which decode the temperature profile [15].

Such severe thermal effects are typically occurring during laser processing using
continuous wave light or long laser pulses (~ 1 ns). For a deeper understanding let us
consider a hole drilling process in a metallic workpiece using a single laser pulse with
long pulse duration and an energy high enough for ablating a certain amount of
material. The laser beam is focused by a lens onto the sample surface with the aim of
achieving a small structure size and a high laser fluence. When the laser pulse hits the
sample, a certain fraction of the incident energy is absorbed in a shallow region. For
most metals the absorption coefficients are typically on the order of a &~ 10° cm™,
which corresponds to an optical penetration depth of 10 nm [16]. Compared to the
wavelength of the laser light, this is two orders of magnitude smaller and therefore
one can assume in good approximation that light is absorbed at the surface of the
sample, where the temperature increases rapidly. The material melts and heat begins
to dissipate into the surrounding. With continuing laser irradiation, the temperature
increases further and the surface will shortly reach the vaporization temperature
leading to ablation and the formation of a plasma. The plasma expansion and the
vaporization process create a strong recoil pressure that expels molten material. This
results in the formation of droplets and debris on the target surface. Expelled liquid
material, which resolidifies at the edges of the hole, results in the formation of burr,
which can attain heights in the order of hundred micrometers. The plasma and the
ejected particles can cause shielding and scattering of the laser beam. Consequently,
the laser power at the target and thus the ablation rate is reduced. Plasma and particle
shielding become more prominent the longer the pulses are or, as we will see later on,
when high pulse repetition rates are used.

On the other hand, the recoil pressure of the ablated material drives a shock pulse
into the target. This shock wave and the large temperature gradients impose stress,
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which in most cases causes micro-cracks ranging far into the region which is not
directly affected by the laser radiation. Heat diffusion and crack formation continue
even after the laser pulse. The thermal evolution, which typically takes place at a
timescale of several tens of nanoseconds to microseconds, mainly drives the
modification after the laser pulse. The diffusion yields a broadening of the high
temperature region and increases the heat affected zone. Therefore, stress is applied
continually to the surrounding material and drives micro-crack formation. Also after
the laser pulse the melt film at the sidewalls of the hole cools down and solidifies,
resulting in a changed material morphology compared to the bulk material.

Finally, a view on the surface of the specimen shows a rather crater like drilling,
which is surrounded by burr or molten material. Around the hole one can find a HAZ,
which can extend overall several times the hole size. Here, permanent changes of the
material can be recognized, which originate from the effects described above.
The HAZ can be distinguished clearly from the untreated material. Particularly, the
typical surface patterns resulting from a previous mechanical treatment, e.g., grinding
or polishing, fade out. Additionally, micro cracks may be visible on the surface,
which are evidence of the stress induced by the thermal load applied to the material.
Furthermore, the surface is polluted by debris of ablated particles. The debris consists
of particles in the size of a few to several tens of microns and can be clearly seen in the
regions around the hole. However, it can be removed often by chemical or
mechanical cleaning, but in certain cases an additional surface treatment is not
allowed, particularly when the surface is finished with delicate structures or coatings.

All the effects discussed above are reasons for the modifications of the sur-
rounding region of the ablated zone, which are in most cases unwanted, uncon-
trolled, and reduce precision and quality. Even more, it may not be possible at all to
process certain structures, such as thin films with thicknesses of a few micrometers,
which would melt and could be destroyed when treated with nanosecond pulses.

Ultrashort laser pulses (<10 ps) offer tremendous potential to overcome these
limitations. Figure 9.1 depicts a hole drilled with 10,000 laser pulses of 200 fs pulse
duration and a fluence of 0.5 J/cm? in a 100 um stainless steel foil [9]. The image
shows a clean shape without any burr and almost no debris and HAZ. Additionally,
it turned out that for ultrashort laser pulses the drilling quality is dependent on the
laser fluence. A processing without HAZ and melting can be only achieved with
low fluences, where the amount of ablated material per pulse corresponds to the
optical penetration depth [17-19]. While the thermal influence at slightly elevated
fluences is still negligible, melting increases dramatically for very high fluences
even for ultrashort pulses and a hole similar to that produced with much longer
pulses can form (Fig. 9.2) [20].

The ablation with ultrashort laser pulses cannot be described using a simple heat
diffusion model, like for long laser pulses, where the material is strongly heated and
consequently melted and finally vaporized. For ultrashort pulses different processes
happen on distinct timescales. The overall process begins with absorption of the
laser energy by electrons (time duration determined by the pulse length) and
continues with fast relaxation amongst them (shortly after the laser pulse, ~1 ps)
[21]. The energy is transferred to the lattice by electron-phonon coupling
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Fig. 9.1 Hole drilled in a
100 pum-thick stainless steel
foil with 10,000 pulses of
200 fs pulse duration and a
fluence of 0.5 J/em?

Fig. 9.2 Blind hole drilled in
stainless steel with 200 fs
pulses at a fluence

of 200 J/em?®. With just

100 pulses a depth of 140 um
was achieved

(10-100 ps) and a particle plasma is ignited (1-10 ns), which expands with high
velocity [17, 22]. Particles are emitted approximately up to 100 ns after the laser
pulse and the whole ablation process may last even microseconds. The following
chapter discusses details of these processes and gives an overview on the temporal
scales for ultrashort laser ablation.

9.3 Metal Ablation Processes Using Ultrashort Laser
Processes

The laser ablation of metals with ultrashort laser pulses covers a long and complex
sequence of linked physical processes, which occur on a time scale from 100 fs to a
few microseconds. The first step is the absorption of light by free electrons. As
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discussed above the absorption length is given by the optical penetration depth,
which is typically in the order of 10 nm for most metals. This absorption is of
fundamental nature and as it is no special property of ultrashort pulses we refer here
to other sources, see e.g. [23]. It is obvious that the absorption and the energy
transfer from light to material can only take place as long as the pulse is present.

The next process is a fast thermalization of the high energy electrons to the
Fermi energy level [21], which can be understood as a relaxation amongst the
electrons. Spectral measurements of the energy density of states have shown a
deviation from the Fermi-Dirac distribution for timescales shorter than 500 fs while
after that the Fermi-Dirac fit describes the spectrum very well. This means the
relaxation time is on a sub-picosecond timescale [21] and can be treated in good
approximation as instantaneous for laser ablation. Following this initial relaxation
process an energy transfer to the lattice takes place. This process can be described
using a two-temperature model [24, 25]. It introduces dissimilar temperatures for
the electrons and lattice, respectively and treats both systems independently. Due to
the electron-phonon coupling, energy is transferred from the electrons to the lattice,
finally resulting in an equilibrium state with a common temperature. The maximum
achievable lattice temperature is mainly linear proportional to the absorbed laser
fluence with material dependent proportionality factors [9].

In parallel to this thermal evolution photoelectric and thermionic emission from
the surface is responsible for plasma formation. This plasma formation and in
particular its evolution dynamics is discussed in the following.

9.3.1 Plasma Luminescence

The white light emitted from a hot particle plasma can be analyzed and studied to
obtain information about the process of its generation. The plasma light intensity
can be related to the amount of emitted particles. A spectral analysis can be per-
formed to measure the energy distribution and the temperature of the plasma. We
will use here the temporally resolved plasma luminescence to reveal the ablation
dynamics of ultrashort laser pulse ablation.

For this purpose stainless steel has been ablated with ultrashort pulses. The laser
source was a Ti:Sapphire amplifier (Spectra-Physics, Spitfire) delivering 800 nm
pulses with a duration of 200 fs, which were focused with an achromatic lens with a
focal length of 100 mm and the pulse energy was adjusted to obtain a fluence of
20 J/cm?, which is a typical value for obtaining high ablation rates and still
acceptable thermal influence. The plasma expansion dynamics is expected to occur
on a timescale of nanoseconds. Therefore, the plasma is monitored with a gated
intensified camera (ICCD; LaVision, “PicoStar TH7863”) with an exposure time of
4 ns. The plasma is imaged perpendicularly to the laser beam onto the camera.
Images were taken each 10 ns after the pulse with an uncertainty of 4 ns given by
the gating time of the CCD camera. The plasma plume is of Gaussian shape and its
intensity varies strongly in time. The plasma can be observed in a timespan until
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Fig. 9.3 Plasma luminescence for different delays after ablation of stainless steel with a 200 fs
pulse
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100 ns after the laser pulse (Fig. 9.3) [26]. Thereafter, the luminescence vanishes
completely. Within this timespan, two strongly pronounced intensity maxima can
be found at 20 and 50 ns after the laser pulse hits the surface, which indicates that
the ablation process takes place in two steps. Additionally, the plasma has a circular
shape at the beginning of the observation and at the second maximum. For all other
data points one can observe an elliptical shape with the short axis parallel to the
sample surface. This is an additional indication of the two step process, which starts
at the surface. The following expansion is faster in the vertical direction resulting in
and elliptical shape. The results are summarized in Fig. 9.4 [22]. The data points
correspond to Gaussian fits of the imaged plasmas, where the arbitrary intensity
corresponds to the maximum of the Gaussian and the width is given as twice the
standard deviation 2c. The grey and black curves in Fig. 9.4 clearly show the two
maxima at 20 and 50 ns. After the second maximum the intensity decreases rapidly,
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which can be fitted with a potential law ~ ¢~!°. This decay can be also observed in
spectroscopic experiments, where aluminum is ablated with laser pulses of 500 fs
and 5 ps under similar fluence conditions [27].

9.3.2 Transmission Imaging

Since the plasma luminescence is a consequence of the recombination process, it
cannot account for particles still present above the ablation region also responsible
for shielding of the laser light. Therefore, instead of the self-luminescence the
transmission characteristics through the plasma and particle plume have to be
observed. For this purpose a pump-probe technique was applied, where a probe
beam with an adjustable delay was aligned perpendicular to the high power beam
used for ablation (pump beam). The probe beam was a fraction separated from the
main beam, shifted in time by a mechanical delay stage, transmitted above the
target surface and imaged onto the ICCD camera. The temporal resolution is
determined by the pulse duration of the probe beam and the absolute temporal delay
has an uncertainty of 0.2 ns. To further increase the image contrast the probe beam
is frequency doubled using a second harmonic crystal. A spectral filter in front of
the camera blocks the fundamental frequency and thus scattered light from the
intense pump beam. Therefore, only the transmitted probe light is analyzed with
low noise and vanishing background. For longer delays an additional femtosecond
laser oscillator running at 76 MHz corresponding to a pulse spacing of 13 ns was
used for illumination, since the length of the mechanical delay stage limited the
maximum observable timeframe. The concept of using a second laser source for the
probe beam enabled a high temporal sampling resolution of a few nanoseconds but
allows for an observation of a long time span, i.e. several microseconds.

Figure 9.5 shows the recorded transmission images in steps of 10 ns in the
interval 4-180 ns. For achieving better image quality and increased contrast the
plasma illumination has been subtracted and background light measured without an
ablating pulse was removed. The image series clearly reveals the structure and the
speed of the ablation products. The laser parameters used here for the ablation of
stainless steel are the same as in Sect. 9.3.1. The image at 4 ns is magnified to
highlight the emerging plasma. It shows a flat and horizontally oriented ablation
front with a width corresponding to the focus diameter of the laser beam. This front
evolves to a more spherical shape. The image recorded 50 ns after the laser pulse
depicts a second ablation process. It can be seen as a dark spot in the center of the
sphere. This second component can be clearly distinguished from the surrounding.
These dissimilar components are a shock wave followed by vaporized ablated
material [23]. The shock wave expands with a high speed of 2.8 km/s in vertical
direction and slows down after 30 ns. The behavior of the vapor shows a very
similar evolution but the expansion speed is with 3 km/s even slightly higher. After
60-70 ns also this evolution slows down.
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Fig. 9.5 Transmission images of a plasma generated by ablating stainless steel with 200 fs pulses.
Images are obtained by subtracting the luminescence and a reference image without ablation pulse
[26]

The measurements of plasma luminescence and the transmission imaging show
independently that the material removal occurs in two steps. Both measurements
show that a first ablation phase takes place immediately after the irradiation. This
ablation phase is due to plasma formation by direct ionization, sublimation, pho-
toelectric and/or thermionic electron emission [22, 25, 28-30].

The second ablation phase can be seen in both experiments (Figs. 9.4 and 9.5)
either as a strong increase of the plasma luminescence intensity or a sudden for-
mation of a particle wave. This process is delayed by 30-50 ns with respect to the
incident laser pulse, which is a clear indication of involvement of thermal processes.
A comparison of the timescales with thermal ablation processes occurring during
processing with nanosecond laser pulses gives the clue that boiling and vaporization
cause the formation of the expanding vapor plume [31]. The maximum in the
luminescence can be explained due to recombination- and thermal radiation after
emission of hot and partially ionized metal vapor. The short duration and the high
temperatures indicate an ablation due to a phase explosion after heterogeneous or
homogeneous nucleation. The subsequent decrease of the luminescence means that
after the phase explosion a rapid cooling sets in. A similar explanation can be found
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by analyzing the transmission images. A fast developing process is depicted in
Fig. 9.5, where a sudden change can be noticed between 40 and 50 ns also indi-
cating the ablation via phase explosion [32, 33].

9.3.3 Quantification of the Plume Transmission

For an evaluation of the shielding of the following laser pulses by the particles
present from the ablation process a quantitative analysis of the transmission has to
be performed. For this measurement the camera used in Sect. 9.3.2 was replaced by
a photodiode to measure the transmitted light through the particle plume. A com-
parison to the transmission without the ablation laser (pump) pulse gives normal-
ized transmission data, which can be later on interpreted and evaluated together
with a numerical analysis. The measurements cover a timespan from 400 ps to 5 ps
after the ablation pulse. The experiments have been carried out on Aluminum under
similar laser conditions as the previous studies. The results are depicted in Fig. 9.6.
The transmission shows two prominent minima. The first one occurs at 4 ns after
the pump pulse, mainly due to the fact that the particles have to travel a certain
distance to block the probing beam. The transmission of the probe pulse is almost
completely blocked but recovers to approximately 80 % within a few tens of
nanoseconds. A second minimum with a transmission of 60 % appears at
approximately 200 ns and the total recovery of the transmission is obtained at 2 ps.
Even though a different material is used in these experiments a two-step process can
be clearly recognized. The first minimum can be attributed to the blocking of the
probe beam by a dense plasma created at the surface of the sample. Assuming an
expansion velocity of 2.8 um/ns, as measured in Sect. 9.3.2, the extension of the
plasma can be estimated to be 11 pm after the 4 ns measured, which corresponds to

Fig. 9.6 Temporal evolution 10
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the size of the probe beam. Additionally, due to the almost complete inhibition of
the light transmission one can assume that the electron density r, is at least as high
as the critical electron density n, > n. ~ 6.8 - 10?! cm~ for the probe wavelength
of 400 nm, and therefore absorbs and reflects the probe beam. The transmission
increases after 6 ns, corresponding to a decreasing electron density through a further
expansion of the plasma.

A careful analysis of the second transmission minimum by performing the
measurements for different wavelengths revealed that here the transmission does not
depend on the wavelength of the probe laser beam. Thus, this second transmission
minimum cannot be originating from the absorption or reflection of free electrons
and particles smaller than the wavelength. The independency on the wavelength
suggests Mie scattering from particles larger than the wavelength [34] as the main
reason for this transmission decrease, which gives rise to the assumption that the
second process is ablation of clusters and droplets of a few microns size [28]. These
comparatively large particle sizes for femtosecond laser ablation can be attributed to
the relatively high laser fluences around 20 J/cm? used for ablation.

9.3.4 Timescales

Finally we conclude this section with an overview of the relevant timescales. The
absorption of light by free electrons and/or by multi photon absorption can take
place only during irradiation. Thermalization of the electrons occurs on a fem-
tosecond time-scale, while the energy exchange with the lattice typically takes
several picoseconds. Shortly thereafter an electron-ion plasma is formed by pho-
toelectric and thermionic emission. This plasma expands with high velocities in the
range of several km/s, as obtained from plasma luminescence and transmission
imaging. As a consequence, the probe beam transmission in the experiment pre-
sented in Sec. 9.3.3 was minimal after about 4 ns. At this time the highest electron
density across the probe beam diameter was reached. In addition, a second ablation
phase occurs approximately 50 ns after the laser pulse. This second ablation phase
is due to a phase explosion after heterogeneous or homogeneous nucleation. As
such it takes a significant amount of time for the nucleation bubbles to develop and
grow, explaining the temporal delay. The particles emitted in this phase have sizes
in order of the wavelength or above, leading to Mie scattering of the probe beam.
Thus, the transmission of the probe beam is reduced again approximately 200 ns
after the laser pulse when the particles block the probe beam and full transmission is
recovered only after 2 ps. Thus, particle shielding will occur if the next laser pulse
arrives earlier than these 2 ps, which corresponds to a maximum repetition rate in
the order of 500 kHz if interaction with the emitted particles shall be avoided.
Figure 9.7 gives a simplified overview on the relevant timescales involved in
ultrashort pulse laser ablation.
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Fig. 9.7 Schematic illustration of the relevant timescales in ultrashort pulse laser ablation

9.4 High Repetition Rate Drilling

So far, laser micro processing was discussed for single pulses. Such a description is
applicable for laser systems with low repetition rates, i.e., typically in the order of
1 kHz, where one can assume vanishing influence of consecutive pulses. In this
case the cumulative action of the whole pulse series can be approximated by
summing up the individual action of the single pulses. However, this assumption
does not hold for higher repetition rates of 100 kHz or above. Laser systems with
such repetition rates and sufficient pulse energies for ablation became available
recently (see Chaps. 4, Sand 6) [12-14]. For investigating this regime, we used a
fiber laser delivering 68 W average power at almost 1 MHz repetition rate, a
maximum pulse energy of 70 uJ and a pulse duration adjustable from 800 fs to
19 ps [35]. The following sections present the results on percussion drilling and
laser trepanning.

9.4.1 Percussion Drilling

If a single pulse is not sufficient to drill through the sample, the simplest case for
hole drilling with a pulsed laser is percussion drilling, where consecutive laser
pulses are focused on the same spot and every pulse ablates a certain but thin layer
of the material. To drill through a sample of given thickness d requires NP pulses
each ablating an average ablation depth per pulse of /;:

d=NP -l

The time required to drill the hole is then given by T = NP/v, where v is the
laser repetition rate.

For the experiments we used high purity copper (99.9 %) sheets with 0.5 mm
thickness, as well as 0.5 and 1.0 mm thick stainless steel sheets (Fe/Cr18Nil0). The
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drilling time was measured with a photodiode placed perpendicular to and at the
side of the sample collecting light from both the top and bottom of the sample
simultaneously. After breakthrough of the hole, additional light is reflected to the
detector by an inclined plate below the sample yielding an increased signal. The
detection routine starts with a rising slope of the photodiode’s signal due to plasma
formation on the top of the sample. The end is determined by an additional increase
of the signal originating from the reflection from the plate below the sample.

In a first experiment comparably low laser pulse energies of 20 pJ with a
duration of 800 fs were used. To obtain similar fluence conditions as before
(~20 J/cm?) the focal length was chosen to be 11 mm. The pulse repetition rate
was varied from 50 to 975 kHz. The number of pulses to drill through the thinner
(0.5 mm) steel plate was measured to be between 50.000 and 70.000 for all rep-
etition rates below 500 kHz (see Fig. 9.8) [36]. The deviations and the larger
measurement errors below 150 kHz can be explained by partial or complete closure
of the hole due to material redeposition inside the capillary [37]. For all repetition
rates below 500 kHz the average ablation depth per pulse is practically independent
of the repetition rate, indicating that the ablation process is not depending on the
previous pulse and its residues, e.g. particle vapor or residual heat.

This behavior changes for repetition rates above 500 kHz corresponding to pulse
intervals shorter than 2 ps. Here, the number of pulses required to drill through
increases with increasing repetition rate. At 975 kHz the amount of pulses to drill
through is doubled approximately. This result is in agreement with those presented
in the previous chapter, where particle shielding takes place approximately until
2 ps. Therefore, one can assign the increasing number of pulses necessary to drill
through the sample to particle shielding. Particles and clusters can be found above
the target and they consequently hinder the subsequent pulse to reach the target.
Absorption, scattering and reflection by that particle plume reduce the laser power
at the target and hence lead to lower ablation efficiency. This result is independent
of the material thickness. The same experiments have been carried out for 1 mm
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thick stainless steel, which of course leads to an overall increase of the number of
pulses required, but the general tendency remains the same.

If higher laser pulse energies are used this behavior changes. To reveal this, three
different pulse energies (30, 50 and 70 pJ) have been used for ablation. In this case
we used a lens with a longer focal length of 25 mm for focusing in order to obtain
fluences in the same order of magnitude as before. Figure 9.9 depicts the different
results of drilling through 0.5 mm thick stainless steel plates at the three pulse
energies. The increased pulse energy leads to the occurrence of particle shielding
already at lower repetition rates. However, in the particle shielding regime the
number of pulses required for drilling through the sample does not increase
monotonously with the repetition rate. Instead, a maximum is reached at 400, 300
and 200 kHz repetition rate for pulse energies of 30, 50 and 70 uJ, respectively.

Additionally, it is important to note that the number of pulses to drill through
decreases with higher repetition rates beyond this maximum, even below the values
for low repetition rates. This can be attributed to heat accumulation of the suc-
cessive pulses. The energy of each laser pulse deposited in the material is partially
used for plasma formation, bond breaking and particle removal. However, a certain
fraction of the deposited pulse energy remains in the bulk material in the form of
heat. For a single ultrashort pulse the thermal energy deposited in the material and
therefore the temperature change is low and only marginal permanent changes
occur in the surrounding material. However, if many pulses hit the sample with a
temporal spacing shorter than the time required for the heat to diffuse out of the
focal region, the temperature gradually increases and finally can lead to melting
[38] around the focal volume. Since material removal from a sample at elevated
temperature or even from molten material requires less energy than for a sample at
room temperature, the ablation efficiency is expected to increase. This effect can be
observed in the experiments shown in Fig. 9.9. The number of pulses necessary to
drill through falls below the low repetition values at 975, 600 and 400 kHz for pulse
energies of 30, 50 and 70 pJ, respectively. This means that the effect of heat
accumulation is dependent on the pulse energy and cannot be seen for low energies
(Fig. 9.8) at the repetition rates investigated here. For higher pulse energies the
effect becomes more prominent and is observed at lower repetition rates, since more
energy of every pulse remains in the sample. The quantitative analysis of the
measured data shows that heat accumulation can enhance the ablation efficiency by
a factor of 10, if one compares the values for 50 wJ: 2.5 x 10* and 2.5 x 10* pulses
at 1 MHz and 100 kHz and for 70 pJ: 2.0 x 10* and 2.0 x 10* pulses at 700 and
100 kHz, respectively.

A simple theoretical model can approximate the effect of heat accumulation.
Therefore, let us assume a laser with a Gaussian beam distribution irradiating a
semi-infinite substrate with finite absorption A and temperature independent
material properties. If we neglect any phase changes, the temperature evolution
after the laser pulse is only determined by the heat diffusion and can be calculated
analytically. For times # much longer than the pulse duration t; one can express the
temperature change AT at the focal point as [23]:
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Fig. 9.9 Average number of pulses to drill through 0.5 mm thick stainless steel foils at various
repetition rates with 800 fs pulses and for a 30 pJ, b 50 pJ and ¢ 70 pJ pulse energy. In all graphs
experimental data are plotted in dots, while the /ines represent the estimated melting threshold due
to the heat accumulation effect

2
Lwyt

ATl = 4y/mrt(Dr)'*

(9.1)

Here, I, = A - I is the average absorbed laser-light intensity, wy is the radius of the
focal spot and x and D are the material properties thermal conductivity and heat
diffusivity.

A significant change in the energy required for ablation occurs, once the sample
is melted. It is thus important to calculate, when the melting temperature is reached.
As the temperature change in the approximation made here is independent on its
initial value it increases from pulse to pulse by the same amount. Thus, the number
of pulses NPy required to reach the melting temperature 7), is given by the ratio
of melting temperature and temperature increase AT (1/v) per pulse when the next
pulse is incident (time # = v~!; v being the repetition rate of the laser):
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TM - Troom

AT(1)v) 02)

NPygir =

where T, indicates the initial temperature of the sample (typically room
temperature).

NPy scales strongly nonlinearly with the repetition rate. In Fig. 9.9 the
according value for NPy is plotted as a function of the repetition rate. For this
calculation, we used values averaged within the corresponding temperature range
(between T,pom and Tyy) of k = 0.217 Wem™'K~! and D = 0.0475 cm?s~! [39] for
stainless steel and an absorption of A = 0.8 [22]. The theoretical curve reproduces
the tendency of the number of pulses required for ablation properly, supporting the
assumption of increased ablation efficiency due to heat accumulation and melting.

While the same trend can be observed also for higher pulse energies (Fig. 9.9b
and c), slight deviations in the absolute values can be observed. This can be
attributed to the fact that (9.1) is valid for low pulse energies only. Particularly, the
residual thermal energy inside the sample increases with higher pulse energies [40,
41], which is not included in the model. In addition, the thermal properties of the
material might change under such extreme conditions, too.

According to this discussion, the heat accumulation counterbalances particle
shielding and finally even leads to a significant reduction of the number of pulses
required to drill through the sample. This results in a significant increase in overall
drilling speed, even stronger than expected by just taking the repetition rate increase
into account. Drilling through the 0.5 mm thick stainless steel plate has been
realized within few ms at 70 pJ pulse energy and 1 MHz repetition rate and even
1 mm material can be drilled within less than 10 ms [36]. However, despite the
advantage of faster drilling the hole quality suffers in this regime. In fact, the main
advantage of ultrashort laser pulses of quasi melt-free ablation gets lost due to the
heat accumulation. As this process is incorporating melting now the holes will
exhibit large burrs and resolidified material as expected from long pulse ablation
(Fig. 9.10).

Fig. 9.10 SEM image of a
hole drilled in 0.5-mm-thick
stainless steel with 800 fs
pulses with an energy of 30 pJ
and 400 kHz repetition rate
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It has to be noted that the effect of heat accumulation is of course also strongly
dependent on the material properties; particularly, the thermal conductivity and heat
diffusivity play a major role (see 9.1). For example, these values are 20 times higher
in copper compared to stainless steel, which means that heat is transported sig-
nificantly faster. Consequently, laser percussion drilling experiments (Fig. 9.11)
show completely different results compared to stainless steel (Fig. 9.9). Here, the
average ablation rate is independent of the repetition rate. Thus, neither particle
shielding nor heat accumulation are occurring under these experimental conditions.
The SEM pictures of the drilled holes (Fig. 9.12) show for low and high repetition
rates the presence of surface ripple structures, clearly indicating that melting does
not play a major role. Simulations indicate that melting due to heat accumulation is
expected here to occur only for repetition rates of 4 MHz and above. The expla-
nation of negligible particle shielding is, however, not that obvious. One can
probably denote the high thermal conductivity to this effect as well, since it reduces
the formation of a superheated layer that originates the emission of particles due to
phase explosion caused by homogeneous nucleation for longer time scales [22].

9.4.2 Influence of the Pulse Duration

The pulse duration has a strong influence on the ablation process as discussed in
Sect. 9.1. Here, we discuss percussion drilling experiments similar to Sect. 9.4.1 for
pulse durations of 800 fs, 6 ps and 19 ps in order to evaluate the influence of the
pulse duration on particle shielding and heat accumulation. Pulses with an energy of
up to 70 pJ are focused using a lens of 25 mm focal length onto the sample surface.
The pulses originate from the same laser source and the pulse duration is adjusted
by tuning the length of the pulse compressor solely, which ensures that all other
laser parameters, particularly the beam profile and spot size, are unchanged and the
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Fig. 9.12 SEM images of holes drilled in 0.5-mm-thick copper foils with 800 fs pulses with an
energy of 50 pJ at a 50 kHz and b 975 kHz repetition rate

results are comparable. Figure 9.13 depicts the results as the number of pulses to
drill through 0.5 mm thick stainless steel versus laser repetition rate.

It is evident that the drilling efficiency is higher for shorter pulses, especially in the
range below 500 kHz. This may be explained by the fact that the shorter the pulses are
the stronger is the stress generated into the target originating the phase explosion [42—
44]. For longer pulses there might be an additional interaction and shielding by the
generated near-surface plasma [22, 45] and potentially higher thermal losses to the
surrounding. All these effects result in reduced ablation efficiency.

In the range between 200 and 400 kHz the number of pulses to drill through the
sample is increased and the ablation efficiency is reduced by particle shielding. This
particle shielding effect is shifted towards lower repetition rates not only with
increasing pulse energy as discussed in Sect. 9.4.1 but also with increasing pulse
duration. This could be explained by the ejection of a larger amount of cluster-like
particles as well as a change in the ablation process itself for longer pulse durations
[43]. As a consequence, the use of shorter pulse durations allows for higher rep-
etition rates before particle shielding reduces the efficiency.

For repetition rates higher than 400 kHz one observes the decrease of the number
of pulses to drill through with increasing repetition rate due to heat accumulation.
This effect occurs earlier for longer pulses since the fractional power responsible for
heating increases [46] and therefore heat can be accumulated more easily. As a
consequence, the maximum number of pulses to drill through is shifted towards
lower repetition rates for longer pulses. However, one can clearly see the detri-
mental effect of heat accumulation in the quality of the drilled holes. Figure 9.15
shows SEM pictures of holes fabricated at high and low repetition rates using fs and
ps pulses [47]. Drilling with 19 ps pulse duration yields holes with a promi-
nent amount of molten material inside the hole and burr at the hole edges already
for a repetition rate of 300 kHz (Fig. 9.15b). Holes drilled with 800 fs at similar
parameters are practically free from melting.

The use of copper instead of steel as an example for a metal with significantly
higher thermal conductivity and heat diffusivity shows the same general trends
irrespective of the pulse durations investigated here. For all pulse durations from
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Fig. 9.13 Number of pulses
to drill through 0.5-mm-thick
stainless steel samples as a
function of the repetition rate
for different pulse durations
and pulse energies: 30 uJ
(squares), 50 pJ (circles), and
70 W (triangles),
corresponding to fluences of
13.3, 22.1, and 30.9 J/em ™.
Pulse duration was a 800 fs,
b 6 ps and ¢ 19 ps
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Fig. 9.14 Number of pulses
to drill through 0.5-mm-thick
copper (99.9 %) samples as a
function of the repetition rate
for different pulse durations
and pulse energies: 30 uJ
(squares), 50 pJ (circles), and
70 W (triangles). Pulse
duration was a 800 fs, b 6 ps
and ¢ 19 ps
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Fig. 9.15 SEM images of holes drilled with 50 pJ in stainless steel at a 800 fs and 200 kHz,
b 19 ps and 300 kHz, and in copper at ¢ 800 fs and 975 kHz, d 19 ps and 975 kHz

800 fs to 19 ps the ablation rate is almost independent of the repetition rate in the
whole range from 200 kHz to 1 MHz (Fig. 9.14). However, the total number of
pulses to drill through the 0.5 mm thick sample, while reduced compared to
stainless steel, is significantly lower for shorter pulse durations. Moreover, a thin
melt layer is already observable inside the holes drilled with 19 ps (Fig. 9.15d),
while for 800 fs a pure ablation regime without signs of thermal effects is main-
tained (Fig. 9.15¢).

Therefore, irrespective of the material, shorter pulse durations result in higher
ablation efficiencies. If particle shielding and heat accumulation play a role, these
detrimental effects occur later for shorter pulses allowing a scaling to higher rep-
etition rates.

9.4.3 Trepanning

Obviously, heat accumulation and particle shielding are not only influenced by the
material properties and laser parameters but depend on the energy distribution over
the sample, too. In contrast to percussion drilling as discussed in Sects. 9.4.1 and
9.4.2 laser trepanning is a method, where the hole is machined using a laser beam
traveling on a circular path around the center of the hole during drilling. The laser
beam movement can be obtained, e.g., by applying a galvanometric scanning
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system or a special trepanning optics with rotating prisms. The trepanning method
has the advantage that the hole geometry and the shape is mainly determined by the
path on which the laser spot travels. Typically, the precision and quality can be
strongly enhanced, the reliability and reproducibility become higher, and the holes
have sharper and cleaner edges. Even though the processing time is longer and hole
size is larger compared to percussion drilling, this method is preferred in applica-
tions, where highest accuracy is required (see Chap. 12).

Concerning the effects of particle shielding and heat accumulation limiting the
scaling of the processing speed in percussion drilling as described above, drilling
using the trepanning technique should be much less restrictive since ablation and
laser power are distributed over a larger region. In order to prove these assumptions,
we drilled holes using the laser trepanning technique with a galvanometric scanning
system. The focusing optic used is an F-Theta lens with a focal length of 80 mm
producing a 50 um laser spot. In addition to the pulse energy and the repetition rate,
we varied several other parameters like the trepanning radius, the rotation speed and
the number of rounds.

In order to obtain melting- and burr-free structures in stainless steel we had to
keep the average power below 13 W for a pulse duration of 800 fs. Figure 9.16a
shows a laser trepanned hole realized with a repetition rate of 500 kHz, 25 pJ pulse
energy, 75 pm trepanning radius and 265 rounds/s rotating speed. For a sample with
a thickness of 0.5 mm breakthrough was achieved already after 800 ms. These
results demonstrate the potential to overcome the limiting effects of particle
shielding and heat accumulation for high precision drilling even in materials with
low thermal conductivity.

In contrast, for copper we were able to exploit the full repetition rate of the laser
system since already the percussion drilling experiments showed no influence of
particle shielding or heat accumulation in this case. Figure 9.16b shows a hole
trepanned with 800 fs pulse duration, 50 pJ pulse energy, 975 kHz repetition rate,

Fig. 9.16 SEM images of holes drilled with the trepanning technique in 0.5-mm thick a steel
samples with an energy of 25 pJ at 500 kHz, using a trepanning radius of 75 um and a rotation
speed of 265 rounds/s and b copper sheets with an energy of 50 pJ, a repetition rate of 975 kHz, a
trepanning radius of 75 um and a rotation speed of 106 rounds/s. The time to breakthrough is
800 ms for steel and 75 ms for copper, respectively
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75 pm radius and a rotation speed of 106 rounds/s. Breakthrough was obtained in
this case already after 75 ms. The microstructure inside the hole as well as the
absence of burr clearly demonstrate that thermal effects are negligible.

9.5 Conclusion

In this chapter we investigated fundamental limits for the scaling of the processing
speed for drilling with ultrashort laser pulses by increasing the repetition rate.
Therefore, we first analyzed the ablation dynamics of a single pulse. Particle
emission takes place in two consecutive phases. After an initial plasma emission a
second ablation phase occurs several 10 ns after the laser pulse. This second
ablation phase is due to a phase explosion after heterogeneous or homogeneous
nucleation. As a consequence, despite of the ultrashort laser pulse duration in the
femtosecond to low picosecond domain, ablation lasts up to a microsecond time-
scale. During that time subsequent pulses can be scattered or shielded by the
particles and clusters present above the ablation spot.

Such a particle shielding has been proven in percussion drilling experiments in
stainless steel for repetition rates of 500 kHz and below, depending on the pulse
energy and pulse duration used. It leads to an increase in the number of pulses
required to drill through the sample, since the ejected particles hinder consecutive
pulses to hit the target directly. At even higher repetition rates the energy remaining
in the sample leads to heat accumulation and finally local melting. Although this
counterbalances particle shielding and increases the ablation efficiency and rate, the
hole quality is significantly reduced and the advantages of precise processing by
ultrashort pulses are lost.

Drilling of copper, however, did not show effects of particle shielding or heat
accumulation even for repetition rates of up to 1 MHz for the pulse parameters
investigated (800 fs to 19 ps, up to 68 W average power). Probably the higher
thermal conductivity both reduces the superheated layer from which particle ejec-
tion is originated and prevents heat accumulation. Here, the full potential of the
laser could be exploited. Consequently, it was possible to drill a hole in 1 mm thick
copper in less than 1 ms without significant melting.

Higher quality could be obtained by using the laser trepanning technique. This
even relaxed the limiting effects for drilling stainless steel, since the ablation and
laser power is distributed over a larger area.

In all investigations, sub-picosecond pulses showed higher ablation efficiency
compared to picosecond pulses. In addition, the onsets of particle shielding and heat
accumulation are shifted to higher repetition rates. This means that the use of
femtosecond laser pulses increases not only the ablation effectiveness but also
higher repetition rates can be exploited to scale the processing speed even further.
Nevertheless, still the application has to determine which pulse duration yields
optimum results, not only with respect to quality and processing speed but also in
terms of costs.
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Chapter 10

Processing Techniques and System
Technology for Precise and Productive
Microdrilling in Metals

Martin Kraus, Dmitrij Walter, Andreas Michalowski and Jens Konig

Abstract The fabrication of microstructures in metals employing ultrashort laser
pulses has been under study since the middle of the 1990s. Over many years,
extraordinary precision and machining quality have been demonstrated in surface
patterning, cutting and drilling applications. However, apart from some exceptions,
micromachining applications with ultrashort laser pulses could not be used in
industrial production because of insufficient throughput until the late 2000s. This
was the case particularly for microdrilling applications, where processing times
easily reached several minutes per hole. This situation has changed fundamentally
in recent years. In 2008, industry standard picosecond laser sources with average
powers of 50 W combined with repetition rates up to 1000 kHz have been launched
onto the market. In the present chapter, it is shown that these newly available laser
specifications can be utilized for efficient and high-quality drilling techniques, the
basic principles of which will be explained in combination with the necessary
engineering expertise. A beam steering system for helical drilling with rotating
beam profile will be presented. Finally, various diagnostic methods will be dis-
cussed with regard to visualization and fundamental understanding of ablation
processes, but also as a basis for process monitoring and control.

10.1 Introduction

The fabrication of high-precision microholes in metals is required in various
industrial applications. Increasingly small orifices with high aspect ratios and
extraordinarily restrictive tolerances are used particularly in the fields of injection,
dosing, optical, medical and sensing technologies [1-6]. In these applications, the
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borehole diameter typically ranges from 50 to 100 um. The material thickness
usually lies between 0.5 and 1 mm, yielding aspect ratios between 5:1 and 20:1.
Depending on the ratio between the inlet and the outlet diameter, the geometrical
shape of the capillary can be either cylindrical or conical. In many applications, the
laser drilled holes are used as spray holes which are designed to create specific flow
patterns of fluid media. Consequently, the inlet and outlet orifices are generally
expected to have a high contour accuracy and sharp edges. In order to avoid post
processing, the holes have to be free of burr and recast. Besides borehole geometry
and machining quality, processing time is an important factor. To ensure that the
laser drilling process meets the cycle time requirements of mass production, the
processing time for the fabrication of a high-precision hole in a 1 mm steel sheet
should not exceed 15 s. Finally, it should be noted that the drilling process must
have a high reproducibility, as well as a high reliability.

It has been shown in a variety of publications that microholes complying with
the criteria set out above can be manufactured making use of ultrashort laser pulses.
This is possible due to a combination of short interaction times with high power
densities, leading to material ablation via immediate evaporation and reducing melt
generation to a negligible extent [1, 5]. It must be emphasized, however, that until
the middle of the 2000s, the majority of the published results were obtained on the
basis of laser sources operating at average powers less than 5 W and repetition rates
between 1 and 10 kHz. These parameters lead only to a relatively low level of laser-
plasma interaction and a minor thermal load of the workpiece, finally resulting in
extraordinary machining quality, but also in insufficient process efficiency and
excessively long processing times [5, 6].

As already mentioned in the abstract, powerful picosecond laser sources have
been made available by several laser manufacturers in 2008 [7, 8]. This new
generation of ultrashort pulsed lasers has found broad use in surface processing and
cutting applications because in many cases, the available laser power can be con-
verted into productivity by simply increasing the feed rate. In high-aspect-ratio
microdrilling however, the use of high pulse energies and high repetition rates
causes a strong ionization of the ambient gas, the formation of melt due to heat
accumulation and, consequently, a deterioration of the borehole quality.

This chapter describes how to make use of the available laser power in order to
raise process efficiency without quality loss. It focuses on processing techniques,
system technology and monitoring concepts for the efficient production of high-
precision boreholes in metals or metal alloys with picosecond laser pulses.

10.2 System Engineering for Helical Drilling

A principal condition for the production of high-precision microholes with well-
defined geometry is a specialized optical system creating a beam rotation on the
workpiece [5, 6]. In order to achieve high aspect-ratios (>5:1), cylindrical or even
negatively conical borehole shapes or small diameters (<50 pum), helical laser
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drilling should be performed using purpose-built drilling optics which permit an
independent and precise adjustment of path diameter and beam inclination angle,
the latter being an essential requirement for the fabrication of microholes with
defined tapering.

Optical systems for helical drilling usually generate a rotation of a laser beam
which is incident on an aberration corrected focusing objective. In order to control
the beam inclination angle and the path diameter on the workpiece, the laser beam is
rotated on the focusing objective with a defined lateral offset and a defined angle of
incidence. Consider a collimated laser beam entering a focusing objective at a dis-
tance r from and an angle « to the optical axis and being focused at a focal distance f".
It can easily be seen from ray optics that in the focal plane, the distance of the beam
from the optical axis is given by f"a, whereas its angle to the optical axis becomes
a — r/f. In most cases one can assume that o < r/f’, so that the beam inclination
angle can be approximated by #/f". Hence, the diameter of the circular beam path on
the workpiece surface and the beam inclination angle relative to the surface normal
can be adjusted independently by controlling » and a on the focusing objective.

In order to meet these requirements several optical concepts have been devel-
oped in the past. Most of these concepts are based on rotating wedges [5]. Other
systems are based on a rotating Dove prism [9, 10], tilted or shifted lenses [11] or
galvanometer scanners. The concept described in this section is based on a rotating
telescope comprising two cylindrical lenses [12]. As shown in Fig. 10.1, the col-
limated laser beam eccentrically hits the first cylindrical lens (ZL) at a given dis-
tance from and angle to the optical axis, and is then focused at the centre of the
telescope. The second cylindrical lens collimates the beam. After free space
propagation along a distance L, the beam is focused on the workpiece by an
aberration corrected objective (SL). The cylindrical lenses rotate around their
optical axes, causing also the transmitted laser beam to rotate.

A major advantage of the cylindrical lens concept compared to the wedge-based
concept is the simultaneous rotation of both spot position and beam intensity
profile. This enables the fabrication of holes with excellent roundness even if the
beam profile is not perfectly symmetric. In addition, the optical setup can be
designed in such a way that the rotating components, i.e. the cylindrical lens
telescope, are mechanically separated from the optics used for setting the desired

rotating

2f

Fig. 10.1 Scheme of a rotating telescope drilling optics
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Fig. 10.2 Left Prototype of the helical drilling optics based on rotating cylindrical lenses. The two
mirrors which provide the adjustment of the path diameter and the inclination angle are located at
the front right-hand corner of the base plate and just beside the blue housing of the hollow shaft
motor which rotates the telescope. The focusing objective is not shown. Right Industrial
implementation of the prototype shown on the left [13]

path diameter and the beam inclination angle. This allows for smooth, precise and
high-speed beam rotation. A prototype realization of this concept is shown in
Fig. 10.2 (left image).

Based on the depicted prototype, a technically mature helical drilling system
including a rotating cylindrical lens telescope has been developed. The GL.trepan
(see right image in Fig. 10.2) allows to rotate the beam with frequencies as high as
30.000 rpm. Unlike most other helical drilling systems, the GL.trepan can be
inserted into the beam path of a micromachining station at any position between the
laser source and the focusing optics. Due to the adjustable beam inclination angle,
the hole conicity can be varied continuously from positive to negative tapers. In
combination with a superimposed lateral movement of the laser spot, the presented
system enables precise cutting with right-angle cutting edges. Figure 10.3 shows the
inlet and the outlet of a high-quality microhole drilled in a 300 um steel sheet using
the GL.trepan.

10.3 Generation and Effects of Plasma at Picosecond
Microdrilling in Metals

The high peak intensity of ultrashort laser pulses causes a considerable influence of
laser-induced plasma on the ablation process. In high-aspect-ratio microdrilling of
metals, ablated particles accumulate in the gas atmosphere inside the capillary.
Under irradiation with subsequent laser pulses, they emit high-energy electrons
which are capable of initiating an impact ionization avalanche, thus causing an
instantaneous low threshold breakdown of the surrounding gas species [14-20].
Since the propagation velocity of the ionization front is 10° cm/s equivalent to
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Fig. 10.3 Inlet (left) and outlet (right) of a microhole in a 1.4125 Cr steel sheet [13]. The depicted
borehole was manufactured using the GL.trepan helical drilling optics presented in Fig. 10.2 (right
image). The SEM images illustrate the excellent roundness and machining quality which can be
achieved with beam rotation optics. Inlet diameter 200 pm, outlet diameter 217 pm, sheet
thickness 300 um, wavelength 1030 nm, pulse duration 0.9 ps, assist gas compressed air,
processing time 1.7 s

10 pm/ps [19], the so-called particle-ignited plasma expands over the entire cap-
illary cross-section in a few ps.

At picosecond microdrilling in metals, the threshold for particle-induced
breakdown amounts to a few 10 J/cm?® or approximately 10'' W/cm?. These
values are commonly exceeded in industrial microdrilling applications, whereas
the threshold for optical breakdown without the presence of a workpiece is
beyond the relevant energy density regime [1, 17]. The energy of the laser field is
transferred to the plasma mainly via inverse bremsstrahlung (IB), which is the
dominating mechanism for the absorption of photon energy by free electrons in
laser processing at power densities up to 10'® W/cm? [1, 18-20]. As stated in
[21], the laser-plasma interaction leads to plasma heating for pulse durations
starting from 5 ps.

Due to the ionization of the gas atmosphere inside and above the capillary, a
considerable part of the pulse energy is transferred to the comparatively long-living
laser-induced plasma [22] and subsequently redistributed to the workpiece on a
nanosecond timescale. This leads to a radial expansion of the capillary, the for-
mation of melt due to prolonged surface heating [23-25] and, consequently, a
deterioration of the borehole quality. A smoothing effect of the plasma cloud as it
has been observed at ns drilling [1, 26] could not be confirmed in the ps regime. On
the contrary, burr and eroded inlet edges, grooves and melt ridges on the borehole
walls as well as insufficient widening of the outlet orifice are observed particularly
if strong ionization has occurred during the drilling process. Hence, a successful
control of ionization is to be regarded as the key to both borehole quality and
productivity.
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10.4 Core Techniques for High-Aspect-Ratio Microdrilling
with Ultrashort Laser Pulses

As described in Sect. 10.1, the technical utilization of high-precision microholes is
associated with a variety of requirements concerning borehole geometry, machining
quality and the productivity of the drilling process. These requirements can be met
by employing specific processing techniques, the most effective of which are
explained in the following sections.

10.4.1 Pulse Energy Versus Repetition Rate

In high-aspect-ratio microdrilling in thick workpieces, high productivity strictly
requires high energy densities. Previous investigations have shown that at percus-
sion drilling in steel using 125 fs pulses, the volume ablation rate, which is the
decisive factor for processing speed, grows extraordinarily strong with energy
density in the range between 10 and 100 J/em? [5, 17]. In fact, a tenfold increase in
energy density was found to cause a 100 fold improvement in drilling velocity,
yielding a tenfold increase in process efficiency per unit pulse energy. The
implementation of a corresponding efficiency gain via an enhancement of the
repetition rate would require considerably more average power. At the same time,
however, it must be taken into account that high energy densities lead to a vigorous
ionization of the surrounding gas species and to a degradation of the borehole due
to radial etching and melt production.

Figures 10.4 and 10.5 illustrate the investigation of the optimum division of a
fixed average power of 10.3 W at helical drilling in 1 mm CrNi steel sheets. During
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Fig. 10.4 Inlet (left) and outlet (right) diameter versus processing time for helical drilling in 1 mm
CrNi steel. Variation of the repetition rate between 51.5 and 125 kHz at 10.3 W of average power.
The depicted diameters are each mean values averaged from the major and minor axes of the cross-
section. Wavelength 1030 nm, pulse duration 6 ps, focal diameter 24 pum, assist gas He 4.6, feed
gas pressure 5 bar, linear pulse energy ramp over 5 s, circular polarization
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Outlet

24 84 561
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Fig. 10.5 Scanning electron microscope (SEM) images of microholes in 1 mm CrNi steel, drilled
at constant average power of 10.3 W and with repetition rates of 51.5 kHz (left), 85 kHz (middle)
and 125 kHz (right) [28, 29]. The depicted diameters are each mean values averaged from the
major and minor axes of the cross-section. Processing time 15 s, other parameters as indicated in
Fig. 10.4

the experiments the repetition rate was set to 51.5, 85 and 125 kHz, yielding pulse
energies of 200, 120 and 80 pJ and focal energy densities of 44, 26 and 17 J/cmz,
respectively. The experiments were carried out under Helium atmosphere, and the
pulse energy was gradually increased in the form of a linear ramp starting from
5 uJ. Figure 10.4 shows that the borehole geometry is completed most efficiently at
a repetition rate of 51.5 kHz, while an inefficient and irregular widening behavior is
observed at 125 kHz. At 51.5 kHz, the inlet (outlet) diameter is widened to the
target value of 100 um (115 pm) already after a processing time of 15 s. In this
context, it is important to note that, although a gradual growth in diameter is
recorded in the further course of the process, the slope gradient at 15 s is small
enough to guarantee high reproducibility (compare [27]). At 85 kHz, the desired
inlet (outlet) diameter is reached only after 30 s (45 s). At 125 kHz, eventually, the
expansion of the capillary proceeds in such an inefficient way that the development
of the borehole dimensions stagnates at roundly 90 % of the target values.
Moreover, it can be seen that an enhancement of the repetition rate results in an
extension of the time period which is needed to fully penetrate the workpiece. At
51.5 kHz, the first outlet orifice can be detected after 5 s compared to 7.5 s at
85 kHz and 12.5 s at 125 kHz.

Figure 10.5 reveals that preference should be given to high pulse energies
instead of high repetition rates not only in terms of process efficiency, but also in
terms of machining quality. From the depicted scanning electron microscope (SEM)
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images, it can be seen that at 51.5 kHz (Q,, = 200 pJ), both inlet and outlet are round
and absolutely free of visible melt deposits or debris. If the repetition rate is raised
to 85 kHz (Qp = 120 pJ), a small burr is generated at the inlet, whereas the outlet
cross-section tends to become oval. At 125 kHz (Q, = 80 pJ), a large production of
melt and the formation of a burr at the inlet with more than 100 pm in height is
observed. As an efficient widening of the borehole is not possible here, the shape of
the outlet is either highly irregular or even totally disrupted as displayed in the SEM
image.

If the repetition rate is enhanced while keeping the pulse energy constant, the
deterioration of borehole quality is even more severe. This holds true for different
pulse energy regimes as well as for different drilling techniques. At helical drilling
in 1 mm CrNi steel with a constant pulse energy of 150 pJ (wavelength 1030 nm,
pulse duration 6 ps, energy density 32 J/cm?), heavily eroded inlets, massive burrs
and concentrically arranged temper colors on the workpiece front and back surfaces
are formed for repetition rates greater than 100 kHz. At percussion drilling in
500 pm CrNi steel sheets (wavelength 1030 nm, pulse duration 800 fs), the gen-
eration of large quantities of melt has been reported for pulse energies between 30
and 70 pJ, the critical repetition rates here lying between 400 and 200 kHz [30].

Overall, it appears that the use of pulse energies up to 200 pJ is absolutely
appropriate in high-precision picosecond microdrilling in steel. At high repetition
rates, however, a considerable part of the incident laser energy does not contribute
to the desired material removal in vapor form, but leads to an unwanted thermal
load of the bulk material, resulting in extensive melt production and inacceptable
drawbacks in machining quality and borehole shape. The critical repetition rate
depends on laser parameters, material properties, borehole dimensions and pro-
cessing technology and is thus specific for each application.

A possible reason for the limitation of the repetition rate at high-aspect-ratio
microdrilling in metals is heat accumulation in the interaction zone [30]. Despite
the ultrashort pulse duration and the fast laser-material interaction, a small amount
of residual energy remains in the workpiece after each pulse [1, 17]. If the
repetition rate is so high that the time between the pulses is too short to allow
substantial energy transfer into the bulk, the residual energy can accumulate in the
irradiated area and eventually heat up the workpiece to the melting point. The
observed behavior could also be caused by the above-mentioned post heating
effect of the particle-ignited plasma. The magnitude of plasma absorption and
heating depends on the particle density inside the capillary at the moment of laser
irradiation [14]. The higher the repetition rate, the shorter is the period of time
which is available to lower the particle density by precipitation on the borehole
walls or removal via convection. A higher density of sources for starting electron
emission, in turn, yields a more intensive gas breakdown and causes a larger
amount of laser energy to be redistributed from the ultrashort to the nanosecond
domain.
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10.4.2 Time-Controlled Drilling Strategies

In percussion and helical drilling of metals with ultrashort laser pulses, the highest
ablation rate and the highest gas breakdown intensity are generally observed at the
very beginning of the process [1, 15, 31]. Consequently, also deteriorating phe-
nomena such as plasma etching or melt production are not uniformly distributed
over the machining time, but mainly affect the process during the starting phase.
This idea is confirmed by the finding that at high-aspect-ratio microdrilling, the
strongest growth of burr at the borehole inlet occurs during the first 1000 pulses
[32]. A promising option to defuse the initial phase of the process is to gradually
ramp up the governing parameters to their final values. Accordingly, time-con-
trolled drilling strategies were investigated for a variety of process parameters
provided by the laser source, the helical drilling optics, the motion system and the
feed gas supply, utilizing various ramp patterns, starting values and ramp-up times
in each case [29]. As pulse energy and path diameter ramps were found to be most
effective, they will be discussed in the following section.

Figure 10.6 illustrates the effect of different pulse energy ramps on machining
quality and ionization behavior at helical drilling in 1 mm CrNi steel sheets.
Whereas SEM images of the obtained borehole inlets and outlets are shown in the
top and middle rows, the bottom row shows the intensity evolution of the optical
emissions of the corresponding processes. The optical process emissions, com-
prising continuum emission from laser-induced plasma and line emission from hot
vapor, were recorded using a fast Si photodiode, compare Sect. 10.5.2 and [31]. The
borehole depicted on the left was fabricated employing a standard process without
ramp, the pulse energy here being 120 uJ from the beginning of laser irradiation.
The holes displayed in the middle and on the right of the figure were manufactured
utilizing an exponential and a linear pulse energy ramp, respectively. Both ramps
started from 3 pJ and were applied over the first 10 s of the process. Since the laser
control did not allow the pulse energy to be shifted continuously, the desired ramps
were approximated by step functions, thus providing the photodiode signal with a
time base. In accordance with the standard process, the final value of the pulse
energy ramps was 120 pJ.

It can be seen from the SEM images that drilling with a standard process results
in poor inlet quality characterized by an oval cross-section, burr and spatter on the
workpiece surface. In contrast, a round inlet orifice with nearly no widening as well
as clean edges with only minor nicks are produced with linear pulse energy ramps.
Employing exponential ramp patterns, the formation of burr and spatter can be
avoided, but the inlet zone is widened in a funnel-shaped manner. In addition, the
borehole edge is damaged because of the sharp rise of the pulse energy at the end of
the exponential ramp. Also logarithmic ramps are not suitable to adequately
enhance machining quality, since their pulse energy development differs only
slightly from the standard process. Finally, it is worth noting that the positive effect
of pulse energy ramps on machining quality is not restricted to the borehole inlets.
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Fig. 10.6 Helical drilling in 1 mm CrNi steel employing different pulse energy ramps with a starting
value of 3 uJ and a ramp-up time of 10 s [29]. Top row Scanning electron microscope (SEM) images
of the borehole inlets. Middle row SEM images of the borehole outlets. Bottom row Pulse energy
(black) and intensity evolution of the optical process emissions (grey) versus processing time.
Wavelength 1030 nm, pulse duration 6 ps, pulse energy 120 pJ, repetition rate 85 kHz, average
power 10.3 W, focal length 100 mm, focal diameter 24 pum, energy density 27 J/cm?, circular
polarization, processing time 60 s

In fact, particularly linear energy ramps lead to a considerable improvement of the
outlet contour and the wall smoothness.

From the plots of the optical process emissions, it is apparent that plasma ignition
during the initial phase of the process is effectively minimized by gradually ramping
up the pulse energy. Regardless of the ramp pattern, the intensity of the optical process
emissions is proportional to the pulse energy. The standard process, however, starts
with heavy ionization and highly intensive optical emissions [31]. In all depicted
plots, the moment of breakthrough is indicated by a sharp drop of the photodiode
signal, followed by a smooth decrease of the signal intensity during the widening
phase. Generally, starting values for pulse energy ramps should be chosen in the order
of a few uJ. This corresponds to the energy range which is typically employed in
surface processing and provides for negligible melt generation in the inlet region.
Adequate ramp-up times usually lie between 15 and 50 % of the total machining time.

Provided that helical drilling is carried out employing a fully automated helical
drilling system, also the path diameter can be shifted during the manufacturing
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process. A successful implementation of a spiral-shaped path of the laser beam at
the beginning of irradiation has already been demonstrated in nanosecond drilling
[33]. At microdrilling with ultrashort pulses, the effectiveness of path diameter
ramps strongly depends on the desired borehole geometry, the processing param-
eters and the material properties. At drilling in 0.5 mm steel sheets with frequency-
doubled radiation, for instance, outstanding quality can be achieved using linear
path diameter ramps. Also at drilling in 1 mm sheets with infrared radiation, linear
path diameter ramps generally reduce burr and spatter. Yet, intense ionization of the
surrounding gas atmosphere during the starting phase of the process cannot be
avoided. This causes a widened borehole inlet with eroded edges, accompanied by
insufficient widening of the outlet region due to reduced machining time at the final
value of the drilling diameter.

A variation of the beam inclination angle during the starting phase has only
minor influence on machining quality. At helical drilling with inclined beam, the
beam axis performs a precessional motion about the surface normal of the work-
piece. Since the pivot of the precession is usually located near the workpiece front
surface, the motion of the beam axis undergoes only negligible change in the inlet
region if an inclination angle ramp is applied to the drilling process. Thus, inlet
quality is not improved in comparison to the standard process, whereas the outlet
orifice shows insufficient widening and poor roundness.

Altogether it is shown that by gradually ramping up the pulse energy or the path
diameter during the initial phase of a helical drilling process, the borehole quality
can be significantly improved. A direct enhancement of process efficiency is usually
not obtained by means of time-controlled drilling strategies. However, they allow
high pulse energies to be used without quality loss, thus enabling a better exploi-
tation of the available laser power. The correlation between the intensity of the
optical process emissions and the magnitude of the deteriorating effects underlines
the relevance of laser-induced atmospheric plasma regarding the machining quality
and, in addition, supports the assumption of plasma-induced post heating. A further
reduction of processing time and a further enhancement of borehole quality can be
achieved by making use of assist gases or by drilling with frequency-doubled
radiation, as shown in the following sections.

10.4.3 Gas-Assisted Microdrilling

The basic influence of the surrounding gas species on the interaction of ultrashort
pulses with matter has been under study since the 1970s. Concerning the role of the
gas atmosphere in metal processing with femtosecond pulses, it has been shown in
[34, 35] that employing appropriate assist gases, plasma-induced effects such as
beam distortion, defocusing or plasma shielding can be significantly reduced,
whereas precision and ablation rate can be enhanced. The following section discusses
the potential of assist gases with regard to ablation velocity, borehole morphology
and machining quality at picosecond microdrilling in 1 mm CrNi steel sheets.
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The corresponding experiments were carried out in ambient air at normal
pressure and under various assist gases which are typically used in laser applica-
tions, including compressed air, nitrogen, argon and helium. The assist gases were
delivered by a conical single-hole nozzle which was installed coaxially with the
laser beam and between the focusing optics and the workpiece. The nozzle diameter
was fixed to 1 mm, whereas the distance of the nozzle outlet to the workpiece
surface and the feed gas pressure were optimized experimentally. Depending on the
gas type and the desired borehole dimensions, the optimum nozzle distance lies
between 0.5 and 1.5 mm, whereas the optimum pressure range is from 3 to 6 bar.
Insufficient nozzle distances and high pressure levels usually lead to unwanted
widening of the inlet area. Also large nozzle distances can lead to the formation of
funnel shaped inlet geometries and, additionally, produce spatter on the workpiece
front surface. Insufficient gas pressures result in poor roundness of the borehole
orifices and in inefficient widening of the outlet region. It is interesting to note that
the described dependencies are exclusively observed at drilling under compressed
air, nitrogen and argon, while in case of helium, the influences of the nozzle
distance and the feed gas pressure were found to be negligible in the investigated
parameter range.

Figure 10.7 depicts five holes manufactured under different atmospheric con-
ditions in a 1 mm steel sheet by means of helical drilling. Using a pulse energy of
200 pJ, the desired borehole geometry could be completed in a processing time of
15 s. It is apparent that the use of helium enables the fabrication of microholes with
outstanding machining quality. As can be seen from the transverse section on the
far right, the capillary has a regular shape, smooth walls and round inlet and outlet
orifices. With an inlet diameter of 100 um and an outlet diameter of 116 um, the
borehole has a negatively conical geometry, as it is frequently required in fuel
injection technology. In contrast, extensive plasma etching and melt generation are

Helium

Fig. 10.7 Transverse sections of microholes in 1 mm CrNi steel, drilled in ambient air at normal
pressure and under compressed air, nitrogen, argon and helium atmosphere [28]. Wavelength
1030 nm, pulse duration 6 ps, repetition rate 51.5 kHz, pulse energy 200 pJ, focal length 100 mm,
focal diameter 24 pm, energy density 44 J/cm?, power density 7.4:10'> W/cm?, focal position
—100 pm, circular polarization, processing time 15 s, feed gas pressure 5 bar, linear pulse energy
ramp over 5 s
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recorded in the inlet zone of the boreholes manufactured under compressed air,
nitrogen and argon. As the plasma cloud builds up in the zone of highest energy
density, radial widening is most evident at the beam waist position at 100 pm below
the workpiece surface. Drilling in ambient air at normal pressure actually induces
only minor plasma etching, but yields eroded inlet edges, an irregular outlet contour
as well as melt ridges and grooves stretching out over the entire length of capillary.
Figure 10.8 illustrates the intensity evolution of the optical plasma emissions
recorded during the fabrication of the boreholes displayed in Fig. 10.7. It can be seen
that drilling under argon atmosphere causes by far the highest signal intensity, i.e. the
strongest ionization. Employing nitrogen and helium results in a massive reduction of
the signal intensity and a faster breakthrough. Although the helium curve is con-
gruent with the nitrogen curve during the first five seconds of the process, it is
remarkable that in case of helium, the breakthrough already occurs before the pulse
energy has reached its highest level. Drilling in ambient air leads to continuous
plasma ignition over the entire irradiation period. The compressed air curve, which is
not shown in the figure, is congruent with the ambient air curve during the energy
ramp, while afterwards a persistent signal with about twice the intensity of the
ambient air curve is produced until the breakthrough is reached at roundly 14 s.
Particular attention should be given to the fact that at drilling under argon,
nitrogen and helium atmosphere, the optical process emissions stop entirely shortly
after breakthrough. This can be seen as a confirmation of the assumption that the
low threshold gas breakdown which is commonly observed in high-aspect-ratio
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Fig. 10.8 Intensity evolution of the optical process emissions for helical drilling in CrNi steel in
ambient air at normal pressure and under nitrogen, argon and helium atmosphere [28]. The
irradiation of the workpiece starts at time zero and ends after 15 s. In order to protect the
photodiode, the signal intensity of the argon curve has been attenuated to half the original value by
inserting a neutral density filter into the monitoring beam path. As already described in
Sect. 10.4.2, the pulse energy ramp was approximated by a step function, thus enabling a time-
dependent study of the process emissions. Processing parameters as indicated in Fig. 10.7
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picosecond microdrilling is facilitated by residual particles inside the capillary. As
soon as the outlet orifice is wide enough to allow an effective gas flow, the ablated
material is expelled from the borehole. With the gas atmosphere inside and above
the capillary now being mostly free of particles, the breakdown threshold increases
by one order of magnitude [14, 15], thus exceeding the available energy density. A
further ignition of plasma is inhibited, the breakdown spark which was visible at the
borehole inlet disappears, and the intensity of the photodiode signal drops to zero. If
plasma is continuously ignited as it is the case for drilling in ambient air and under
compressed air, the borehole walls are deteriorated along the entire length of the
capillary. If the outlet region is widened to its final dimensions after breakthrough
has occurred and ionization has stopped, as observed for argon and nitrogen, clean
and regular borehole walls can be produced in the lower half of the sheet. Overall, it
is evident again that intense process emissions correlate with strong ionization,
plasma etching and melt formation.

The major difference between the depicted borehole morphologies and the
corresponding optical process emissions confirms the essential role of the atmo-
spheric conditions at high-aspect-ratio microdrilling with ultrashort pulses. Assist
gases strongly influence the characteristics of the dissociation, ionization and
recombination processes which are involved in the formation and the decay of
laser-induced plasma. In addition, their thermal conductivity and their flow pattern
affect the heat dissipation from the borehole and from the plasma cloud. Finally,
assist gases enable or inhibit chemical reactions such as oxidation processes. Due to
the major impact of laser-induced plasma on the drilling process, the influence of
the assist gas on plasma generation is of particular interest. However, discussing the
ionization behavior of different gas types, it is certainly not sufficient to exclusively
consider the first ionization energies. The electron number density in gas plasmas
ignited during picosecond laser ablation of metals with power densities in the range
of 10"2-10"* W/cm? was measured to be as high as 10%° cm™ [19, 36]. This means
that investigating the atmospheric breakdown at picosecond microdrilling, one has
to take into account multiple ionization of gas atoms and, consequently, higher
ionization energies. This approach might contribute to explain the poor perfor-
mance of argon compared to nitrogen.

In summary, it can be seen that the application of adequate assist gases not only
enables a substantial improvement of machining quality and borehole shape, but
also a significant reduction of processing time. By allowing the use of high pulse
energies and controlling the influence of laser-induce plasma, assist gases partic-
ularly accelerate the widening process of the borehole outlet, which is the most
time-consuming part of the entire drilling process. In this context, it has been shown
that with a total processing time of 15 s for the completion of a negatively conical
borehole in a 1 mm CrNi steel sheet, the picosecond drilling process has become
compatible to cycle times in mass production. Besides helium, also nitrogen is well
suited as an assist gas. High-precision microdrilling should not be performed in
low-pressure atmosphere since although it supports an efficient completion of the
basic borehole geometry, large burrs with up to 100 pm in height are generally
formed under vacuum conditions.
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10.4.4 Microdrilling with Frequency-Doubled Radiation

Modern picosecond laser sources provide average powers up to 50 W combined
with repetition rates of several 100 kHz and excellent beam quality. In addition,
they feature harmonic generation units which convert the fundamental infrared (IR)
radiation into the second, third or even fourth harmonic by frequency doubling and
sum frequency generation in nonlinear crystals. Employing frequency-doubled
radiation for microdrilling applications can be expected to be beneficial from both
productivity and quality aspects.

First of all, frequency-doubled radiation offers better focusability than IR radi-
ation [27, 37]. This provides for a larger energy density in the interaction zone and
enables a potential increase in productivity [5, 15, 17]. Furthermore, the optical
absorption length is proportional to the wavelength. Since in machining of metals
with ultrashort laser pulses, the thickness of the heated material layer is determined
by the absorption length [23], it can be assumed that the pulse energy is deposited
in a smaller volume for frequency-doubled radiation. This, in turn, causes a decline
of the threshold fluence [38] and leads to a more efficient widening of the borehole
by the wings of the Gaussian profile, which is decisive for the formation of the
borehole shape in the final phase of the drilling process. As regards the wavelength
dependence of absorptivity, the calculated values for pure iron at room temperature
and perpendicular incidence are roundly 44 % at 532 nm compared to 36 % at
1064 nm [39]. However, it is not clear whether the absorptivity is significantly
higher for the second harmonic than for the IR radiation in the application discussed
here. This is because the absorptivity of laser radiation in metal surfaces does not
only depend on wavelength, but on a range of influencing variables, such as
workpiece temperature, angle of incidence, alloying elements, surface roughness
and oxidation (see [39] for a general discussion). These variables, if at all, are only
known within wide limits in the investigated regime.

Since the transfer of energy from the laser pulses to the workpiece is largely
affected by laser-generated plasma, it is of particular interest that the plasma
intensity can be minimized by reducing the processing wavelength. As stated
above, inverse bremsstrahlung (IB) is the principal mechanism for the absorption of
photon energy by free electrons in picosecond laser drilling, and the IB absorption
coefficient varies with the third power of the wavelength (o ~ 2%) in the inves-
tigated regime [39]. This means that collisional heating and impact ionization can
be significantly reduced by employing the second harmonic. Moreover, the use of
frequency-doubled radiation reduces scattering and beam distortion due to non-
linear effects occurring in the focal region [40].

Figure 10.9 illustrates the productivity improvement which can be achieved with
the second harmonic. It can be seen that using frequency-doubled instead of IR
radiation for the fabrication of a 100 pm hole in 1 mm CrNi steel, the completion
time can be reduced by a factor of four. At 532 nm, the outlet is widened to the
desired diameter as early as 60 s after process initiation compared to 240 s at
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Fig. 10.9 Outlet diameter versus drilling time for helical drilling in 1 mm CrNi steel at 1064 and
532 nm with equal pulse energies and equal beam diameters on the focusing optics [27, 37]. 1064
and 532 nm: repetition rate 40 kHz, pulse energy 80 pJ, focal length 100 mm, no assist gas, no
ramps, circular polarization. 1064 nm: pulse duration 12 ps, focal diameter 19.8 = 0.6 pm, energy
density 26 J/cm?. 532 nm: pulse duration 10 ps, focal diameter 15.4 + 1 um, energy density 43 J/cm?

1064 nm. Moreover, it is shown that utilizing the second harmonic, the drilling
process has a considerably higher reproducibility due to steadier progression.

In addition to the reduction of processing time, drilling with frequency-doubled
radiation instead of infrared radiation enables a substantial enhancement of
machining quality. Figure 10.10 compares two holes manufactured at 1064 and
532 nm, respectively, in a 1 mm CrNi steel sheet by means of helical drilling in
ambient air at atmospheric pressure. The microhole fabricated with the second
harmonic shows a regular shape, smooth borehole walls and an absence of recast.
Contrary to this, at fundamental wavelength, melt ridges are formed on the borehole
walls, and a burr is generated at the inlet. The presence of melt at 1064 nm explains
the bumpy widening behavior as it is displayed in Fig. 10.9. At 532 nm however,
with the drilling process not being affected by the randomly distributed melt
structures inside the capillary, a smooth development of the outlet diameter takes
place. The depicted holes can also be distinguished by geometrical criteria.
Although the machining time was 30 s longer at 1064 nm than at 532 nm, the outlet
diameter of the hole fabricated with IR radiation remains at 85 pm, while the second
harmonic widens the outlet to 95 pum, thus producing a negative conical shape. At
1064 nm, the capillary is widened in the upper zone, whereas at 532 nm, the
borehole shape seems to reproduce the beam waist.

As the threshold intensity for a particle-ignited breakdown of the air inside the
capillary is exceeded for 1064 and 532 nm, laser-induced plasma is observed at
both wavelengths. At fundamental wavelength, a considerable part of the pulse
energy is absorbed by the plasma, leading to radial etching, the formation of melt
due to prolonged surface heating as well as insufficient widening of the outlet,
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Fig. 10.10 Transverse sections of microholes in 1 mm CrNi steel, drilled at 1064 nm (leff) and
532 nm (right) with equal beam diameters on the focusing optics [27, 37]. The depicted diameters
are each mean values averaged from the major and minor axes of the cross-section. 1064 and
532 nm: repetition rate 30 kHz, pulse energy 80 pJ, focal length 100 mm, focal position 200 pm
below workpiece surface, helical drilling, no assist gas, no ramps, circular polarization. 1064 nm:
processing time 120 s. 532 nm: processing time 90 s. Pulse durations, focal diameters and energy
densities see Fig. 10.9

accompanied by poor roundness. As described in [15], the plasma cloud builds up
in the zone of highest energy density. Figure 10.10 confirms that the etching zone
corresponds to the position of the beam waist, here being located 200 pm below the
workpiece surface. At 532 nm, a smaller fraction of the pulse energy is transferred
to the plasma, causing less radial expansion in the upper region of the capillary and
leaving more energy available in the outlet zone. Moreover, the reduced plasma
absorption at 532 nm leads to less post heating of the bulk material, which finally
results in reduced melt generation.

Altogether, employing frequency-doubled radiation ensures a high quality level
even without sophisticated drilling methods or extra processing technology. A
further improvement of process efficiency and precision can be expected from
combining the second harmonic with the abovementioned techniques and from
using higher harmonics in the UV range.

10.5 Online Quality Assurance at Microdrilling of Metals

As stated above, microdrilling with ultrashort laser pulses (USP) enables the fab-
rication of high-precision boreholes with outstanding machining quality and high
contour accuracy. Independent of this, current quality standards frequently require
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the implementation of real-time online monitoring systems. This section discusses
different concepts for process monitoring at USP microdrilling and their feasibility
regarding online process control and quality assurance.

So far, the complex physical interactions between an incident laser beam, the
irradiated material and the ambient gas atmosphere have not been understood
entirely. Consequently, only rudimentary information about the correlation between
the drilling process and the process emissions is available. As a simple transfer of
existing monitoring concepts from longer pulse durations to ultrashort pulses is not
possible, the development and experimental verification of new monitoring
approaches is needed. First of all, technically usable and analyzable signals have to
be identified and extracted from the emissions of the USP microdrilling process.
Furthermore, particular attention has to be paid to the interpretation of the recorded
signals. As the borehole morphology is changing and the ablation characteristics are
rapidly fluctuating during the drilling process, also the emitted process signals are
highly dynamic in space and time and, in addition, subject to enormous fluctua-
tions. Finally, specific demands concerning the location of the sensor units within
the machining setup have to be met. Since the non-irradiated side of most work-
pieces is not accessible for installing sensors, the monitoring systems have to be
installed above the workpiece.

10.5.1 Process Monitoring via Laser-Induced Shock Waves

Ultrafast laser-induced heating of solids and ceramics in an ambient gas produces a
hemispherical shock wave leaving the target surface and propagating into the
ambient atmosphere at ultrasonic speed. This shock wave is caused by the explosive
evaporation of the ablated material. Using a high-speed schlieren photography
technique, the propagation characteristics of shock waves from deep capillaries can
be analyzed during the drilling process. The acquired images show the morphology
and the temporal evolution of the shock waves, thus allowing the observation of
different stages of the microdrilling process [41, 42]. Figure 10.11 depicts schlieren

N =100 N = 4000 N = 10000 N = 30000

Fig. 10.11 Schlieren photographs showing the propagation of laser-induced shock waves in
ambient atmosphere from different depths of the borehole. N denotes the number of pulses. The
delay time with respect to the processing pulse was 500 ns in all cases
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photographs of shock waves originating from different borehole depths. In order to
achieve information about the borehole depth, all images are taken at a fixed time
delay after the interaction between the laser pulse and the target material.

It can be stated that the shock wave radius significantly decreases with increasing
capillary depth. One of the reasons for this behavior is a decrease of the ablation
rate with growing borehole depth, leading to a decrease of the energy content of the
shock wave. This, in turn, causes a reduction of the velocity of the shock wave
front, according to the theory of gas-dynamic blast wave expansion. A further effect
which has to be taken into account is the extended propagation time of the shock
front from the tip of the drilling capillary to the target surface with increasing
borehole depth. The combination of both effects leads to the observed propagation
behavior of laser induced shock waves.

In order to judge whether the observed correlation is suitable for process
monitoring, the shock wave radius and the depth of the generated boreholes can be
plotted against the number of processing pulses (see Fig. 10.12). Over roughly 2500
pulses, a strong decrease of the shock wave radius from 550 to 350 um is obtained.
At the same time, the borehole depth increases to 500 um, and breakthrough occurs.
Figure 10.13 displays the same data as Fig. 10.12, but with the shock wave radius
directly plotted against the borehole depth. The linear correlation between the two
parameters provides a precise and non-contact measurement method for the real-
time detection of the drilling depth.

Analogue experiments were carried out using various pulse durations in the
range between 100 fs and 5 ps. Figure 10.14 displays the results acquired for
drilling in 500 um steel sheets at three different pulse durations and at a constant
energy density of 80 J/cm?. Irrespective of the pulse duration, the linear dependence
between the shock wave radius and the capillary depth is clearly visible. These
results confirm that for microdrilling in metals using ultrashort laser pulses, the
borehole depth can be monitored online from the front side of the target.

The results presented above exclusively refer to the percussion drilling tech-
nique. As shown in previous chapters, however, the borehole quality can be sig-
nificantly enhanced by using the helical drilling technique. Figure 10.15 illustrates
the evolution of the shock wave radius versus the borehole depth during helical
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Fig. 10.13 Linear relationship between shock wave radius and borehole depth. The shock wave
radius was measured from schlieren photographs which were taken at a fixed delay of 500 ns after
each laser pulse
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Fig. 10.14 Linear relationship between shock wave radius and borehole depth for different pulse
durations. Wavelength 800 nm, repetition rate 1 kHz, focal diameter 18 pum, sheet thickness
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Fig. 10.15 Linear relationship between shock wave radius and borehole depth for drilling with the
helical drilling technique. Wavelength 800 nm, repetition rate 1 kHz, focal diameter 24 um, sheet
thickness 500 pm, delay time 270 ns
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drilling in steel. In analogy to percussion drilling, the radius of the shock wave
gradually decreases with increasing capillary depth. Also, a linear dependence can
be observed over the entire depth of the workpiece. This is evidence that the
presented monitoring method can be applied not only at different pulse durations,
but also at different drilling techniques.

In addition to the borehole depth, this detection method predicts the termination
of the drilling process, since the shockwave radius decreases significantly.
However, the detection of breakthrough at drilling in metals only works securely in
case of the helical drilling technique. For drilling in ceramics, both helical drilling
and percussion drilling allow the detection of breakthrough. CrNi steel does not
allow any breakthrough detection because of an irregular opening mechanism at the
workpiece backside.

Apart from detecting the borehole depth and the process termination, the pre-
sented monitoring system is able to monitor the outlet diameter. As the outlet
opening widens, the radius of the shock wave decreases proportionally. With this
linear correlation, it is possible to measure the outlet diameter, which is a decisive
geometric feature for many applications.

10.5.2 Real-Time Monitoring and Control Using the Optical
Process Emissions

The emissions of the plasma which is generated during USP microdrilling have
been studied by an optical method. It has been found that the analysis of the optical
plasma emissions during the process permits not only the estimation of the plasma
temperature and the free electron density, but can also be of significant interest as a
possible approach for process control [43].

The instantaneous ablation rate was found to correlate with the temporal integral
of the optical process emissions. Tracking the temporal change of these emissions
combined with subsequent algorithmic analysis allows to pinpoint the breakthrough
as well as the completion of the outlet widening phase. A coaxial photodiode was
used in order to monitor the optical process emissions. The coaxial alignment is a
convenient option for monitoring process signals emitted during the fabrication of
microholes, even at high aspect ratios. Due to the high reproducibility and validity
of the inspected process emissions, a real-time monitoring system based on coaxial
detection could be developed and implemented.

Figure 10.16 shows the graphical interface of the evaluation unit which was part
of the monitoring system. The signals of the coaxial sensor and a reference pho-
todiode are displayed in separate windows. The reference photodiode was posi-
tioned on the rear side of the workpiece in order to acquire the laser radiation which
is transmitted through the open capillary after the penetration of the workpiece. The
corresponding signal is shown in the top window. It was used as a reference to
identify the moment of breakthrough and to measure the widening dynamics of the
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Fig. 10.16 Characteristic evolution of time-integrated photodiode signals acquired with an
evaluating unit during microdrilling in CrNi steel with ultrashort laser pulses. Channel 1 Reference
signal of a photodiode positioned at the back side of the sample. Channel 2 Signal of the sensor
photodiode positioned in coaxial alignment to the laser beam, used for the detection of
breakthrough. Channel 3 Same signal as displayed in channel 2, but used to define the completion
of the process. Wavelength 800 nm, pulse duration 5 ps, repetition rate 1 kHz, focal diameter
18 wm, energy density 170 J/cm?, sheet thickness 500 pm

borehole outlet. The moment of breakthrough can be identified via the rise of the
signal intensity of the reference photodiode at about 34 s.

The signal of the sensor photodiode is shown in the middle and in the bottom
windows. Depending on the monitored process phase, different analyzing algo-
rithms can be applied to the sensor signal. Channel 2 is used to determine the
moment of breakthrough. The breakthrough is clearly visible from the sharp drop of
the signal. Having detected this drop, the unit generates a control signal which is
shown as a step function in the middle window. The rise of the control signal value
from O to 1 denotes the detection of breakthrough. The comparison of the real
moment of breakthrough (channel 1) and the time which was detected by the
evaluating unit (channel 2) shows a good correlation. Broad experimental results
confirm the high accuracy of this real-time monitoring approach for breakthrough
detection.

As can be seen from the bottom window, the sensor photodiode can also be
employed for the detection of the end of the drilling process. Figure 10.16 shows
that the control signal generated by channel 3 is in good temporal agreement with
the attainment of the peak intensity by the signal of the reference diode (channel 1)
and the beginning of saturation of the transmitted laser intensity. The saturation of



10 Processing Techniques and System Technology ... 223

584 |
46+
40
324
244
184

transmission signal

 Trans

19 t

8 automatic switchoff of the

“M laser at break through

: /

1 | :

ﬂ T L |I = T T T

9 16 i % 4 &

# Plasma

Fig. 10.17 Evolution of time-integrated photodiode signals acquired during microdrilling in CrNi
steel with automatic process termination. Top window Reference photodiode. Bottom window
Coaxial photodiode used for breakthrough detection. Wavelength 800 nm, pulse duration 5 ps,
repetition rate 1 kHz, focal diameter 18 um, energy density 170 J/cm?

the laser transmission indicates the termination of the outlet widening phase, i.e. the
end of the drilling process.

In order to control the drilling process, the evaluating unit can be programmed to
generate a 24 V control signal immediately after the detection of breakthrough via
the coaxial photodiode. The 24 V signal can be used to stop the laser emission and,
coupled with this, the drilling process. Figure 10.17 shows that as soon as the
defined breakthrough criterion is met, the drilling process is stopped, and the optical
emissions recorded by the coaxial photodiode drop to zero (see bottom window). At
the same moment, the signal of the reference photodiode shows a narrow intensity
peak (see top window). This means that the laser emission was stopped immedi-
ately after the penetration of the workpiece, and that an automatic process termi-
nation was established.

Figure 10.18 demonstrates the effect of the automatic process termination on
percussion drilling in 500 pm CrNi steel. The microscope images on the left side
show the outlets of boreholes fabricated with a fixed number of laser pulses and
without using the monitoring system. It is apparent that drilling with a fixed number
of pulses leads to a highly irregular machining result. While in some cases, the
workpiece is not penetrated at all, the borehole outlets are widened to large
diameters in other cases. Using the monitoring system to stop the laser emission
after breakthrough, however, the drilling process can be terminated reproducibly
(see right image in Fig. 10.18). Apart from one borehole which has not been
completed because of a temporary drop of signal intensity before the actual
breakthrough, the depicted borehole outlets have similar characteristics. Their small
diameter and the substantial melt deposits near the outlet orifices can be interpreted
as an indicator for process termination just after the moment of breakthrough.
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Fig. 10.18 Microscope images of microhole outlets in a 500 um CrNi steel sheet. Left Percussion
drilling with a fixed number of laser pulses. Right Percussion drilling with automatic process
termination after breakthrough. Wavelength 800 nm, pulse duration 5 ps, repetition rate 1 kHz,
focal diameter 18 pwm, energy density 170 J/cm?, focal position =200 um

10.5.3 Other Methods for Online Monitoring

In addition to camera-based imaging of laser-induced shock waves and coaxial
monitoring of optical process emissions, other techniques were developed and
tested [44]. Measuring the ratio of ionized particles within the plasma plume using a
conducting electrode as well as capturing the airborne and structure-borne acoustic
process emissions are quite promising means for detecting the breakthrough or for
monitoring the widening of the borehole outlet. The first experimental results
demonstrate the potential for the development of further monitoring approaches for
USP microdrilling and ablation processes. Yet, this field of research is still at its
onset, and further experimental work is necessary.

10.6 Industrial Microdrilling of Diesel Injector Nozzles

A prominent application of drilling with ultrashort laser pulses is the fabrication of
precise and specifically shaped boreholes in diesel fuel injector nozzles (see illus-
tration in Fig. 10.19). This application is currently pushed by the perspective to
fulfill future emission standards by optimizing the combustion process in diesel
engines of cars and trucks. Such an inner-engine optimization is a possible alter-
native to the treatment of the combustion products in the exhaust line using e.g.
particle filters or catalyzers that reduce nitrogen oxide (NO,) emissions.

From these boundary conditions, the functional requirements of future diesel
systems and diesel nozzles can be deduced. In the next step, the functional
requirements have to be transferred into geometrical requirements so that finally the
borehole dimensions and the necessary precision can be defined. However, a
potential use of laser drilling with ultrashort laser pulses in mass production does
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Fig. 10.19 Section of a diesel
engine with glow plug and
diesel injector

not only depend on the fulfillment of the functional requirements, but also on the
manufacturing costs which must not exceed a certain target price. In the case of the
diesel nozzle, the maximum additional costs for an improved combustion are
determined by the costs of a corresponding exhaust gas treatment system. These
conditions yield a processing time of not more than 12 s per borehole, provided that
post processing such as deburring is not necessary.

The material of a diesel nozzle is hardened chromium-nickel (CrNi) steel.
Depending on the nozzle type, the spray hole depth is about 1 mm. The hole
position at the surface of the geometrically complex nozzle tip has to be adjusted
with a tolerance of only a few microns. The requirements concerning the spray hole
shape are equally high, which means that the standard deviations of hole diameter
and straightness have to be below 1 pm. Another challenging issue is the protection
of the inner walls of the nozzle main bore, which can be damaged by laser radiation
transmitted through the spray holes after breakthrough, i.e. during the widening
phase of the drilling process. This problem is illustrated by the cross-section of a
typical diesel nozzle displayed in Fig. 10.20.

With the comprehensive understanding of process fundamentals and processing
techniques presented in this chapter, it was possible to transfer the experimental
results from metal sheets to a demonstrator diesel nozzle. The highest challenges
included the protection of the inner walls of the diesel nozzle and the reduction of
the processing time to less than 12 s while maintaining the required precision. As
can be seen from Fig. 10.21, the required specifications have successfully been
implemented.
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Fig. 10.20 Cross-section of the head of a diesel nozzle. The inner wall of the depicted nozzle does
not show any defects on the opposite side of the borehole outlets

Fig. 10.21 Left Outer side of the spray hole (entrance of laser beam). Middle Inner side of spray
hole (exit of laser beam). Right View inside the nozzle

10.7 Conclusions

This chapter shows that high precision microholes in metals can be fabricated
reproducibly using picosecond laser pulses together with the helical drilling tech-
nique. Cylindrical and negatively conical boreholes with diameters in the range of
100 pum and excellent machining quality have been manufactured in 1 mm CrNi
steel sheets (see Fig. 10.22) and in demonstrator diesel fuel injector nozzles. The
productivity of the helical drilling process could be enhanced to an extent that the
processing time of the fabricated spray holes meets the cycle time requirements of
serial production. Several characteristics of the manufactured microholes and the
drilling process such as the capillary depth, the moment of breakthrough or the
completion of the widening phase could be monitored or even controlled via the
observation of laser-induced shock waves or the optical process emissions.

The results of the reported experiments suggest that the use of high pulse
energies instead of high repetition rates is beneficial from both quality and effi-
ciency aspects. The quality and the roundness of the borehole inlet and outlet as
well as the wall smoothness can be significantly improved by gradually increasing
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Fig. 10.22 Transverse sections of microholes in a 1 mm CrNi steel sheet. Inlet diameter 90 pm,
outlet diameter 110 pm, wavelength 1030 nm, pulse duration 6 ps, helical drilling, processing time
15 s. The combination of the helical drilling technique with focal diameters <10 pm allows to
reduce the borehole diameter far below the depicted range. Microholes with a diameter of 25 um
and an aspect ratio of 7:1 have recently been manufactured in spinning nozzles consisting of
240 pm AuPt sheets [45]

the pulse energy in the form of a linear ramp over the first seconds of the drilling
process. Path diameter ramps can be employed to avoid the formation of burr and
spatter. A benefit of repetition rate or inclination angle ramps in burr height,
machining quality or widening behaviour could not be identified in this analysis.
Also a focal shift during the drilling process has not been found to cause any
positive effects. Instead, it could be examined that a focal shift into the workpiece
leads to an unintended enlargement of the inlet zone. Assist gases with high ion-
ization energies have a significant impact on laser-material-atmosphere interaction.
They can be utilized to raise productivity and to enhance machining quality.
Drilling with frequency doubled radiation ensures a high quality and productivity
level, even without the use of complementary processing techniques. This effect can
be explained by a substantial reduction of laser-plasma interaction compared to
drilling with infrared radiation.

Finally, it can be stated that borehole quality and process efficiency are deci-
sively determined by the magnitude of ionization of the gas atmosphere inside and
above the capillary. The observed correlation between the production of melt and
the intensity of the optical process emissions supports the theory of post heating
caused by laser-induced plasma. Plasma control is thus the key objective for further
process development in the field of high aspect-ratio picosecond microdrilling in
metals.
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Chapter 11
Surface Structuring of Metallic Materials

Steffen Sommer and Sven Doring

Abstract By the use of ultrashort laser pulses in surface structuring, the achievable
quality and precision can be improved compared to pulse durations in the nano-
second regime. Further post processing to eliminate burr can be saved.
Nevertheless, the process efficiency for picosecond pulses is much lower compared
to the nanosecond regime. Therefore, spatial and temporal strategies need to be
applied to achieve economic ablation rates. This chapter demonstrates the
enhancement of productivity by factor of 3—10 by spatial beam shaping and about
several orders of magnitude by temporal division of the pulses. Furthermore, the
precision and the efficiency can be increased by the use of a shorter wavelength.
Finally selected tools for processing assurance are introduced to enable a higher
reliability within industrial production.

11.1 Introduction

Surface structuring with pulsed lasers enables the fast and precise generation of
arbitrary geometries. Compared to mechanical technologies like turning and mill-
ing, with laser ablation very small dimensions of several microns can be achieved
very easily and the machining of hard materials is possible without increased wear
of the tool or losses in precision. Compared with technologies like etching, the laser
ablation is quite flexible. Due to these advantages many processes like marking,
engraving of injection molds [1] and structuring of tribological surfaces [2] have
been established in industrial production since many years with pulse durations in
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the nanosecond regime. Especially for the ablation of metals, these pulses form burr
due to thermal effects and need additional cleaning steps afterwards. By reduction
of the pulse duration in the regime of a few picoseconds it is possible to ablate with
nearly no heat affected zone. This can save further cleaning steps and leads to a
higher precision of the ablated structures. But the process efficiency is very poor
due to limitations in the applicable energy density [3].

There are several ways to enhance the productivity of ablation with ultrashort
laser pulses and to establish this technology for industrial production. The applied
average power can be increased by spatial or temporal division at constant energy
density without losses in quality by raising thermal effects. The use of a reduced
wavelength compared to the state of the art near infrared enables better absorption
and benefits in focusing conditions. Further it is necessary to implement tools for
processing assurance to provide stable and reliable production processes.

11.2 Productive Processing Strategies

Surface ablation of metals with laser irradiation needs to heat up, melt and vaporize
the work piece. Thereby volume expansion appears and a shock wave is induced.
Due to the impact of this shockwave liquid material is released out of the interaction
zone. After the ablation process recast of molten, but not fully detached material
remains in the processed area, thereby the moved and solidified material bulges and
forms burr beside the interaction zone, see Fig. 11.1a.

To reduce heat conduction within the process, the pulse duration 1 has to be in
the regime of the timescales for reaching the thermal equilibrium state 1., between
electron system and atomic lattice, which is typically between hundreds of fem-
toseconds and a few picoseconds for metallic materials. Nevertheless, the formation
of a liquid phase cannot be avoided completely. The amount of generated melt
primarily depends on the applied energy density H, also referred to as fluence [4].
For an energy density, which is much higher than the ablation threshold Hy,,

TH >> ‘[eq;

H>Hy, Ty S Teqr H >>> Hy, Ty S Tegy H>> Hy, Ty S Teqy HZ Hy,

S Tegr eqr oqr
Fig. 11.1 Behavior at ablation of metallic materials for short (1 >> 1.4) and ultrashort (ty < Teq)

laser pulses with different levels of energy density H
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Fig. 11.2 Strategies to improve the productivity of ablation with ultrashort laser pulses

a significant melt volume is generated and thermal effects like bulging can be
observed, see Fig. 11.1b. Furthermore, the pressure of the shockwave becomes high
enough to move molten material out of the laser interaction zone, similar to the
ablation behavior for long pulse durations, Typical values for this regime are
50-100 J/cm®. To obtain a negligible amount of melt and avoid agitation in the
molten material, the energy density for irradiation needs to be close to the ablation
threshold, typically 0.05-0.2 J/cm? [5], depending on the material, see Fig. 11.1d.
However, only a low ablation rate of several nm/pulse can be achieved in this case.
An energy density in the range of 1-10 J/cm?, see Fig. 11.1c, offers in most cases
the best compromise between the achievable quality and efficiency for high pre-
cision ablation without post processing.

In conclusion, it is possible to ablate metals with ultrashort laser pulses without
burr and at very high precision, but this quality requires a limited energy density of
the irradiating pulses and reduces the volume ablation rate for the process, because
of relatively low applicable average power. Productivity directly scales with
average power. Concepts with high average power at limited energy density are
spatial and temporal division (see Fig. 11.2). Using spatial beam shaping the
ablation zone can be enlarged, either by transforming the spot into a line geometry
or due to parallelization by division of the laser beam [6]. As a temporal method,
the division of the laser power within a higher number of pulses by an increase of
the repetition rate should enable a faster processing velocity. A successful use of
both concepts strongly depends on the application.
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11.2.1 Spatial Methods

11.2.1.1 Linear Beam Shaping

The transformation of a Gaussian beam spot into a line geometry can be solved by a
telescope of cylindrical lenses. Figure 11.3 shows the compression along one axis
of the initial beam by using a forming telescope made of a pair of cylindrical lenses.
A linearly shaped beam profile in y-orientation is obtained on the focusing optics.
During focusing, the beam is compressed stronger along its larger dimension, and
the direction of the linear beam profile switches to x-direction. To adjust the ori-
entation of polarization, a waveplate is included in the setup. In comparison with a
diffractive optical element, this setup provides a higher optical efficiency and is
independent of the incoming beam profile.

In order to show the influence of beam stretching on the achievable ablation
efficiency, in Fig. 11.4 ablation results of beam profiles with three different
stretching ratios of the shaped beam are compared to the unshaped focal spot. The
energy density and the relative overlapping of the pulses on the target are kept
constant, therefore pulse energy and the machining speed have been adapted in
proportion to the aspect ratio.

The graph demonstrates a linear growth of the ablation rate with increasing
aspect ratio of the stretched focal spot. At constant energy density, higher pulse
energy and resulting higher average power can directly be transferred into an
increase of processing speed. SEM-pictures of the resulting grooves in Fig. 11.5
show some periodic profile within the structure for higher aspect ratios, but even for
the stretching factor of 15, there is no accumulation of burr beside the ablated area.
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Fig. 11.3 Experimental setup for generation of a lined focal spot by the use of a telescope of
cylindrical lenses
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Fig. 11.4 Volume ablation rate by structuring grooves in grey cast iron dependent on the
stretching ratio of the formed beam. 1y = 5 ps; f, = 1 kHz
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Fig. 11.5 Grooves structured in grey cast iron with different stretching ratio of the formed beam.
ty=5ps;f,=1kHz; H=2 J/em?

11.2.1.2 Multi Spot Beam Shaping

An alternative approach to increase the overall ablation zone per pulse is parallel
processing. The fundamental concept is based on the splitting of the laser beam into
several sub-beams with preferably equivalent power and quality, while the beam
shape itself remains unchanged. In the simplest configuration this can be achieved
by means of a partially reflecting and partially transmitting beam splitter providing
beams for different workstations.

For some applications, especially in the micromachining regime, parallel pro-
cessing at the same workstation is preferable to realize structures with a separation
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mirror
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diffractive f-Theta lens
optical
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Fig. 11.6 The diffractive optical element (DOE) splits the beam into multiple diffraction orders,
which can then be focused to the workpiece by using a single optic (e.g. galvo scanner including
an f-Theta lens)

of a few tens of micrometers in a single step. This can be achieved by inserting a
diffractive optical element (DOE) into the beam path, which splits the beam into
different diffraction orders along the beam path due to interference induced by
phase modulation within the element (see Fig. 11.6). This results in multiple beams
with clearly defined arrangement and separation angle. Due to the small diffraction
angle they can be used in front of one and the same optic despite the limited input
aperture.

For successful operation, the DOEs need to fulfill one or more of the following
requirements, depending on the intended application:

e providing multiple diffraction orders with well-defined diffraction efficiency,
e.g. equivalent splitting of the incident pulse energy
providing high beam quality for each diffraction order
providing low diffraction angle (<<1°)

e providing a high contrast to higher, non-desired diffraction orders

All these conditions can be fulfilled by an appropriate design of the diffractive
optical element.

In the following a commercially available, triple spot DOE is used to demon-
strate the capability of such a system. This element provides three beams (zero
and =+ 1st diffraction order) with a diffraction angle of 0.135°. In combination with a
scanner system and an f-Theta lens with 100 mm focal length, these beams are
projected into the same focal plane with a spot separation of about 225 um. As can
be seen from geometrical optics considerations, the spot separation only depends on
the diffraction angle and the focal length used, irrespective of the distance between
DOE and lens or workpiece. Therefore, the system is resistant to misalignment.
Measurements of the intensity profile and M*-parameter showed that the beam
quality of the laser system is preserved for each diffraction order. The element has a
high efficiency of 90 % and a uniform power splitting ratio of 1:1:1.

As a practical example, grooves with a width of 25 and 20 um depth were
structured in stainless steel. A galvo scanner in front of the focusing optic was used
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single processing parallel processing with DOE
without DOE

50 pm

Fig. 11.7 Ultrashort pulse laser structuring with a triple spot DOE produces three grooves, one for
each diffraction order. They show uniform quality and dimensions. The quality is also comparable
to a line generated without using the DOE. The feed rate is the same in both cases, while for
application of the DOE the pulse energy is adapted appropriately. 7.5 pJ pulse energy per line,
corresponding to H = 4 J/em?, effective feed rate of 5 mm/s

to move the beams on the sample surface, see Fig. 11.6. Figure 11.7 shows scan-
ning electron microscope images of the line structures obtained with an ultrashort
pulse laser system (8 ps pulse duration, 200 kHz repetition rate). A single line
processed without using the DOE is given for comparison. When using the DOE,
the total pulse energy has been scaled up to match the conditions for ablation
without the DOE while the feed rate remains constant. For both cases, the grooves
show the same nearly burr- and melt-free quality as well as the same dimensions.
The triple grooves generated using the DOE are uniform in their quality, size and
shape. The roughened ground level is a typical feature of the structuring of stainless
steel with ps laser pulses. Consequently, parallel processing by means of a DOE
significantly increases the process efficiency without a reduction in quality of the
produced structures.

It has to be mentioned, that non-desired, higher diffraction orders can signifi-
cantly damage the workpiece depending on the actual process parameters and the
threshold fluence of the material to be machined. Figure 11.8 shows the damage
generated by the +2nd and +3rd diffraction order in comparison to the master
structure (zero or Ist diffraction order). Typically, the total power in the higher
diffraction orders needs to be suppressed below 1 % of the entire transmitted power
to reduce the fluence at these spots below the threshold. The microstructure of a
DOE can be specially designed to meet these prerequisites.

In conclusion, diffractive optical elements are able to provide optimal beam
splitting for parallel processing at micrometer distance. The splitting pattern,
respectively number and distance of generated spots, and the splitting ratio are
determined by the design of the element, which has to be realized properly to meet
the application requirements. Hence, the elements are inadaptable to changing
processing demands, but on the other hand are essentially insensitive to misalign-
ment. Thus, DOEs show a high potential for parallel processing in combination
with standard optics for micromachining.
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master structure damage structures

Fig. 11.8 Non-desired higher diffraction orders can significantly damage the workpiece (+2nd) or
induce a ripple structure on the surface (+3rd). The effective process speed in this example was
2 mm/s
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11.2.2 Temporal Method

Apart from energy density the pulse overlap, or progressive feed per pulse, is a
main parameter for structuring grooves. To increase the processing speed, while
keeping theses two parameters constant, a higher repetition rate can be applied. For
the following investigations an Yb:YAG-laser with a pulse duration of about 5 ps
was used. The regenerative amplifier featured a thin disc laser. This laser contin-
uously worked at 50 kHz while an external modulator divided the repetition rate.
This enables working with constant beam parameters even when changing the pulse
frequency. For constant energy density and a fixed pulse overlap, grooves struc-
tured in grey cast iron with different pulse repetition rates can be compared.

The obtained cross sectional area shown in Fig. 11.9 is constant for frequencies
between 1 and 50 kHz. Due to the increasing machining speed, the ablation rate
grows linearly with increasing repetition rates.

With regard to the quality of the structured grooves in Fig. 11.10, there are no
changes such as increased burr or melt layers detectable towards higher repetition
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Fig. 11.10 Grooves ablated
into grey cast iron at constant
pulse overlap and energy
density with 1 and 50 kHz

50 um
—-

rates. Hence, increasing the pulse repetition rate is an adequate means for providing
higher process efficiency while maintaining good ablation quality. Limitations
strongly depend on the material, the focusing conditions and the feed rate per pulse.
For typical applications like surface structuring metals with a depth of up to several
microns no interaction effects can be observed till 1 MHz. For higher repetition
rates interaction between the laser beam and plasma and material vapor generated
during the pulse can influence the process significantly. Nevertheless, for ablation
of (metallic) thin films of several nanometer thickness with very low energy density
and a low overlap per pulse, these effects can be kept small and it can be possible to
apply repetition rates even higher than 1 MHz.

11.3 Influence of the Wavelength

In laser material processing, the processing wavelength generally affects the
absorption as well as the focusing properties. The shorter penetration depth for
shorter wavelength is leading to a smaller interaction volume and a better
absorption of the irradiated laser beam. Figure 11.11 depicts the achievable ablation
rates for structuring grooves in grey cast iron with wavelengths in the near infrared,
the visible regime and with ultraviolet light. At the same fluence and spot size a
higher volume ablation rate with reduced wavelength can be demonstrated.
Considering the rate of the increase of the process efficiency, it is nearly linearly
with the rate of frequency reduction. However, taking into account the conversion
losses at frequency-conversion, the productivity for ablation of ferrous metals
cannot be improved significantly. Depending on the application, a fabrication of
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Fig. 11.11 Volume ablation rate at structuring grooves in grey cast iron for different processing
wavelength. 1y = 12 ps; H = 1 J/em?; fp = 100 kHz
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Fig. 11.12 Grooves in grey cast iron ablated with 1064 nm (upper) and 532 nm (lower) for
machining speeds from 1.6 m/min (leff) to 0.15 m/min (right). tq = 12 ps; H = 2 Jem?;
fp = 100 kHz

deeper geometries at constant machining speed or an enhancement of the feed rate
at constant structure depth is possible.

The grooves displayed in Fig. 11.12 illustrate a higher quality at reduced
wavelength. At 1064 nm (upper row), a burr is generated at an energy density of
2 J/em? even at a high feed rate of 1.6 m/min (left). Contrary to this, the grooves
manufactured with 532 nm (lower row) are burr free. The internal structure of the
grooves is much smoother at 532 nm than at 1064 nm. In addition, the wavelength
of 532 nm produces sharper edges and ablates the graphite lamellae within the grey
cast iron more efficiently (2nd column from right).
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Fig. 11.13 Laser
manufactured grating in
copper. Pitch: 10 pm; Width
of grooves: 6 pum;

A =532 nm; fp = 100 kHz;
v =30 mm/s

It can be seen that the change to shorter wavelength does not increase produc-
tivity directly, but rather the quality. Besides this main advantage, the second
harmonic has higher focusability, which enables either smaller focal spots for
precise machining or an enlargement of the processing window by using optics with
higher focal length or an increase of the field size at a constant spot size by the use
of a galvo scanner system. Thus, new applications in metals can be enabled.

For non-ferrous metals the increase of productivity due to the reduction of the
wavelength can be higher than the losses at frequency conversion [7]. In copper the
use of 532 nm enables a quality useable for optical gratings as shown in Fig. 11.13.

11.4 Processing Assurance

Within industrial production, especially of automotive parts, beside productivity the
surveillance of new process technology is very important for a successful imple-
mentation. Therefore, the quality and risk management needs tools to control the
processes. Beside post measurement an inline control would be preferable. In
Fig. 11.14a method for detecting the processing emission is displayed. A photo
detector captures the coaxial light of the ablation zone. Filters block the wavelength
of the laser [8]. Further the impact sound in the work piece is detected.

The graph in Fig. 11.15 left shows the variation of the width and depth of the
groove among the variation of the focal position (upper). There is a correlation with
the optical processing emission (middle) that is minimized at the focus position as
well as between the impact sound that has a maximum in the focal position (lower).
The variation of the pulse energy shown in Fig. 11.15 right has an increase of
width, depth, optical emission and impact sound for an increasing pulse energy.
Due to this behavior an increase or decrease of optical and acoustic emission
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Fig. 11.14 Setup for coaxial detection of the optical processing emission and the recording of the
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Fig. 11.16 Enhancement of the productivity during the recent years by the use of spatial and
temporal beam shaping together with the reduction of the wavelength displayed for the volume
ablation rate at structuring grooves in grey cast iron

implicates a change in pulse energy, while an increase of optical emission at
decreasing impact sound a change in the focal position implies. This shows the high
potential for processing surveillance methods for ablation with ultra short pulses,
even it seems to be necessary to detect several signals to get a conclusion which
parameter changes within the process [9].

11.5 Conclusion

The enhancement of the productivity is the core topic to bring the technology of
ultra short pulsed lasers into industrial applications. Figure 11.16 summarizes
experimental achieved ablation rates for laser structuring of metals. Grooves in grey
cast iron in the dimension of 20 um width and 5 um depth are chosen as benchmark
application. The value for 1 kHz was state of the art at the begin of this millennium.
The item 30 kHz-350 ns is the productivity of the laser ablation with nanosecond
pulses at which the burr has to be removed in a final cleaning step. The mea-
surement values in between summarize the spatial and temporal strategies together
with the reduction of the wavelength. The recent availability of stable high power
lasers with pulse durations in the sub-picosecond regime enables further potential
for the enhancement of the process efficiency. So the change from 7 ps to 0.7 ps
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even in metals raises the ablation rate per pulse more than twice [10]. For significant
shorter pulses effects like air breakdown and scattering at ablated material appear
and reduce the quality and efficiency.

Based on these different concepts within the last years the volume ablation rate
could be raised from 0.006 mm>/min up to more than 1 mm®/min. Based on the
availability of high power laser systems emitting picosecond pulses at a high sta-
bility it is possible to combine methods of parallelizing or modification of the beam
profile at high repetition rates with reduced wavelengths. There are different
industrial applications realized through the main benefit for the efficiency resulting
of higher pulse repetition rates. Today the speed of many processes is limited due to
the dynamic of the motion system so it becomes more and more important to use
the spatial methods to become more productive. Not every application allows the
implementation of parallelization so still every process has to be designed in
consideration of all the mentioned tools for improvement of productivity and
quality.
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Chapter 12

Beam Guidance, Focal Position Shifting
and Beam Profile Shaping in Ultrashort
Pulsed Laser Materials Processing

Peter Bechtold, Maik Zimmermann, Stephan Roth, Ilya Alexeev
and Michael Schmidt

Abstract In ultrashort pulsed (USP) laser micro-processing several optical and
optomechanical components are needed to enable the desired process. Besides the
USP laser itself, systems to guide and focus the laser beam are mandatory in almost
all applications. Furthermore beam profile shaping, e.g. the creation of top-hat or
super-Gaussian beam profiles, results in beneficial effects for many applications,
such as increased efficiency and superior quality. In this chapter an overview of
both established and up-to-date technologies regarding beam guiding, focal position
shifting and beam profile shaping will be presented. For beam guidance and focal
position shifting comparable key parameters will be stated to enable easy compa-
rability. As an outlook on probable future applications, both temporal and spatial
polarization profile shaping will be presented.

12.1 Introduction

As stated in other chapters of this book, ultrashort pulsed lasers are increasingly
favored compared to other laser sources and non-laser technologies in specific fields
of micro manufacturing, particularly structuring, drilling and cutting of um-sized
features. Optimization of the laser-material interaction of an ultrashort pulsed laser
beam regarding selected key features, such as volume of burr and recast, roughness
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of the generated structure and overall process efficiency, is heavily dependent on
and partly limited by the main parameters of the applied beam guiding, focal
position shifting and beam profile shaping technology. It is therefore of upmost
importance to know and understand up-to-date technologies and developments in
these fields of technology to ensure best use of an ultrashort pulsed laser.

In a vast majority of ultrashort pulsed laser applications well-known and
established galvanometer scanners with quasi-fixed focal position and Gaussian
beam profile are used, though usage of further advanced technologies would result
in beneficial changes of the laser-material interaction. To state more specific
examples, beam guiding with faster angular speed will result in lower pulse overlap,
which is beneficial for structuring and cutting quality [1]. Usage of focal position
shifting technologies allows three-dimensional processing and beam profile shaping
—reshaping to top-hat distribution for instance—increases processing efficiency
and decreases heat impact in surface structuring [2].

Within this chapter the authors will state an up-to-date overview of systems for
beam guidance by beam deflection, focal position shifting and beam profile shap-
ing. After covering the basics of each topic, both established and novel technologies
are explained in detail. To ease the selection of a specific technology for each field,
comparable key parameters for the most important technologies will be stated. Each
section will also include an outlook on upcoming technologies, which may be of
interest in future.

12.2 Systems for Beam Guidance by Beam Deflection

Beam guidance is to be understood as angular deflection of the beam in one (single
axis beam guiding) or two axes (dual axis beam guiding) perpendicular to the beam
propagation and onto each other. In micro-processing and other applications with
USP lasers, the laser beam typically passes the focusing optics after angular
deflection." Thus angular deflection is transformed into lateral focus spot dis-
placement by the focusing optics, see Fig. 12.1a. With idealized paraxial approx-
imation” the equivalent lateral displacement Ax can be calculated by (12.1), where f
is the effective focal length of the focusing optics and a the beam deflection angle.

Ax = ftana ~ fo (12.1)

In case of reflective beam guidance (e.g. galvanometer, piezo and MEMS
scanners) the achievable deflection angle may be multiplied by the principle of

"In some macro-processing applications the collimated laser beam passes the focusing optics
before angular deflection. This enables larger working areas in remote processes, such as remote
welding. As focal distance and thus spot size is increased, this technique is uncommon in
micro-processing.

Paraxial approximation assumes that deflection angle is low, so that sin a = tan o = o, and beam
height is negligible, i.e. all beams are near to optical axis.
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Fig. 12.1 Transformation of beam deflection into lateral focus shift; a idealized, paraxial
approximation; b curvature of focus plane for single lens in non-paraxial (real) case; ¢ planarization
of focal plane by F-Theta lens; d equaling angle of incidence to 0° by telecentric F-Theta lens

optical beam folding, i.e. the laser beam hits the same tilted mirror surface more
than once by use of an appropriate optical setup (folding mirrors). Optical beam
folding is a well-known technique, which is often used in relation to gratings. As
the deflection angle is multiplied by the folding factor, the same accounts to the
values of maximum angular speed, repeatability and resolution.

Before explaining most established and widely used optical systems for beam
deflection in detail, a succinct overview on focussing options of the ultrashort
pulsed laser beam after beam deflection will be given.

12.2.1 Focussing Methods for Ultrashort Pulsed Lasers

Different lenses and lens combinations are used as focussing optics in ultrashort
pulsed laser processing. If no beam deflection is needed—e.g. the workpiece is
translated via linear axes—a single lens (plano-convex, best-form or aspherical
lens) or lens combination (achromat or so-called ‘focussing optic’) is used most
commonly. However, if beam deflection takes place, such lenses will focus the
beam not onto a planar area, as shown in Fig. 12.1a, but on a curved area, see
Fig. 12.1b. Planarization of the focal plane is done by F-Theta lenses® (Fig. 12.1c),
which are lens combinations of mostly three or more single lenses. If aspect ratio of

3The term ‘F-Theta’ historically relates to the optimization of such lens combination towards linear
dependence of lateral beam height after focussing (‘F’) to deflection angle before focussing
(“Theta’). In modern scanning systems, this relation is optimized by software, so that planarization
of the focal plane is the main task of F-Theta lenses today.
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the feature to be produced is high, telecentricity, i.e. the value of the angle of
incidence of the focused beam onto the focal plane, has to be taken into account.
Telecentric F-Theta lenses (Fig. 12.1d) keep the telecentricity low (typically below
2°), whereas the telecentricity is comparable to the deflection angle for
non-telecentric F-Theta lenses.

In application, telecentric F-Theta lenses are to be favored in most ultrashort
pulsed laser processes. When the feature to be produced is of low aspect ratio
(approximately 0.1 and below), non-telecentric F-Theta lenses are a viable, more
cost-efficient option. Only if there is no beam deflection (e.g. the workpiece is
moved), single lenses are viable.

When using any lens system in conjunction with ultrashort pulsed lasers two
further aspects have to be taken into account. Firstly, some lens combinations
(F-Theta lenses in particular) produce additional foci due to back-reflection at
concave optical surfaces, which might result in damaging the lens system or optical
elements prior to the lens system (e.g. components of the beam deflection).
Therefore, lens systems optimized to avoid such additional foci are to be increas-
ingly favored when pulse duration is ultrashort (~ 10 ps and less) and pulse energy
is moderate or high (~1 uJ and above). Secondly, some glass types used in lens
combinations induce a significant amount of group velocity dispersion (GVD).* In
case of ps-laser pulses (pulse duration approximately 10 ps) the spectral bandwidth
is rather low (~0.1 nm), so that the impact of GVD is negligible for almost all
established glass materials. When pulse duration is shorter (~ 100 fs and below),
spectral bandwidth is increasing (for 100 fs: ~ 10 nm) and thus GVD will signif-
icantly lengthen the pulse’ [4]. Additionally, lateral chromatic aberration takes
place, which can lead to significant deformation of the beam profile shape at high
deflection angles. Low-dispersion glasses, such as fused silica, and color-corrected
(achromatic) lens systems are to be favored for almost all ultrashort pulsed lasers,
especially if pulse durations are below 1 ps.

12.2.2 Galvanometer-Based Optical Scanners

Galvanometers, first reported by Johann Schweiger in 1820 [5], are instruments for
detecting electric currents. A rotary deflection of a coil (or magnet) surrounded by a
magnet (or coil) is produced in response to an electric current flowing through the
coil, as depicted schematically in Fig. 12.2a). The pointer, which is used to visu-
alize the rotary deflection, was exchanged by a mirror later on allowing higher

“For more details on GVD and impact on pulse duration please refer to [3].

SAs a numeric example a bandwidth-limited pulse of 50 fs duration and 800 nm wavelength will
be lengthened to 111 fs (54 fs) after passing through 10 mm SF14 (10 mm fused silica) [4].
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Fig. 12.2 Schematic layout of a galvanometer with pointer, b galvanometer scanner with moving
magnet actuator and ¢ galvanometer scanner with moving coil actuator

resolution and representing an early form of a Galvanometer-based optical scanner,
commonly referred to as galvo scanner. Today the laser beam is typically reflected
by a pair of galvanometer-driven mirrors to enable dual axis beam guiding, where
the rotary deflections in both axes are controlled via the applied currents. The
mirrors are each attached to the so-called rotor, which is either fixed to the freely
moving magnet surrounded by the fixed coil (moving magnet actuator, Fig. 12.2b)
or fixed to the freely moving coil surrounded by the fixed magnet (moving coil
actuator, Fig. 12.2c). Where the moving magnet actuator enables higher positioning
speeds due to superior rigidity and stiffness (higher torque), the moving coil
actuator offers better positioning accuracy due to high magnetic flux (smaller coil
area). Today both technologies are still in use [6].

The position of the mirror is detected by different techniques (e.g. capacitive or
optical position detection) enabling closed-loop control and thus maximizing
accuracy and speed of galvanometer scanners. The mirror itself is one of the key
elements in galvanometer scanners. It has to offer a suitable size to reflect the beam
without disturbance over the whole angular range. Adequate stiffness is needed to
withstand deformation caused by the rotor torque. In parallel it must not increase
the scanner’s inertia to an unacceptable level by too much weight. Overall the
mirror design (thickness, cross section, profile) and material (typically fused silica,
silicon, silicon carbide) has to meet the trade-off between speed and optical aperture
size. The second mirror in a two-axis galvanometer scanner is typically larger than
the first one as it has to cover both angular deflections, and thus limits the overall
maximum speed [6].

In summary, galvanometer-based optical scanners offer typical parameters as
stated in Table 12.1.
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Table 12.1 Typical key parameters for galvanometer-based optical scanners®

Aperture Beam Positioning Maximum Maximum
deflection up repeatability better | sinusoidal angular speed
to frequency

5 mm... +40° 20 prad (short ~2kHz @ 10 % 200 rad/s

> 50 mm term)® of full step

#According to datasheets of Scanlab AG, Arges GmbH, Raylase AG and Cambridge Technology
Inc
°On long term, galvanometer mirrors may drift by appr. 0.1 mrad/h or less

(a) (b)

ﬁ mirror plate ﬁ

| ~ |
AR () /AR N
ﬁ I—inOt ﬁ G

piezo

Fig. 12.3 Schematic sectional view of single-axis piezo-driven steering mirror using a a single
piezo actuator and b two piezo actuators

12.2.3 Piezo-Driven Steering Mirror

Piezo-driven steering mirrors, commonly related to as piezo scanners, consist of a
mirror attached to one or more linear piezo actuators and flexures to enable tilting of
the mirror.

In case of single-axis beam deflection a single piezo actuator in combination
with a single flexure may be used, as depicted in Fig. 12.3a. Here, the flexure serves
as pivot point. Alternatively, two piezo actuators may be used, which support the
mirror directly without the need of an additional flexure, see Fig. 12.3b. In this case
the piezos are actuated oppositional, i.e. one piezo is pulling, while the other one
pushes the platform. Whereas the single piezo solution offers highest cost efficiency
and smallest system size, the mirror tilting angle is sensitive to temperature chan-
ges, as the piezo actuator and flexure possess different thermal expansion coeffi-
cients. In contrast, the two piezo solution offers stable and precise positioning over
a wide temperature range, as a temperature change will only cause a linear
movement of the attached mirror. Also faster and larger deflection is achieved.

In most beam guiding tasks the laser beam has to be deflected in both axes. Two
single-axis tilting platforms may be used, one for the first axis deflection and the
second one in distance to the first one for the second axis deflection. As the same
problems arise as with galvanometer scanners (the second mirror has to be larger)
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Fig. 12.4 Schematic view of dual-axis piezo-driven steering mirror using a a three piezo actuator
arranged in L-shape and b four piezo actuators arranged in cross-shape

dual- and multi-axis tilting platforms are used much more often. In contradiction to
galvanometer-actuated mirrors (rotary actuation is transferred to tilting), dual-axis
tilting is realized much easier using piezo actuators, as a linear actuation is trans-
ferred to tilting.

Dual axis tilting is typically realized using three or four linear piezo actuators
directly attached to the mirror, see Fig. 12.4a, b. Tilting platforms using three linear
piezo actuators allow an additional linear movement of the mirror, e.g. for
path-length adjustments in applications such as phase-shifting. In case of four piezo
actuators each pair of piezo actuators is actuated in opposite directions (push/pull),
similar to the single-axis tilting platform using two piezo actuators. In this case each
piezo actuator is attached to the mirror in such way, that the distance to the middle
pivot point is the same and an angle of 90° is arranged between the two piezo
actuator pairs. As before, the setup with four piezo actuators typically exceeds the
one with three piezo actuators in terms of maximum speed and deflection [7].

As a major part of beam guiding is related to dual-axis deflection of a laser beam,
the summary in Table 12.2 comprises typical parameters of dual-axis piezo-driven
optical scanners solely [7].

12.2.4 Acousto-Optical Deflection

Acousto-optical devices consist of a parallelepiped of transparent material (e.g.
fused silica, germanium, lithium niobate) polished to optical quality, and a piezo
transducer bonded to one side of that cuboid. The transducer induces an acoustic
wave into the material, which in reverse induces an according periodical density
distribution, see Fig. 12.5. As the index of refraction is depending linearly on the
density in first approximation, the cuboid acts as a diffraction grating as soon as an
acoustic wave is coupled into the material. The diffraction angle 6 is linearly
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Table 12.2 Typical key parameters for dual-axis piezo-driven steering mirrors®

Aperture Beam deflection Positioning Maximum Maximum
up to repeatability better | sinusoidal angular speed
frequency
5 mm... +3° 5 prad ~1kHz @ +1.5° 50 rad/s
> 30 mm

#According to datasheets of Physik Instrumente (PI) GmbH & Co. KG and Piezosystem Jena
GmbH

Fig. 12.5 Schematical layout AO crystal
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proportional to the acoustic frequency, so beam guiding is achieved by varying
acoustic frequency f (so called “chirping”) [8].

_H
-

0 (12.2)

For small angles the diffraction angle 6 can be estimated by (12.2), where A is
wavelength, f acoustic frequency and V,, the acoustic velocity. Larger diffraction
angles and thus deflection ranges can be achieved for longer wavelengths. Typical
values for f are 50-500 MHz and for V, 600-6000 m/s.

As the acoustic frequency can be varied very fast (typical response times in the
range of us), angular speeds exceeding 1000 rad/s are achieved. Though, several
challenges arise when acousto-optical deflection (AOD) is used. The diffraction
efficiency amounts to appr. 80 %, so at least 20 % of laser power is lost into the zero
order (i.e. non-diffracted) beam. As the acoustic frequency is chirped in time-domain
when laser beam deflection takes place, the frequency and thus deflection is not
constant over the whole aperture volume. This results in a behaviour comparable to a
cylindrical lens, which is stronger as angular speed increases. At an angular speed of
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appr. 1000 rad/s, the focal length of the so-called cylinder lensing effect is between
0.6 m and 6 m depending on the acoustic velocity V,,. Thus, the laser beam is strongly
astigmatic after passing the acousto-optical deflector [8, 9].

Of all beam guidance devices reviewed in this chapter, the acousto-optical
deflector is the only one where the beam passes material (others are reflective). As a
result, chromatic dispersion will cause group-velocity dispersion (GVD), lengthen-
ing and chirping the pulse. Moreover, the deflection angle is dependent on the
wavelength as can be seen in (12.2). Hence, ultrashort laser pulses of high bandwidth
will be laterally dispersed after deflection (lateral chromatic aberration). These effects
have to be taken into account at pulse durations below appr. 200 fs [10].

As an acousto-optical deflector enables one-dimensional scanning of the
laser-beam, 2-D scanning can be achieved by the use of two deflectors in close
vicinity and at an angle of 90° between the scanning axes. However, in this case the
lost laser power adds up to at least 50 %. Therefore, acousto-optical deflectors are
not widely used for beam guidance in micro-processing to date. Instead they are
applied in other technologies such as imaging and optical tweezers, where laser
power is typically not an issue [11, 12].

The summary in Table 12.3 comprises typical parameters of 2-D optical scan-
ners using two acousto-optical deflectors [9].

12.2.5 Micro-Electro-Mechanical System Scanners

In MEMS (micro-electro-mechanical systems) and MOEMS (micro-opto-electro-
mechanical systems) technology, promising new scanner devices, so-called MEMS
scanners, are developed. MEMS scanners mainly consist of a silicon mirror
(optionally coated) attached to silicon hinges, so that the mirror may rotate in either
one or two dimensions. There are different ways used to drive the mirror, in
summary either electrostatic (differing potential of mirror and base) or electro-
magnetic (similar to galvanometer) forces are utilized. Figure 12.6 depicts an
exemplary layout of a 2-D MEMS scanner system with electrostatic actuation
schematically.

The development of MEMS scanners started appr. three decades ago and key
parameters are reaching values comparable to piezo and galvanometer scanners
today. Up to now, most commercially available MEMS scanners are used in

Table 12.3 Key parameters for acousto-optical deflectors®

Aperture Beam Positioning Maximum Maximum
deflection up repeatability better | sinusoidal angular speed
to frequency

0.1 mm... +25 mrad 1 prad ~100 kHz... >5000 rad/s®

> 5 mm (eq. £ 1.4°) 1 MHz @ full step

#According to datasheets of Gooch & Housego Ltd. and Brimrose Corp
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resonant mode (resonant MEMS scanners), i.e. the mirror is constantly moving at
its own eigenfrequency. As mirror weight and moment of inertia are designable to
some limit, the eigenfrequency can be chosen up to appr. 50 kHz. The production of
MEMS scanners is very cost-effective compared to other scanner technologies
(galvanometer, piezo and acousto-optical scanners) as semiconductor technology is
used mainly. I.e. many MEMS scanners are fabricated in parallel and monolithi-
cally on a wafer. In bar-code-scanners MEMS scanners are already industrially
established (generation of laser line via 1-D resonant scanning). In future, the same
will probably account to display and projector technology, laser scanning micros-
copy (both 2-D resonant scanning) and other possible applications [13—15].

Regarding micro-processing with USP lasers, MEMS scanners are not yet
established. Resonant scanning is not desired to a large part, therefore non-resonant
MEMS scanners may be used. Though, as MEMS scanners can basically be
compared to miniaturized galvanometer scanners (in case of electromagnetic
actuation), aperture size is limited. Ongoing research and especially low costs may
lead to an application in micro-processing in future. Table 12.4 states the key
parameters of such non-resonant MEMS scanners, which could be applied in
micro-processing [16].

12.2.6 Electro-optical Scanners

Comparable to using the acousto-optical effect for acousto-optical deflection, the
electro-optical effect (i.e. the index of refraction is dependent on the electric field
strength) is also used for deflection. Typically, electro-optical crystals are shaped in
prism-like geometries and an externally applied electrical field changes the index of
refraction and thus the deflection angle. Though maximum angular speed exceeds
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Table 12.4 Key parameters for non-resonant MEMS scanners

Aperture Beam Positioning Maximum Maximum
deflection repeatability sinusoidal angular speed
up to better frequency

1 mm...>5mm |+£30° 0.1 mrad ~1kHz @ 10 % 200 rad/s

of full step

any other technology (typically > 100,000 rad/s), electro-optic scanners lack usable
aperture size, often being smaller than 100 um [17, 18]. Also, investigations on
whether this technology is applicable to ultrashort pulsed lasers were not conducted
to date. Therefore, electro-optical scanners are still of pure scientific interest mostly.

Another relatively new technology uses an extension of electro-optic scanning.
Free space-charges are induced into a crystal (KTal — xNbxO3, abbreviated as
KTN), which deform the externally applied electrical field in such way that scan-
ning is achieved without the crystal being in prism shape necessarily. In result,
high-speed and large-angle scanning is reached (x5° @ 40,000 rad/s). With
approximately 0.5 mm, the aperture size is bigger than other electro-optical scan-
ners, but still rather small [19]. Regarding the deflection of ultrashort laser pulses,
the free space charges interact with the laser pulse in an unfavorable way, which
diminishes the scanning effect to a part, if pulse energy and repetition rate is too
high [20]. To date, the applicability in ultrashort pulsed laser-processing is therefore
limited to low-power regimes. Also, random-access scanning is very limited, as
certain KTN-scanner properties are only stable for high-speed sinusoidal scanning.
However, the KTN-scanner is undergoing extensive development and could
become more viable mid-term.

12.2.7 Summary and Outlook

To date a large part of micro-processing applications with USP lasers utilizes
established galvanometer scanners for beam deflection. Piezo and galvanometer
scanners achieve comparable beam guiding parameters, though 2-D piezo scanners
may consist of a single steering mirror guiding the beam in both axes. Typically
piezo scanner costs exceed that of galvanometer scanners and offer lower maximum
deflection angle (which could be increased by beam folding). Acousto-optical
deflection offers highest angular speeds exceeding 1000 rad/s, though the maximum
beam deflection is limited to a very low value. If acousto-optical deflectors are used,
dispersive effects have to be considered. Above that, astigmatism is caused at high
angular speeds due to the working principle (chirped acoustic wave). MEMS
scanners achieve parameters comparable to galvanometer and piezo scanners but
lack a big aperture. As MEMS scanners offer best cost-effectiveness and further
development is ongoing, they will probably become more established in future.
KTN-scanners are very promising and will certainly become more viable for
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Table 12.5 Summarized key parameters of devices for beam deflection

. Bechtold et al.

Scanner Aperture | Beam Positioning Maximum Maximum
technology deflect-tion | repeatability sinusoidal angular
up to better frequency speed
Galvano-meter |5 mm... +40° 20 prad (short | ~2 kHz @ 200 rad/s
> 50 mm term) 10 % of full step
Piezo- based 5 mm... +3° 5 prad ~1kHz @ + 50 rad/s
> 30 mm 1,5°
Acousto-optic | 0.1 mm... |+20 mrad 1 prad ~100 kHz... > 5000 rad/s
5 mm (eq. £ 1 MHz @ full
0.05°) step
MEMS 1 mm... +30° 0.1 mrad ~1kHz @ 200 rad/s
> 5 mm 10 % of full step
KTN 0.5 mm +5° n.a. 100 kHz @ full |>5000 rad/s
step

ultrashort pulsed laser applications in future, if the interaction of the laser pulse with
the free space charges is lowered to an insignificant level and random-access
scanning is possible without limitation. Table 12.5 comprises the beam guiding
parameters of above technologies, including the KTN-scanner (though being only
suitable for a rather limited selection of USP laser applications).

12.3 Systems for Focal Position Shifting

For the majority of ultrashort pulsed laser applications, the optimal position of the
focal plane varies due to advancing ablation (drilling), variation of workpiece
geometry (different workpieces, geometric tolerances) or the process itself (e.g. 3-D
waveguide-writing with ultrashort laser pulses). For some of these factors it is
suitable to reposition the focussing optic or the workpiece, which both is typically
slow because of high amounts of moving masses. If faster repositioning of the focal
plane is necessary to meet the application-driven demands, focal position shifting
systems are viable.

Focal position shifting is achieved by varying divergence of the laser beam
typically in front of the focusing optics.® The resulting focal position shift Az can be
calculated by (12.3), where fr¢ is the focal length of the focusing optics.

6Altematively, divergence and thus focal position along the beam propagation axis is varied
without using focusing optics. In this case, the divergence variation is used for both the com-
pensation of the deviation from a planar focal position induced by beam guiding and focal position
shifting. This technique is sometimes used in remote processing, e.g. remote welding. In
micro-processing additional focusing optics are standard.
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Fig. 12.7 Position of variables for focal position shift calculation due to divergence variation

1 1\!
Az = <f_ — —) —fro with r =
Fo T

The variable r is the radius of the light wavefront incident on the focusing optics,
i.e. the distance of the (virtual) focus to the focusing optics which is varied by the
divergence angle ©, see Fig. 12.7. For small values of divergence ® and beam
radius on the focusing optics w (paraxial approximation), the light wave radius
r can be calculated by (12.3). In many cases w can be assumed to be constant. The
sign and position of variables r, fro, Az, w and ® are depicted in Fig. 12.7.

Typically, the supplied data for most focal position shifting devices are stating
either the refraction power range D ;... Dmax Or the focal length range finin-.. fimax
as a substitute to divergence variation. In conjunction with focusing optics these
values can be used to calculate the resulting focal position shifts Az, and Azpax
according to the following (12.4) and (12.5). Figure 12.8 shows the position and
sign of all variables. Typically fro is positive and much smaller then both |f;;,| and |

fmax|'

(12.3)

Q=

2

Azpin = Jio—m) with  finin = Do (12.4)
2

AZmax = d—f;‘:‘jﬁ with fmax = Dmax (125)

Equations (12.4) and (12.5) point to the fact that positioning of the focal position
shifting device is crucial. The distance d between focusing optics and focal position
shifting device should be chosen in accordance with the following remarks (pre-
condition: 0 < fro << |finin/max|)-

e Only accounts to positive values of fii, and fi,ax:

— d smaller than appr. 2f,,;, and 2f..x, otherwise focal position shifting
capability is lower than possible and

— dnot in proximity of fi,i, t0 fimin + fro and fiax t0 finax + fro, otherwise focus
inside focusing optics or divergent beam after focusing optics may result.
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Fig. 12.8 Position of variables for the focal position shift calculation with a substitute focal length

e Only accounts to negative values of f,;, and fiax:

— d as small as possible, otherwise focal position shifting capability is
lower than possible.

With regard to compact system size and high focal position shifting capability,
d is typically chosen to be much smaller than |f,,;,| and |finax| and in range of fro. In
the following a selection of both industrially established and focal position shifting
devices in development will be reviewed.

12.3.1 Moving Lens

The most common way to vary the focal position is the use of a telescope setup (in
general Galilei type) in front of the focusing optics. One of the lenses is mounted
moveable and translated by an actuator, see Fig. 12.9. The actuator has to realize
high-speed linear movement of the lens at low rates of angular displacement,
hysteresis of displacement, jiggling or bouncing [21]. Typically linear stages with
gear motors are used in low-cost moving lens telescopes. Offering greatest
cost-efficiency, these devices are suitable for (quasi-)static displacement of the lens,
though inducing significant jiggle during movement. More sophisticated systems
use linear stages driven by linear-, servo- or galvanometer-motors.

In microscopy and micro-processing technology reimaging and accordingly
focusing optics typically weigh less, so an alternative focal position shifting tech-
nique is to directly move the focusing optics. Again linear stages could be used for
this purpose. Lens holders with attached linear piezo actuators have proven to offer
high precision movement over an adequate movement range. Latter technique is
commercially available and established in application, especially optical micros-
copy [22, 23].

In Table 12.6 key parameters for both moving lens telescopes and moving
focusing optics are stated.
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Fig. 12.9 Schematic layout of moving lens focal position shifting device
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Table 12.6 Typical key parameters of moving lens telescopes and moving focusing lenses®

Moving Input Mean focal Refraction Repeatability Step

aperture length power range | better than response
time
Lens in 2 mm... ©0...200 mm or | ~0.5 dpt 0.1 % of full 10 ms @
telescope 30 mm —200 mm...—00 refraction full range
power range

Microscope | Same as Same as focusing | n.a., but max. |+10 nm 10 ms @

objective focusing | optics Az =+ full range
optics (typ. < 5 mm) 0.25 mm

Focussing Same as Same as focusing | n.a., butmax. | ~0.1 % of Az | ~100 ms...

lens focusing | optics Az~ + range 1s @ full
optics (typ. < 50 mm) 25 mm range

#According to datasheets of Scanlab AG, Arges GmbH, Piezosystem Jena GmbH and Physik
Instrumente (PI) GmbH & Co. KG

12.3.2 Deformable Mirrors

Instead of using refractive optical elements to vary the divergence, one can use
reflective elements, i.e. deformable mirrors. These types of focal position shifting
devices consist of a thin mirror plate, which is deformed by applying force or
pressure to either one or more points or surfaces, respectively. The major difference
is the resulting deformation of the mirror surface, which leads to the desired var-
iation in divergence. Whereas the deformation was sometimes realized by applying
water pressure to the backside of the mirror, today piezo, electrostatic or electro-
magnetic actuators are commonly used as they exceed in actuation frequency and
accuracy.

Single actuator deformable mirrors typically consist of a single piezo actuator,
which is attached to the center of the round mirror backside surface by either a
ring-shaped or punctual coupling, cp. Fig. 12.10. On actuation the mirror is
deformed to either a convex or concave shape. The deformed shape equals a
spherical or parabolic mirror for only a portion of the mirror, the so-called clear
aperture [24, 25].
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Fig. 12.10 Schematic layout of single piezo actuator deformable mirror
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Fig. 12.11 Selection of actuator arrangements of multi-actuator deformable mirrors in fop-view

Multi actuator deformable mirrors consist of up to ~ 1000 actuators (piezo,
electrostatic or other types), which can be controlled separately. As before, the
actuators are attached to the backside of the mirror surface. Typically actuator
arrangements include rectangle, ring-shaped, hexagonal and other geometries.
Figure 12.11 shows a selection of arrangements used in deformable mirrors, where
the black surfaces represent actuator element shapes in top-view (i.e. looking
through the frontside of the mirror).

Most multi actuator deformable mirrors are not only capable of changing the
divergence of a laser beam but also a selection of wavefront errors. As more
actuators are used, more wavefront errors can be corrected or altered. One of the
most well-known applications of this technique is the atmospheric aberration
compensation in earth-based telescopes [26]. In focal position shifting applications,
the multiple actuators are typically not used to compensate wavefront errors, but to
both increase actuation frequency and optimize deformed mirror shape [27-29].

As the mirror shape equals a spherical or parabolic mirror on elongation,
aberrations would be induced if used off-axis excessively. Multi actuator deform-
able mirrors are typically capable of compensating only a small portion of these
aberrations. Therefore, a small angle of incidence (AOI) has to be assured by the
optical setup.
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Table 12.7 Typical key parameters of single-actuator and multi-actuator deformable mirrors®

Actuators | Input Mean focal Refraction Repeatability Step

aperture length power better than response
range time

Single 10 mm... 0 (planar 0.8 dpt 2 % of full 4 ms @ full

25 mm° mirror refraction power range
plate) range

Multi® 2 mm... 00 (planar 1.0 dpt 1 % of full 4 ms (1 ms)
> 50 mirror refraction power @ full
mm® plate) range range®

#According to datasheets of blz GmbH, Agiloptics Inc., Thorlabs GmbH and Edmund Optics Inc
PCapable of compensating aberration to some part

“Referring to clear (usable) aperture

dShorter time in brackets refers to usage of evacuation window in front of mirror

When the mirror changes its shape, both the mirror mass and adjacent air has to
be moved. At high actuation frequencies air induces a high amount of damping and
thus limits the achievable stroke. This takes place starting at appr. 200 Hz actuation
frequency. To counteract this limitation sealed windows can be placed in front of
the mirror plate, enabling evacuation of the volume between mirror plate and
window. Low vacuum is sufficient to enhance the applicable actuation frequency to
appr. 1000 Hz. The latter limit is caused by mechanical resonance effects [28].

Table 12.7 states the key parameters of deformable mirrors [24]. In comparison
to other focal position shifting devices reviewed in this chapter, the deformable
mirror is the only reflective type, others are at least to a major part refractive. Thus,
no pulse-lengthening group velocity dispersion is induced, which is more important
if pulses are shorter (appr. below 200 fs) [10].

12.3.3 Polymer and Liquid Lenses

Within the last decade, polymer and liquid lenses became established as
cost-efficient alternatives to moving lens systems especially in miniaturized optical
systems needing high focal position shifting capability. There are several approa-
ches to achieve focal length variation using liquids and polymers as lenses. One
approach is to embed a liquid into a polymer membrane and deform the shape by
applying pressure either directly to the membrane or to a reservoir of liquid con-
nected to the polymer membrane volume. In both cases, the shape and thus focal
length is changed accordingly [30, 31]. Another approach is to utilize electrow-
etting. Electrowetting is the change of wetting properties of typically hydrophobic
surfaces when an electrical field is applied. By positioning a liquid interface
between both polar and non-polar liquids (e.g. water and oil) in a tapered hole with
surfaces capable of electrowetting, the curvature of the liquid interface can be
varied by applying an electrical field to the surface, see Fig. 12.12 [32].
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Fig. 12.12 Layout of electrowetting liquid lens with oil/water interface

Although polymer and liquid lenses offer high focal position shifting capability
(high refraction power variation) at miniaturized component size, one main dis-
advantage arises due to the use of polymers and liquids. The typical transmission
for wavelengths in the visual range is 90-97 %. As a result, the applicable average
power of an incident laser beam has to be limited. Details on damage thresholds are
not yet available in full detail, as the main scope of these devices is imaging
technology, miniature-cameras in particular. As a coarse guideline the intensity
should be lower than appr. 1 kW/cm? (cw) and 25 kW/cm? (short and ultrashort
pulsed) to prevent damage. Also, quantitative information on the amount of induced
group velocity dispersion is not available directly. Application in USP laser pro-
cessing is therefore still very limited today.

Polymer and liquid lenses achieve key parameters as stated in Table 12.8.

12.3.4 Other Methods of Focal Position Shifting

Besides the reviewed devices for focal position shifting, the following selection
summarizes the actual state of research.

Focal position shifting can also be achieved by use of liquid crystals in terms of
spatial light modulation (SLM) with few electrodes. The liquid crystals are
embedded in between two specially designed indium tin oxide (ITO) electrodes.
When voltage is applied to the electrodes, the liquid crystals are arranged in such
way, that the resulting optical path length distribution equals a lens. Focal length is
varied by changing the applied voltage. As birefringence of liquid crystals is uti-
lized, this technique works with linearly polarized light solely. The refraction power
variation is appr. 5 dpt [33, 34]. When more than one ITO electrode is used (as done
in commercially available spatial light modulators), wavefront correction
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Table 12.8 Typical key parameters of polymer and liquid lenses®

Type Input Mean focal | Refraction Repeatability Step response
aperture | length power range | better than time
Liquid in 10 mm... | ~50 mm Max. 50 dpt | <1 % of full 15 ms @ full
membrane 20 mm refraction power | range
range
Electrowetting | 3 mm o Max. 20 dpt | <1 % of full 20 ms @ full
refraction power | range
range

#According to datasheets of Varioptic SA, Optotune AG and Holochip Corp

comparable to multiple actuator deformable mirrors is feasible. These devices,
referred to as SLMs, will be discussed in more detail later in this chapter.

So-called tunable acoustic gradient index (TAG) lenses consist of a piezoelectric
ring surrounding a transparent, liquid medium contained by windows. When AC
voltage is applied to the piezoelectric ring, sound waves are induced into the liquid,
resulting in a standing and rotationally symmetric pressure and density oscillation.
As the density corresponds to the index of refraction, the wavefront of an incident
laser pulse can be modified corresponding to the instantaneous pattern of the tun-
able acoustic gradient index lens when the laser pulse is transmitted. In a first
demonstration a refractive power in the range of +6 m™' could be discretely selected
by varying the phase shift between laser pulse incidence and AC driving voltage.
Remarkably it is possible to achieve switching times at full refraction power range
of as low as 1 ps, as every single pulse is focused by the momentary state of the
tunable acoustic gradient index lens. Up to now, tunable acoustic gradient index
lenses are in prototype state. Extended use in future is probable as key parameters
exceed commercially available technologies [35].

Electro-optical and acousto-optical elements are also studied regarding the
suitability to realize high speed focal position shifting (switching times below
10 ps). Up to now, acousto-optical lenses lack an acceptable level of transmission
efficiency (typ. < 60 %). As the operating principle is diffraction, transmission
efficiencies will likely not increase significantly. Electro-optical lenses are capable
of one-dimensional lensing only (cylinder lensing) and are in an early state of
research [36, 37].

12.3.5 Summary and Outlook

For easy comparison, Table 12.9 summarizes the key parameters of all commer-
cially available focal position shifting technologies reviewed in this chapter.

In most applications the moving lens telescope is still the standard solution for
focal position shifting up to now. Though deformable mirrors exceed in focal
position shifting frequency and aperture, the higher investment costs prevent wide
use in micro-processing. Further improvements in MEMS technology, which is also
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Table 12.9 Typical key parameters of different focal position shifting technologies

Technology Input aperture Mean focal Refraction Repeatability | Step
length power range | better than response
time
Moving lens in | 2 mm...30 mm 00...200 mm or | ~0.5 dpt 0.1 % of 10 ms @
telescope —200 mm... refraction full range
—00 power range
Moving Same as focusing | Same as n.a., but + 10 nm 10 ms @
microscope optics focusing optics | max. Az ~ £ full range
objective (typ. < 5 mm) 0.25 mm
Moving Same as focusing | Same as n.a., but ~0.1 % of ~100 ms...
focussing lens | optics focusing optics | max. Az ~¥ £ | Az range 1s @ full
(typ. < 50 mm) |25 mm range
Single actuator | 10 mm...25 mm o (planar 0.8 dpt 2 % of full 4 ms @ full
deformable mirror plate) refraction range
mirror power range
Multi actuator |2 mm... > 50 mm | o0 (planar 1.0 dpt 1 % of full 4 ms (1 ms)
deformable mirror plate) refraction @ full range
mirror power range
Liquid in 10 mm...20 mm ~50 mm Max. 50 dpt | <1 % of full 15 ms @
membrane lens refraction full range
power range
Electrowetting | 3 mm 0 Max. 20 dpt | <1 % of full 20 ms @
lens refraction full range
power range

used in some deformable mirrors, may overcome this limitation in future. Novel,
low-cost deformable mirrors could clearly enhance focal position shifting capa-
bilities in application. This especially accounts to very short pulses below 100 fs
pulse duration, as deformable mirrors are the only reflective focal position shifting
devices reviewed (all others are refractive), thus not inducing any pulse-lengthening
group velocity dispersion.

Polymer and liquid lenses offer highest focal position shifting capability but lack
a sufficiently high damage threshold especially for high-power USP lasers.
Probably this technology will further establish in imaging technology. For appli-
cation in micro-processing distinct improvements in damage thresholds would be
needed, which are not yet observable.

12.4 Systems for Beam Profile Shaping

A Gaussian beam profile, which is typically emitted by USP lasers, enables the
generation of small microstructures in micro-processing at a relatively large depth
of field (i.e. Rayleigh length). Though, the value of ablation efficiency’ is

7 Ablation efficiency is the amount of material ablated by the laser pulse in real process divided by
the value of ablated material when the total pulse energy would have been used for ablation.
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theoretically limited to appr. 37 % when using a Gaussian beam profile and
assuming a fixed and invariant ablation threshold for micro structuring with USP
lasers [38, 39]. The additional energy (residing in the edges of the Gaussian profile
and center overshoot) is converted into heat to a large part. Furthermore the edge
steepness of the ablated structure is limited due to the profile shape. Smooth
structures prerequisite high pulse overlap, typically >80 %. These limitations can be
solved by converting the Gaussian profile into a top-hat (also called flat-top) or
super-Gaussian profile for instance. Theoretically, a top-hat intensity distribution
enables an ablation efficiency of 100 % and smooth structures may be generated at
lower pulse overlap, though the depth of field is reduced. In reality, an ablation
efficiency of appr. 80-90 % can be achieved only at optimum conditions. The
difference to the theoretical limit of 100 % is a result of heat conduction, limited
edge steepness of the top-hat profile and other factors. Besides micro structuring,
so-called homogenizing (i.e. producing top-hat intensity distribution) is also
established in photolithography and illumination applications (e.g. UV curing).

Because of the mentioned advantages, some USP lasers are specifically designed
to emit top-hat beam profiles or mixed beam profiles (e.g. top-hat in horizontal,
Gaussian in vertical direction). This is accomplished by designing the laser crystal
rod to work in an unstable regime in one or two directions, both perpendicular to
the beam propagation axis. By modifying the intensity distribution or reimaging the
collimated output beam of the laser, the desired focal spot shape is achieved [38].

For reshaping a Gaussian intensity distribution to a circular or rectangular
top-hat intensity distribution, refractive and diffractive beam shaping elements and
systems are available. The specific applicability of the different systems mainly
depends on the laser beam source. Especially the mode and diameter of the laser
beam, the spatial coherence and the laser power influence the selection of the proper
beam shaping method. Other factors are the desired final top-hat dimension, the
depth of focus and the usability of the shaper. The latter accounts to the adjustment
effort and the stability if the beam properties, such as pointing accuracy or intensity
distribution, change over time.

Beside the important field of top-hat generation also splitting and multi spot
array generation become increasingly important, because the power of USP laser
sources is steadily increasing year by year. Given that the scale up of power does
not directly correlate with higher process efficiency and process speed while
achieving constant structure quality [1], beam splitting and process parallelising
become more interesting.

This section will explain and compare the basics on physical functionality of
different beam profile shaping setups. Into date applications mainly diffractive and
refractive beam shaping elements are used to a large part when beam homogenizing
of ultrashort pulsed laser beams is desired, as key parameters such as homogeneity
and transparency exceed other beam integration methods. Additionally the flexible
beam shaping with spatial light modulators is of interest for researchers for several
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years now and is close to break through into industrial market. Therefore these two
methods will be described in detail.

According to Dickey [40] beam shaping techniques can be grouped into two
types, field mapping and beam integration.® The field mapping approach works well
for a known laser beam distribution like Gaussian laser beams. The beam is shaped
by an aspherical lens, lens system or diffractive beam shaper. Field integrators split
and overlap the laser beam. These systems can be used to homogenize arbitrary
intensity profiles like multimode laser beams with a low spatial coherence.

12.4.1 Field Mapping Methods—Singlet-Lens Systems

The basic principle of a singlet-lens system for beam profile shaping is the redis-
tribution of the intensity profile by modifying the wavefront with specifically
designed aspherical lenses. The so-called Powell lens, which is depicted in
Fig. 12.13, is an example for such a system. It reshapes a Gaussian beam into a
diverging top-hat intensity distribution.

Dimension and line length of the generated top-hat profile is typically in the
range of the entrance beam diameter and can be extended to some 100 mm by
magnifying objectives. This principle works well for rotational symmetric laser
beams in TEMy, mode and a M? < 1.3. Applications are typically thin layer
ablation or thin film photovoltaic industry [2, 41, 42].

Hoffnagle et al. [43] describe a refractive beam shaper which can be used to sort
the light into a top-hat distribution using a pair of aspherical lenses which are
arranged in a Galilei or Kepler-type telescope setup (Fig. 12.14). This method
enables the generation of a collimated, speckle free beam with low divergence. The
output of these systems may be reimaged to vary the dimensions of the top-hat
distribution. The disadvantages of such systems are—equally to the single lens
approach—the strict dependence on the entrance profile and delicate alignment
procedure. Alignment errors and fluctuations of the laser beam have a strong
influence on the achieved uniformity. The size of the top-hat is in the range of the
entrance beam diameter and the beam is propagating over a large distance with a
nearly constant homogeneous beam profile.

12.4.2 Diffractive Focal Beam Shaper

The shaping of a laser beam in the focal region of a lens is especially interesting for
micro material processing applications. The diameter of the focus is physically

SThough, further beam shaping techniques are explained in the last part of this chapter, which do
not accord to this categorization.
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Fig. 12.13 Basic principle of single lens field mapping method (Powell lens)
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Fig. 12.14 Basic principle of Galilei telescope type: field mapping method for generation of a
collimated beam

limited by diffraction. Hence, the size of the shaped top-hat beam is always slightly
larger compared to the diffraction limited beam.

Several methods for focal beam shaping are derived directly from Fourier Optics
theory, because of the reciprocal relationship between the object plane profile and
the focal plane profile. Given that the Fourier transform of a sinc function results in
a rect-function, which represents a 1-dimensional top-hat distribution function,
leads to the conclusion that the complex amplitude of the entrance light field has to
be shaped to a sinc or bessinc function in order to generate a square or round
top-hat, respectively. This can be achieved by phase and/or amplitude modulation
with the help of diffraction gratings [44], phase plates [45] or aperture obscurations
[46]. The components must be optimized for a given input and system configuration
but in general small deviations of the phase and/or amplitude function will not
affect the result significantly. Figure 12.15 shows the principle setup of a focal
beam shaper. An optical element generates the transformation function (like sinc- or
Bessel-function) and a spherical lens is used to Fourier transform this function in
the target plane in order to generate a top-hat intensity distribution.

This approach is especially interesting for focal spot shaping. The achievable
diameter of the spot in the focus plane is 1.5-2 times the diffraction limited spot size
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Fig. 12.15 Basic principle of Galilei telescope type field mapping method for focal beam shaping

of the laser beam without the beam shaping element. The focal spot profile may be
varied to some limit along the propagation direction (e.g. top-hat, ring-shape,
super-Gaussian intensity profiles). While allowing higher variance regarding focal
beam shape, this setup is affected by delicate alignment and the prerequisite of a
Gaussian input beam shape again. Nevertheless, this device is already established in
some applications [39].

12.4.3 Diffractive Far Field Diffusers

Widely used diffractive optical elements for transformation of a laser beam are
known as far field diffuser. In general these diffusers are diffractive optical ele-
ments, consisting of a periodic binary or multilevel amplitude and/or phase struc-
ture, which transforms the entrance distribution into a number of diffraction orders.
After the element the beam will propagate with a defined angular spectrum and
shaped distribution in the far field. The advantage of far field diffractive diffusers is,
that the output profile is relatively independent of parameters like entrance beam
diameter, entrance beam profile and overall alignment [40]. The disadvantage of
these elements is the manifestation of a speckle pattern, which results in a strong
intensity modulation in the target plane.

12.4.4 Beam Integration Methods—Multi Aperture Systems

The basic principle of the field integration method is the multiplication of the light
source by special optical elements and superposition of the individual light sources
(in one area for instance). Typically, this is achieved by using one of following
optical elements.

e Multi aperture element (Fly’s eye condenser, facetted mirrors)
e Kaleidoscope (glass rod with a square, rectangle or hexametrical cross section)
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e Fiber with a square or rectangular core
e Refractive diffuser

The basic principle of refractive diffusers, e.g. thin plates of fused silica with a
stochastically etched surface topology, is well-known (stochastic refraction).
Typically these devices are not used in micro-processing as small feature sizes are
hardly feasible. Kaleidoscopes and fibers with non-circular core can be understood
to mix the beam during passing due to multiple reflections at the core boundary.
Typically, the output of these devices is reimaged to achieve the desired geometry.
For adequate homogeneity long kaleidoscope rods or fibers have to be used
(typ. several meters). The damage threshold of these systems is limited, the group
velocity dispersion lengthens the pulse when the initial pulse duration is below
appr. 1 ps [10] and the systems are typically not compact. Hence, they are rarely
used in USP laser processing.

12.4.5 Homogenizer Based on Lens Arrays

There are two main types of lens array beam homogenizers, non-imaging and
imaging homogenizers [40], see Fig. 12.16. Both types use (micro) lens arrays
(LA) to split the incident beam into beamlets. These beamlets pass through a
spherical lens and overlap at the homogenization plane located at the back focal
plane (FP) of the spherical lens. The spherical lens causes parallel bundles of rays to
converge in the homogenization plane and is therefore called a Fourier lens (FL).
The non-imaging homogenizer consists of a single lens array and a spherical lens.
The imaging homogenizer differs in the use of two micro lens arrays before the
Fourier lens. Both types of lens array homogenizers are schematically depicted in
Fig. 12.16.

Square-type lens apertures of the first micro lens array LA; generate a square
top-hat intensity distribution in the focal plane. Accordingly, circular or hexagonal
micro lenses will generate a circular or hexagonal top-hat distribution. Due to the
imaging of the sub-apertures into the target plane, this method is mainly used to
generate top-hat dimensions larger than 1 mm.

A regular lens array is a periodic structure showing effects like grating inference
and Talbot self-imaging [47, 48]. Light interacting with a periodic structure will
always keep traces of this periodicity in its further propagation. This remaining
periodicity usually generates an unwanted modulation in the focal plane and limits
the degree of uniformity that can be achieved in the top-hat. The number N of
modulation peaks in the target plane can be calculated with the Fresnel number FN,
which depends on the micro lens properties according to (12.6) and (12.7), where
PLa is the pitch of the micro lens array, Dgry is the dimension of the top-hat in the
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Fig. 12.16 Schematic representation of non-imaging (left) and imaging (right) homogenizer

target plane, fg; is the focal length of the Fourier lens and fj 4 is the focal length of
the micro lens array.
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The success of using multi aperture lenses for ultrashort pulsed laser applications
depends strongly on the temporal coherence length of the laser beam source. The
optical path difference OPD of the generated beamlets is essential for the appear-
ance of interference fringes in the target plane and has to be considered before using
this method. Generally the OPD lies in the order of some mikrons, considering
micro lenses with pitch and radius of curvatures in the milimeter range. Le. the
method is better suited for ps-lasers (coherence length some mm) than for fs-lasers
(coherence length some 10 pm) due to the value of OPD. In practice, imaging
homogenizers exceed non-imaging homogenizers in uniformity of the top-hat
intensity distribution, especially when the width of the beam shape in the focal
plane is smaller than appr. 1 mm.

Another way to reduce the intensity modulations is the use of non-periodic
elements. Wippermann et al. [49] use a so-called chirped micro lens array for this
method.

The capability of generating multiple beam interference with multi aperture
elements, such as micro lens arrays, can be used for the multiplication of the laser
spot. A fly’s eye condenser with small lens pitch will generate an interference
pattern of equi-distant spots in the plane of the Fourier lens. The advantage of using
a fly’s eye condenser with two identical micro lenses is that the envelope of the spot
matrix is a top-hat distribution and therefore the intensity in every single spot is
approximately constant. Figure 12.17 shows the intensity distribution in the Fourier
plane of two identical micro lens arrays in a Fly’s eye configuration.
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Fig. 12.17 Measured
intensity distribution of a
multispot generation in the
Fourier plane of a lens:

Pra = 70 um, fi 5 = 220 pm,
frr = 60 mm. Laser system:
532 nm wavelength and 12 ps
pulse duration

cross section

160580 {£270.87)
2000 e
1000 —HHt |
En{ I. L II AL T
mm 5.00 6.00

12.4.6 Flexible Beam Shaping with Spatial Light Modulators

With the aid of liquid crystal light modulators, which are generally known as spatial
light modulators (SLM), the phase and/or amplitude of a light wave can be influ-
enced according to the principle of the electrical control of the optical character-
istics of a nematic liquid crystal layer. Other technologies for modulation of the
phase include: magneto-optic SLMs [50], deformable mirror SLMs [51], optical
addressable photorefractive crystals [52] and multiple-quantum-well (MQW) SLMs
[53]. With the help of a SLM both field integrating and field mapping methods can
be implemented.

12.4.7 Setup of a Liquid Crystal SLM

A schematical setup of a reflective SLM is shown in Fig. 12.18. The system
consists of a pair of electrodes with a liquid crystal layer between. The pixelized
and separately switchable electrodes enable a local change of the electric field and
therefore a change of the liquid crystal orientation. The incident beam is being
reflected by the dielectric or metal coating between the pixelated electrodes and the
liquid crystal compartment. The birefringent liquid crystal can be defined by two
indices of refraction similar to a waveplate. The unique feature of the liquid crystal
layer is the extraordinary refractive index, which is dependent on the angle of the
molecules in respect to the normal of the entrance and exit layer, typically defined
as the z-axis or direction of propagation. The phase retard depends on the layer
thickness, the change of refractive index and the wavelength. In general the coating
limits the damage threshold of the device to less then 1 GW/cm? for an aluminum
mirror and 50 GW/cm? for a dielectric coating [54].
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Fig. 12.18 Schematical layout of a liquid crystal display

Table 12.10 Typical key parameters for spatial light modulators®

Resolution Pixel size | Fill factor | Active area Addressing Frame rate
Max. HD 8-20 pm >98 % 12 x 16 mm? |8 bit (256 60 Hz—
1920 x 1080 Grey Level) 1 kHz

“According to datasheets of Hamamatsu Photonics K.K., Holoeye Photonics AG and Boulder
Nonlinear Systems

State of the art SLMs are optimized to provide a phase shift of approx. 2w in the
visible and near infrared spectral range. Typically, the reflectivity is >90 % and the
diffraction efficiency exceeds 80 % [54]. In general a graphics board is sending the
phase information (phase mask) to the device in terms of a grey level image (via
DVI) with a frame rate of 60 Hz. Light, which is not shifted in phase, is visible in
the form of a zero order in the Fourier plane. Additionally the image consists of a
set of higher diffraction orders. The suppression of the unwanted zero order will be
discussed later. In summary, spatial light modulators offer typical parameters as
stated in Table 12.10.

12.4.8 Calculation of Phase Mask

The information for the target intensity distribution is stored in matrix form in a
so-called phase mask, which can be calculated by means of specific algorithms or
with the help of optical simulation software. Well known algorithms for the gen-
eration of computer generated holograms (CGHs) already exist and can also be used
to calculate the phase masks for SLMs. The most common algorithm is the
Gerchberg-Saxton algorithm (GS) [55]. The GS algorithm is an iterative algorithm
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Fig. 12.19 Principle different setups of spatial light modulator

for retrieving the phase of a pair of light distributions related by a propagating
function, such as the Fourier transform, if their intensities at their respective optical
planes are known. Also non iterative algorithms are established and used for the
generation of 3-D intensity distributions [56]. Additionally Fresnel holograms by
multiplexing individual Fresnel lenses can be used [57, 58] in order to change the
optical power of the system or to shift the focus in the working area.

SLMs are typically used in a 4f- or 2f-setup (Fig. 12.19). In a 4f-setup the zero
order can be simply suppressed by assembling a beam block in the intermediate
image plane [59]. Several other methods such as phase compression [60], phase
conjugation [61] or by working with Fresnel lenses in the Fresnel regime [62] exist
for zero order elimination.

12.4.9 SLMs for Material Processing

SLMs with a high damage threshold became available during the last years. The
improvements were achieved by technological advances in the production of SLMs,
especially the coating technology. The low response time of the liquid crystals
allows a quick change of the intensity distribution within milliseconds. Thus, SLMs
are used for the flexible beam shaping in short pulse and ultrashort pulsed laser
applications, such as in material processing. A SLM offers a wide range of possi-
bilities for flexible laser beam shaping, e.g. the generation of top-hats [63],
multi-spot arrays [64] or arbitrary intensity distributions [63]. SLMs can be used in
different applications like thin layer ablation [65], parallel processing [66], wave-
guide writing [67] or 3-D processing [68] to name only a few. Exemplary intensity
distributions generated with a SLM are shown in Fig. 12.20.

In Fig. 12.21 the phase function (a), the simulated (b) and the measured
(c) intensity distributions of a letter combination in the output plane consisting of
spots are shown. Figure 12.21d shows the ablation result in stainless steel (1.4301),
which was implemented with the phase mask. The diagrams illustrate the diverse
and flexible use of SLMs for laser beam shaping in laser material processing.
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Fig. 12.20 Different intensity distributions generated by spatial light modulator and tested on a
ps-laser (12 ps): a Spot-Array 9 x 9. b Spot-Array 3 x 5. ¢ Top-hat diffuser. d) Arbitrary spot
pattern

(a)
i

Fig. 12.21 Phase mask (a), simulated intensity distribution (b) and measured intensity distribution
(c) of a letter combination, which was structured into stainless steel (d) with a picosecond laser.
Pulse duration 12 ps, wavelength 532 nm, 100 pulses, pulse energy 10 pJ, repetition rate 200 kHz,
focal length 75 mm
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12.4.10 Other Methods of Beam Profile Shaping

Besides the use of the optical systems mentioned above, novel methods for the
shaping of an USP laser beam are developed. A selection of those, which could be
applied in future, is presented in the following.

The so-called two-photon-absorption (TPA) homogenizing utilizes the
well-known fact that ultrashort laser pulses of higher intensities induce significant
two-photon-absorption. In TPA homogenizing, the (non-uniform) laser pulse is
transmitted through an absorber with a high TPA coefficient. Therefore, spikes in
the beam profile are attenuated to a lower intensity. This works with USP lasers
only, as TPA is a prerequisite. The advantage is that the TPA homogenizing setup is
very robust and no exact adjustment is necessary (in contrast to lens systems).
Though, laser power is absorbed (i.e. lost) and the achievable beam profile is fixed
and dependent on the incident beam profile. Up to now this technique could not be
established in application and is purely of scientific interest [69, 70].

Tunable acoustic gradient index (TAG) lenses, see section on ‘other methods of
focal position shifting’, can be used for focal position shifting but also for beam
profile shaping to some limit. Up to now a shaping from a Gaussian into a
ring-shaped beam profile was demonstrated, where the diameter of the ring could be
varied by the frequency of the driving voltage. The diameter can be changed at
switching times of appr. 40 ps. As micro-processing with USP lasers mainly uses
top-hat or super-Gaussian beam profiles, industrial use of tunable acoustic gradient
index lenses for beam profile shaping will probably be limited [71].

12.4.11 Summary Laser Beam Shaping

Table 12.11 summarizes the properties of different beam shaping methods. Many
different methods for laser beam shaping of a Gaussian beam profile to a top-hat
intensity distribution exist. For the selection of a suitable beam shaping method and
element, the beam properties of the laser system and also the desired top-hat
dimension have to be considered.

12.5 Outlook: Polarization Shaping

A large part of USP laser applications is done with the use of one possible combi-
nation of beam guidance, focal position shifting and intensity profile shaping.
Generally the polarization state of the laser beam is constant over the whole beam
diameter and in time (e.g. linear or circular polarization). For a range of applications it
would be beneficial if the polarization state is dependent on the position in the beam
profile or on time. This can be achieved by spatial or temporal polarization shaping.
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Table 12.11 Comparison of different laser beam shaping methods

P. Bechtold et al.

Technology

Beam quality

Top-hat dimensions

Adjustment

Refractive beam
shaper

Single mode

min. 1.5x... 2x diffraction
limited spot

Critical (beam
diameter)

Multi aperture Multimode 1 mm...up to some 100 mm | Not critical
systems
Diffractive Single/multimode 1 mm...up to some 100 mm | Not critical
diffuser

Diffractive beam
shaper

Single mode

min. 1.5x...2x diffraction
limited spot

Critical (beam
diameter)

Spatial light
modulator

Single mode

min. 1.5x...2x diffraction
limited spot

Critical (beam
diameter)

Multi actuator
array

Single mode

min. 1.5x...2x diffraction
limited spot

Critical

In temporal polarization shaping both, polarization vector angle and polarization
state (linear, elliptical and circular), can be varied within one short pulse. Generally
the used setups consist of an entrance grating to spatially decompose the laser pulse
by frequency (i.e. wavelength), variation of polarization of different frequency
spans by a spatial light modulator (liquid crystal array) and final recomposition
using another grating. Hence, the polarization shaping takes place in the Fourier
domain of the laser pulse. As sufficiently constant (locked) phase over the whole
frequency span and broad bandwidth are preconditions for temporal polarization
shaping, femtosecond pulses are generally used (typ. pulse duration <100 fs,
bandwidth >10 nm). The laser power efficiency of temporal polarization shaping is
typ. 15 % or less. In micro-processing this technique is very uncommon not only
because of this fact. Up to now no significant improvements are observed in
material ablation when temporal polarization shaping is applied. However, in
chemistry and biology (studies on chiral molecules and DNA), laser spectroscopy
(control of molecular alignment and quantum states), attosecond generation,
information encoding/decoding and other fields of research high interest exists in
temporal polarization shaping [72-74].

In spatial polarization shaping, the polarization state is a variable dependent on
the beam profile position (constant in time). Besides other polarization profiles, the
so-called radial and azimuthal polarization modes turned out to yield most benefit
for a large part of possible applications. These polarization profiles are schemati-
cally depicted in Fig. 12.22 besides linear and circular polarization for comparison.
Figure 12.22 also states commonly used abbreviations L, C, R and A for according
polarization profiles [75].

Specially designed lasers emit R and A [76], but generally USP laser sources
emit L. There exists a range of devices reshaping L to R and A. This includes the
interferometric combination of two L polarized laser beams in TEMO1 mode,
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Fig. 12.22 Profiles of a selection of polarization types

spatially varying retarders” [77] and the use of liquid crystal arrays in terms of
spatial polarization modulation [78]. The latter two devices are commercially
available. While spatially varying retarders are used for static change of polarization
profile (static spatial polarisation shaping), spatial polarization modulation using
liquid crystals typically allows for the change of polarization profile within time-
scales of approximately 20 ms (quasi-static spatial polarisation shaping—in com-
parison to typical pulse-to-pulse delays of 1 ms and shorter).

There are a number of applications where R and A polarization profiles lead to
improved results. Especially in such applications, where the angle of incidence of
the laser beam is large (above appr. 45°), i.e. laser cutting and drilling at high aspect
ratios, R polarization was calculated to increase ultimate depth and cutting speed by
a factor of 1.5-2 compared to C polarization [79]. First experimental results partly
confirm the calculated ones in terms of an increase of the material removal rate by a
factor of 2 in ultrashort pulsed laser cutting of stainless steel [80, 81]. Though, an
increase of ultimate depth was not observed in the calculated extent. Despite these
recent results, C polarization is still common in USP laser cutting and drilling to a
large part.

12.6 Conclusions and Outlook

Up to now beam guidance, focal position shifting, intensity and polarization profile
shaping were studied separately to a large part. For each sub-topic viable tech-
nologies are at hand and most promising developments are observable. E.g.
galvanometer-based and acousto-optical scanners are the best choice for a variety of
ultrashort pulsed laser applications and MEMS and KTN scanners will presumably
become evenly viable on short- to medium-term timescales (as either more
cost-efficient or much faster alternatives). The same accounts to focal shifting

“Spatially varying retarders consist of waveplates cut into circle sectors. Every waveplate’s optical
axis is arranged in such way that when all circle sectors are arranged to a full circle, TEMOO laser
beams with L polarization are transformed to R or A polarization.
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devices, where moving lenses are the standard to date. Damage thresholds of liquid,
polymer and TAG lenses have to be investigated and increased eventually to be
viable alternatives. Adaptive optics might be used if additional wavefront correction
is necessary, e.g. if high amount of spherical aberration is expected. Otherwise the
increased costs and complicated implementation of such devices are typically
preventing broader usage. Established technologies for refractive and diffractive
intensity profile shaping are most commonly well-suited for application already.
Though, both intensity profile shaping and, as a relatively new field of recent
research, very promising polarization profile shaping are just at the start to be used
in application more broadly.

Although the combination of some or all of these technologies will yield
non-trivial challenges, remarkable potential can be achieved. E.g. regarding struc-
turing, cutting and drilling with USP lasers, the polarization and intensity profile
may be adapted continuously to the position of the beam on the substrate and the
according optimal process conditions in dependence of angle of incidence, structure
depth and desired ablation geometry. This would yield a significant increase of
structure quality and ablation rate. However, a large amount of degrees of freedom
have to be controlled simultaneously and in dependence on each other. As this will
likely not be feasible with manual adjustment, automated closed-loop control and
adapted optimization algorithms will be needed, comparable to those already
developed for temporal pulse shaping in ultrashort pulsed laser glass processing for
instance [81]. Furthermore, single devices, which cover some technologies in
parallel, such as beam guiding and intensity profile shaping for instance, would be
beneficial clearly. A method to do both with a single acousto-optical deflector pair
was demonstrated recently [82]. Applicants and researchers will most likely favour
such devices over a non-coupled combination of several ones due to typically lower
cost, lower complexity and increased flexibility.
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Chapter 13

Femtosecond Lentotomy: A Prospect
for a Treatment to Regain

the Accommodation Ability

Silvia Schumacher and Uwe Oberheide

Abstract Presbyopia is the age-related loss of the accommodation of the lens of
the eye which affects every person in the fifth decade of life. When presbyopia
occurs, continuous growth of the lens fibers results in sclerosis of the lens tissue
which is accompanied by a decrease in flexibility. Initially, this impairs the dynamic
adaptation from far- to short-sightedness, until ultimately it fails completely.
Currently, the conventional approach to compensate for the loss of accommodation
is the use of reading glasses for short-sightedness. Although new surgical treatment
methods have been developed, so far none of them allow a dynamic accommo-
dation. An alternative approach is the restoration of the flexibility of the lens using a
procedure based on the non-linear interaction of ultrafast laser pulses and tissue.
The non-linearity of the photodisruption effect can be used to create micro-incisions
inside the lens without opening the eye globe. These defined gliding planes thereby
restore the lost flexibility. This treatment method, known as fs-lentotomy, enables
regeneration of real dynamic accommodation. The fs-lentotomy treatment tech-
nique as well as the effect of laser irradiation on the tissue was evaluated. For the
first time, various 3-D structures for gliding planes were successfully generated in
experiments with human donor lenses of different ages. An average increase in
anterior-posterior lens thickness of 100 pum accompanied by a decrease of equatorial
lens diameter was observed as a direct consequence of fs-lentotomy. This is
attributed to increased flexibility, as the force of the capsule bag deforms the lens
tissue to a higher degree. Using the Fisher’s spinning test, a 16 % average flexibility
increase was ascertained in human donor lenses. The control of the position of the
gliding planes was found to be extremely important for safe and successful surgery.
In addition to the experiments, calculations of the biomechanics during accom-
modation were carried out using the finite element method. This indicated that the
achievable increase in flexibility of the lens depends on the applied cutting pattern.
In vivo experiments with the lab prototype surgical instrument showed that laser
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incisions inside a rabbit eye lens caused no growing opacification (cataract) over a
6 month follow-up period. However, the incisions were still detectable using
Scheimpflug imaging and histopathological techniques, although the visibility of
the incisions was declining. No distinctive features were observed upon evaluating
thermal exposure of the rabbit retina during fs-lentotomy. It is expected that no
damage will occur in the human retina, as exposure of the human retina is lower
than exposure of the rabbit retina, due to the larger human eye bulb. The basic
scientific investigations of fs-lentotomy show that it is possible to recover the
flexibility of ex vivo human donor lenses. Consequently, the requirements for
regaining a dynamic accommodation exist. Furthermore, no side effects were
observed during the wound healing process and during a 6 months follow-up
period. Based on the presented findings, it can be concluded that fs-lentotomy has
the potential to become a well suited procedure for the treatment of presbyopia.

13.1 Introduction

The average life-span in western industry states is increasing due to constant
well-balanced diet and ongoing medical progress. Thus the amount of elderly
people is growing and their needs cannot be neglected. Beside their health also their
life quality is very important, and thus the need to improve age related physical
restrictions is increased. One physical restriction which affects every elderly human
being is the loss of near vision and accommodation ability (presbyopia).
According to the nowadays accepted Helmholtz’ theory of accommodation, the
optical power change of the eye is initiated by the contraction of the ciliary muscle.
The ciliary body moves inwards and releases the tension of the zonular fibers. This
loss of tension allows the elastic lens capsule to mold the lens into the more
accommodated spherical shape, increasing the optical power of the lens [1-3].
Although the development of presbyopia is noticed in the fifth decade of life the
complete loss of accommodation occurs within the next 15 years. The reasons of
developing presbyopia are still discussed; one well accepted cause for the failure of
accommodation is the progressive sclerosis of the crystalline lens [4, 5]. The
flexibility of the lens decreases and the contraction force of the lens capsule fails to
change the lens geometry to steeper curvatures and an increased lens thickness.
Despite the loss of deformation ability of the whole lens, the other structures
incorporated in the accommodation process like the ciliary muscle, zonular fibers
and lens capsule are mainly unaffected by age and stay active the whole life [6—8].
The sclerosis process of the lens is caused by the steady growth of the lens. The
loss in flexibility thus can be measured from early childhood years on [9]. The
continued growth of new collagen fibers at the lens endothelium results in an
increase in lens thickness and a compression of the existing fibers. Hence the
nucleus and also the cortex of the lens become stiffer and less flexible. Over the
years, the restoring force of the lens capsule fails to mold the hard lens tissue and
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the accommodation amplitude finally drops down to zero, irrespective of ciliary
muscle contraction.

So far the conventional treatment method is to wear reading glasses.
Nevertheless the glasses are regarded as a sign of age and are limited to mainly two,
or three distance of good vision (near, (intermediate) and far) and thus a demand of
a permanent and covering all distances (dynamic focusing) treatment exists,
although there is no medical reason for a treatment. First therapy methods which are
supposed to substitute the reading glasses are available (e.g. monovision, intraoc-
ular lenses, corneal inlays or scleral expansion bands) [10—-15], but none of these
procedures offers a dynamic accommodation ability.

Advances in modern laser technology offer a growing area of application in
ophthalmology. Especially the introduction of the femtosecond laser established a
new era of treatment possibilities. Since 2002 ultrashort pulse lasers have become
well established in refractive surgery [16—18]. The outstanding precision and the
advantage of scanning the femtosecond laser pulses inside transparent material offers
the possibility to cut arbitrary three dimensional structures inside the cornea. Thus,
the use of ultrashort pulse lasers has progressed from fs-LASIK to other intrastromal
cutting applications, such as lamellar and penetrating keratoplasty [19, 20] and
femtosecond assisted cataract surgery [21-23]. The cutting inside the tissue is
generated by the effect of photodisruption, which is based on nonlinear absorption.
Since the ocular media in the anterior segment are transparent to near infrared laser
wavelengths, ultrashort pulse laser photodisruption is not limited to the cornea, but
can also be focused deeper into the eye.

Myers and Krueger first of all described the clinical prospect of deeper delivery
inside the eye, and suggested treatment of the crystalline lens with ultrashort laser
pulses to overcome presbyopia in 1998 [24]. They showed that by performing
shaped intralenticular incisions with a nanosecond laser, the lens tissue softens and
its flexibility is potentially re-established [25]. One potential drawback of focusing
ns laser pulses inside the lens, are the strong side effects (strong disruption forces
and large residual gas bubbles which cause tissue damage) linked with the treat-
ment. These side effects, however, can be dramatically reduced by the use of
ultrashort (femtosecond) laser pulses, due to the lower pulse energy need to induce
the laser induced optical breakdown [26, 27].

In early investigations of the treatment of enucleated porcine lenses, Ripken
et al. showed that cutting inside the lens tissue with femtosecond laser pulses is
feasible without apparent side effects. At the same time, the flexibility of the lens
was increased depending on the particular cutting pattern performed [28].

This femtosecond laser treatment of the crystalline lens with the goal to enhance
the lens’s flexibility is called “fs-lentotomy”. The aim of the presented investiga-
tions is to subsequently show that the flexibility of human presbyopic cadaver
lenses can be improved as well and that the fs-lentotomy treatment has no further
side effects to living tissue and causes no damage to the eye.
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13.2 Proof of Concept of Fs-Lentotomy

To proof the concept of fs-lentotomy experimental investigations on human donor
lenses as well as finite element simulation of a human lens during accommodation
with and without induced fs-laser cuts were performed.

13.2.1 Experimental Investigations

13.2.1.1 Materials and Methods
Tissue Samples

For the current study, 41 human donor lenses from autopsy eyes for corneal
transplants were available. The sample collection followed the tenets of the
Declaration of Helsinki. The average age was 55 + 12 years (ranging from 20 to
67 years). The postmortem time until laser treatment varied from 32 to 71 h (av-
erage: 49 £ 10 h) The lenses were taken from the eye bulb after corneal dissection
and were stored in average 22.7 + 0.8 h at room temperature in physiologic saline
solution (0.9 %). To avoid dehydration during the experiments and the laser
treatment the lenses were kept moist with frequently dripping saline solution onto
them.

Gliding Planes

A simple pattern of gliding planes, which was verified by Ripken et al. [28] to
improve flexibility, was used for the experiments. It consists of three main geo-
metrical parts: two annular rings, two cylinders and a set of 12 planes (see
Fig. 13.1).

Fig. 13.1 “Steering-Wheel”
cutting pattern

lens iris cuts




13 Femtosecond Lentotomy: A Prospect for a Treatment ... 289

Two cylinders in depth direction of the lens with annular rings as top and bottom
part. This pattern is then divided into segments by 12 radial planes. In principle, all
geometric parameters of the pattern (e.g. radii of cylinders, depth of structures) are
variable. However in this study the geometry of the pattern was kept fixed to ensure
a comparability of all treated lenses despite of the fact that the relative size of the
pattern compared to the lens size might also have an effect. The outer and the inner
diameter of the pattern was set to 1y, = 2.5 mm and r;, = 1.0 mm, respectively. The
height of the pattern was d = 1 mm and it was applied 1 mm below the anterior pole.

Laser Treatment

For the application of the fs-laser induced gliding planes the Ti:Sa laser system
Bright from Thales (Paris, France) was used. Its ultrashort laser pulses have a
minimum duration of T = 125 fs at a repetition rate of v, = 5 kHz and A, = 780 nm
center wavelength. The pulse duration is controlled by a single shot autocorrelator.
The applied pulse energies varied between Epyee = 0.5 and 1.5 pJ.

The laser beam was three dimensionally scanned by a galvanometer-scanner unit
(GSI Lumonics, USA) and a mechanical translation stage (M126-DG, Physical
Instruments, Germany) which moves the fixation unit of the crystalline lens relative
to the focusing lens. A f-theta focusing optics (f = 75 mm) offered a spatial posi-
tioning resolution below one micron, a spot size of 5 um and an operating range of
9 mm in diameter. The fixation unit consists of a special mount which centers the
lens with respect to the focusing optics and a glass plate that applanates the lens
surface up to 200400 pm. Figure 13.2 shows the setup of the application unit
including the scanner and the lens fixation.

The scanning parameters were chosen in accordance to the best parameters
evaluated by Ripken et al. in porcine lenses [28]. The lateral spot separation was
6 um and the axial one 40 pm, respectively. Furthermore the pattern was scanned
twice with double spot separation and shifting the pattern by one distance of the
spot separation during the second scan as recommended by Heisterkamp et al. to
achieve best cutting smoothness [29].

Flexibility Measurement

The quantitative deformation ability of the crystalline lens was measured by
applying rotational forces on the lenses as suggested by Fisher [30]. The centrifugal
force during rotation simulates the outwards directed tension of the zonular fibers
when the ciliary muscle relaxes in the unaccommodated eye [31]. Of course this
method reflects not the true forces which act on the lens during accommodation, but
it is a method to measure a quantitative change in deformation ability. The used
rotation platform consists of a ring whose inner diameter is slightly smaller than the
equatorial diameter of the crystalline lens. This offers the possibility of observing
almost the whole shape of the lens with a CCD-camera during rotation. Images are
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Fig. 13.2 Principle of the
three-dimensional scanning
unit consisting of two
galvanometer scanning scanner:
mirrors and a linear
translation stag
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taken at different rotational speeds and the geometry change during rotation can be
analyzed by processing the digital images. The whole setup is shown in Fig. 13.3.
According to data from Rosen [32], a 55 year old (average age in this study) human
crystalline lens has a weight of approximately 244 mg and an equatorial radius of
4.73 mm. Thus a first approximation of the applied centrifugal force F. = mvr (m
lens mass, v angular velocity, r median radius) at a rotational speed of 1620 rpm
(maximum speed used in this study) is 17 mN.

Fisher’s spinning test is performed directly before and after laser treatment.
Between the two spinning tests, the laser treatment is applied to all lenses in the
same manner. The only parameter which is changed during the laser treatment is the
pulse energy. Depending on the yellow coloring and developing cataract of the old
human donor lenses, the pulse energy has to be adjusted between Epy s = 0.5 and
Epuise = 1.5 pJ. The specific energy for each lens was subjected to the coloring of
the lens and was chosen empirically from experience of former experiments.
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Fig. 13.3 Setup of Fisher spinning test

Analysis

The images of the lens taken during the spinning test were analyzed with an image
viewing software. The anterior to posterior (a-p) thickness, equatorial diameter and
radii of curvature of the central area (r = 2.8 mm anterior, r = 2.0 mm posterior)
were measured and scaled to a mm-scale included in the images. The image res-
olution of the camera and the blurring due to the rotation of the lens lead to an
observational accuracy of the lens thickness and equatorial diameter of about
30 um. The accuracy of the fitted radii of curvature is about 0.5 mm

The different lens sizes require a standardization of the size for comparison.
Therefore, the gauge for the change of a lens are its normalized geometric values,
e.g. its normalized lens thickness 1 = d,./dy at a given rotational speed which is
dimensionless. The crystalline lens’ thicknesses at rotation and in non-rotating,
stationary position are d,,, and dg respectively.

A comparison of the lens a-p thickness and equatorial diameter at static (0 rpm)
and the normalized lens thickness m and normalized radii of curvature & at a
rotational speed of 1620 rpm before and after laser treatment were performed. An
increased lens thickness in non-rotating, static (0 rpm) position and a decrease in
normalized lens thickness and an increase in normalized radii of curvature,
respectively, represent an increase in deformation ability and therefore in flexibility.

The accommodation process is not simply characterized by the change of lens
thickness; the actual change in optical power is mainly due to the change in anterior
and posterior curvature and can be calculated in a first approximation using the
conventional thick lens formula. The change of optical power (OP) due to the
Fisher test can be obtained by comparing the unrotated case, which corresponds to
the full accommodated state for near sight, to the 1620 rpm rotated case, which
corresponds to a state which is close to the unaccommodated state for far sight. The
normalized optical power due to the spinning test is ® = OP,,/OP,

All data was tested for statistically significance by using the student-t-test.
Furthermore a control group of 10 lenses were investigated which underwent the
same procedure as the treated lenses ones, just without laser pulses applied.
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13.2.1.2 Results

The gliding planes could be applied successfully in all human donor lenses included
in the following graphs and tables without damaging the surrounding lens capsule.
Compared to a previous study on enucleated pig lenses [28], a homogenous cutting
quality was not always possible due to the developing cataract and increasing
yellowish coloring with age of the human donor lenses. These inhomogeneities
necessitate a constant adjustment of the applied pulse energy. Unfortunately, at this
point there is no method of ascertaining the right pulse energy for an optimal cut
depending on the coloring of the lens. This results in an inhomogeneous quality of
the cutting pattern of the human donor lenses. A typically obtained cutting pattern is
shown in Fig. 13.4. These eyes with partly cutted patterns were common among all
treated human donor eyes and as a consequence the enhancement potential of the
cutting pattern therefore is reduced compared to a complete pattern. Nevertheless all
eyes were included in the study [33].

Change in Deformation Ability

To overcome presbyopia, it is important that the forces of the lens capsule mold the
lens to the more spherical accommodated shape after the laser treatment. In this
case, the geometry of the lens should change directly after the treatment due to the
restored deformability of the lens if the cuts increase the lens flexibility. The first
indication of a more spherical shape of the lens is an increased lens thickness and a

Fig. 13.4 A typical quality (about 60 % successful) of an obtained cutting pattern inside a human
donor lens. A 61 year old lens; pulse energy 1.0 pJ. In the areas where no small gas bubbles are
visible the tissue had inhomogeneities and the pulse energy was not high enough to induce an
optical breakdown. Therefore no cut is created there. The circular edge around the pattern is the
applanation edge, the lens is still applanated
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decreased diameter, respectively. Figure 13.5 shows the relationship of the ante-
rior—posterior lens thickness and equatorial diameter before and after laser treatment
with no rotation applied (0 rpm) for the Fisher spinning test. The majority of the 41
treated lenses exhibit an enlargement of their thickness. The average increase of
thickness of the 41 lenses is 97 + 14 pm (p < 0.001, statistically significant change),
whereas the change varies between —260 and +440 um. On the other hand the lens
diameter is decreasing in most of the lenses after the laser treatment. The average
decrease is —120 + 18 um (p < 0.001, statistically significant). The change varies
between +310 and —550 pm. The control group of 10 lenses showed in average a
decrease of —154 = 74 pum (p > 0.05) in lens thickness and a decrease in diameter of
—141 + 71 pum (p > 0.05) which are both not statistically significant at a 0.05 level
and therefore no change occurred as anticipated.

Figure 13.6 shows the difference of normalized lens thickness 1 of 26 lenses at a
rotational speed of 1620 rpm before and after laser treatment. (This measurement
was performed only successfully on 33 of the available 41 lenses; additionally on
seven lenses of the 33 measured lenses it was not possible to obtain the required
data from the images showing the lens during rotation). As can be seen, the nor-
malized lens thickness decreases on average by 0.013 £ 0.006 (p < 0.05, statistically
significant) from 0.918 £ 0.007 to 0.905 + 0.008, that means the lens flattens more
than before. Thus the deformation ability of the lenses in total thickness increases
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Fig. 13.5 Change of the anterior—posterior lens thickness (left) and diameter (right) of 41 lenses
after laser treatment compared to before the treatment at O rpm. The straight line indicates no
change. Above the line an increase in thickness and diameter occurred, below the line a decrease.
In average the lens thickness increased and the diameter decreased due to the laser treatment
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Fig. 13.6 Normalized lens thickness 1 of 26 lenses at rotational speed of 1620 rpm after laser
treatment compared to the normalized thickness before the treatment. The straight line indicates no
change

from 8.2 % before the laser treatment to 9.5 % after the laser treatment; that is an
increase in deformation ability of about 16 %. The control group of untreated lenses
showed in average an increase of 0.02 = 0.02 (p > 0.05, not statistically significant)
in normalized lens thickness [33].

Improvement in Optical Power Change

In Fig. 13.7 the change of normalized optical power (calculated from a-p thickness,
anterior and posterior curvature) due to the laser treatment is shown for 26 lenses.
The normalized optical power ® due to a rotational speed of 1620 rpm before the
treatment ranged from ® = 0.61 to ® = 1.03 with an average of ® = 0.78 + 0.02.
After the treatment the normalized optical power decreased in all cases except one.
The average normalized optical power is reduced to ® = 0.65 (+0.02) and ranges
from ® = 0.42 to ® = 0.87. Therefore the average change in optical power is
increased by 59 % (p < 0.001), which is statistically significant [33].
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Fig. 13.7 First approximation of the optical power at rotational speed of 1620 rpm after laser
treatment compared to before the treatment. The straight line indicates no change

13.2.2 Finite Element Model of the Human Lens

In order to understand the effect of the induced gliding planes on the biomechanical
behavior of the lens tissue in more detail, a finite element model of the human eyes
was developed.

Within the last 15 years several FEM models of the accommodation process
which differ by complexity were published by several authors [34—42]. The model
used for the fs-lentotomy simulation is adapted from the well established eye model
of Burd et al. [37] and is realized in the software environment of ANSYS (Version
10.0, ANSYS INC., Canonburg, USA). The model differentiates the lens tissue
volume according to anatomy in three zones: lens nucleus, lens cortex and lens
capsule (see Fig. 13.8a). Each zone has its specific dimensions and material
properties and is regarded in this model as homogenous, linear-elastic and isotropic.
The chosen Young’s moduli and poisson ratio for each zone are summarized in
Table 13.1.

In order to simulate accommodation, the zonular fibers, which transmit the
power of the ciliary muscle to the lens, are divided into three bundles (anterior,
posterior and equatorial) with a different number of single fibers. The bundles have
a ratio of 6:3:1 which results in an unequal stiffness distribution (anterior:
66 - 1073 N/mm, posterior: 33 - 1073 N/mm, equatorial 11 - 1073 N/mm) [37].
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Fig. 13.8 a Cross-section of the lens tissue. b 3D model of the lens with 21zonular fiber bundles

Table 13.1 Young’s modulus and poisson ratio of the three lens volumes [31, 43, 44]

Young’s modulus (N/mmz) Poisson number Citations
Cortex 3.4170 * 1072 0.49 [31]
Nucleus 0.5474 * 1072 0.49 [31]
Capsule 1.27 0.47 [43, 44]

Despite the fact that the lens itself is rotational symmetric the lens model is
created 3-dimensional in order to provide the potential to implement non rotational
symmetric gliding plane patterns like the steering-wheel pattern used in the
experiments. In order to downsize the number of elements and therefore calculation
time, the model was restricted to a quarter of the lens. 21 bundles of zonular fibers
were attached with equal spacing to the lens quarter. The model is shown in
Fig. 13.8b.

In the beginning of the simulation the lens is in the fully accommodated state
where no force is applied by the zonular fibers onto the lens capsule. During the
simulation the loose ends of the zonular fibers, which would be attached to the
ciliary muscle, are displaced radial outwards by 0.363 mm. This causes a traction
force on the lens capsule and results in a flattening of the lens contour. The lens
diameter is roughly stretched by 5 % with a maximum force of 0.1 N on the lens
capsule.

13.2.2.1 Implementation of the Gliding Planes

Within the performed investigation three different gliding plane patterns were
implemented into the lens model, and the resulting deformation during the
accommodation process was evaluated.

One pattern is the steering wheel pattern (SW) used in the experiments. The
dimensions were kept in accordance to the experiments as well. The outer and the
inner diameter are 5 and 2 mm, respectively. The total height is 2.25 mm and it is
placed 1.25 mm above and 1 mm below the lens equator. The three patterns inside
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(a) AN (b)

Fig. 13.9 Different cutting patterns which are applied to the lens model, a steering wheel (SW),
b CSW cutting pattern, ¢ DCSW cutting pattern

the lens model are shown in Fig. 13.9. The second pattern, conic steering wheel,
(CSW) is similar to the steering wheel pattern, but the front and back surface have
an angle of 25° so that the plane is parallel to the direction of tension caused by the
zonular fibers. The last pattern, double conic steering wheel (DCSW) is more
different. The inner and outer diameter of the pattern is kept, but the height is
chosen that way that the pattern is placed only inside the lens nucleus. This results
in a height of the inner and the outer cylinder of 1.8 and 0.34 mm, respectively, and
an angle of the front and back plane of 22.8°.

The cutting patterns have a very small Young’s modulus of 1:107° Nmm ™2 and a
poisson ratio of 0.499 (very close to 0.5 for an incompressible material). The cuts
have a thickness of 5 um.

13.2.2.2 Theoretical Affirmation of Thickness Change

The resulting deformation of the lens induced by a displacement of the zonular fiber
end points by 0.363 mm for a native lens and the three implemented cutting patterns
is shown in Fig. 13.10. All four cases show a flattening due to the pull of the
zonular fibers, but the flattening has a different occurrence. Table 13.2 summarizes
the anterior-posterior lens thickness, the lens diameter and radii of curvature of all
cases. The lenses with cutting pattern applied show a stronger deformability
compared to the native lens. The steering wheel (SW) and the DCSW pattern have a
14 % higher deformability compared to the native lens, the CSW had only an
increase of 7 % respectively.

Most important for the visual outcome is the change in radii of curvature. For
each state the optical power of the lens can be calculated by using the thick lens
equation. Table 13.3 summarizes the optical power of the lenses with and without
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Fig. 13.10 Change of geometry of all four models at maximum displacement of 0.363 mm.

a Native lens, b steering wheel (SW) pattern, ¢ CSW pattern, d DCSW pattern

Table 13.2 Change in geometry of all four simulations at maximum displacement of 0.363 mm of
the zonular fibre compared to the case without any displacement

Pattern Change of a-p Change of Anterior Posterior Increase in
lens thickness equatorial lens radius r, radius r;, deformability
d (mm) diameter L (mm) (mm) (mm) (%)

None 0.554 0.386 9.75 4.25 -

SW 0.631 0.404 10.75 4.30 13.9

CSW 0.594 0.410 10.00 4.25 7.2

DCSW | 0.633 0.362 10.50 4.30 14.3

displacement and, therefore, the accommodation amplitude. Comparing the native
amplitude to the ones with gliding planes an increase of 3.2 % can be found with
the DK pattern and an increase of 9.0 % for the SW pattern. The optical power for
the CSW pattern remains the same.

Thus the FEM simulation shows that induced gliding planes have the ability to
change the accommodation behavior of the lenses. It was also shown that
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Table 13.3 Change in optical power at maximum displacement

Pattern Optical power full Optical power full Accommodation Increase
accommodated (D) deaccommodated (D) amplitude (D) (%)

None 38.48 31.23 7.25 -

SW 38.48 30.58 7.9 +9.0

CSW 38.48 31.26 7.22 -04

DCSW | 3848 31.00 7.48 +3.2

depending on the geometry of the patterns the deformation change is different, it
can result in an increase in accommodation ability but it can also kept unchanged.

13.2.3 Discussion

The experiments demonstrate the possibility of creating defined cutting patterns
inside the human crystalline lens tissue. The previous results on porcine lenses
showing an increased deformation ability after laser treatment [28] could be con-
firmed on partly presbyopic human donor lenses. Whereas reproducing the cutting
pattern at constant quality in all young clear porcine lenses was possible with
optimized laser parameters [28], this task was more challenging on human donor
lenses. The tissue characteristic of each human lens was different due to age,
postmortem time and individual variety. Each lens had a different yellowish col-
oring and most of the lenses had a partially developed cataract resulting in an
inhomogeneous tissue which increased scattering. At the moment there is no
method of determining the exact pulse energy needed to induce optical breakdown
at every position in the lens tissue. Thus the cutting quality of the patterns was not
perfect in many of the treated lenses. Overcoming this limitation will be future
work.

Nevertheless the experiments for enhancing the deformation ability of the
crystalline lens show an average increase of deformation ability due to the Fisher’s
spinning test of 16 %. This value is lower than the value obtained on porcine lenses
by Ripken et al. [28]. This may have two reasons. First, the deformation ability and
geometry of young porcine lenses compared to presbyopic human lenses is different
from the beginning and reacts in a slightly different way to the treatment. Second,
due to the aforementioned challenges the cutting pattern was often not generated of
perfect quality, which might result in a reduced gain in deformation ability. Due to
this second fact, the averaged flexibility does not reflect the true possibility of
regaining large quantities of deformation ability in the aged lenses.

In some lenses the deformation ability could be doubled, which was not pre-
viously achieved in porcine lenses [28]. This large gain in flexibility is due to the
fact that human donor lenses suffer from the progressing sclerosis whereas the
young porcine lenses are very flexible. This fact also explains the thickness increase
of the human donor lenses directly after laser treatment which was never noticed on
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young porcine lenses before [28]. The restoring force of the lens capsule is able to
mold the lens back to a shape more spherical compared to the untreated lens. The
fact, that this was not observed on porcine lenses, eliminates the assumption that
this increase in thickness is caused by the remaining small residual bubbles which
disappear within 2 h after the treatment. Nevertheless, maintaining a control by
measuring the lenses thickness again after some time is inappropriate, because the
water intake of the lenses distorts the measured thickness values [45, 46]. The water
intake also influences the initial thickness of the human lenses which reach our lab
up to 3 days postmortem. Therefore all measured absolute values in this study have
to be used with caution. Since the measurements were performed within 12 min the
relative values comparing the lens before and after laser treatment are both affected
in the same manner of water intake and therefore this effect can be neglected. This
is supported by the fact that the relative obtained values show no relevant depen-
dence on the ratio of diameter and thickness.

The effect of the water intake influences also the measurement of the radii of
curvatures. The lenses are thicker and have altered radii of curvatures compared to
in vivo measured values published in literature [7, 32, 47, 48, 49]. This alters the
calculation of the optical power and therefore the accommodation amplitude. Thus
the absolute values do not reflect the reality, but the relative values obtained before
and after the laser treatment still show the potential of the treatment method. The
values presented of an average increase of 59 % might overestimate the real success
on living tissue, because the average change in optical power shown by in vitro
tissue during the Fisher’s spinning test is also higher compared to in vivo mea-
surements of the accommodation amplitude [47, 50].

However the data clearly shows that the treatment method presented succeeds in
increasing the change in optical power. Therefore it seems that the induced micro
cuts inside the crystalline lens tissue have the potential to relieve the effects of
presbyopia and offer an improvement in accommodation ability. The applanation of
the lenses during the laser treatment could also have an impact on the mechanical
behavior of the lenses during the experiments. However the performed study on the
control group of 10 lenses showed no statistically significant changes of the lenses
after the applanation. Therefore despite the larger deformation due to the appla-
nation no conspicuous mechanical behavior is caused.

The next step in developing a successful clinical treatment method resulting
from these promising experiments is optimizing the geometry of the cutting pattern
to a maximum gain in accommodation amplitude and investigating possible
undesired side effects. The optimum pattern is difficult to investigate experimen-
tally, because every lens acts slightly differently during accommodation. Therefore
theoretical work has to been done in addition.

Comparing the experimental results to the results of the performed FEM sim-
ulations is difficult. The main result of increased deformation ability by the induced
gliding planes could be shown with both methods. The comparison of the values
obtained is more or less not practicable. The FEM model is based on an idealized
lens and there is definitive a difference between the simulated forces and the force
which occurs during the Fisher spinning test. Thus a comparison of absolute or even



13 Femtosecond Lentotomy: A Prospect for a Treatment ... 301

relative values is not appropriate in the opinion of the authors. However, the FEM
simulation showed very successful that the geometry and the placement of the
pattern have a significant influence on the outcome in terms of increased accom-
modation amplitude. Higher deformation ability implies not automatically in higher
accommodation amplitude. The change in radii of curvature is important to increase
the accommodation amplitude and a wrong geometry might increase deformation
but not accommodation. The steering-wheel pattern showed in this evaluation the
best results, but further and more detailed investigations might show an even more
suitable pattern, which might be even depending on lens size and initial geometry.

13.3 Safety Study of Fs-Lentotomy

The effectiveness of the treatment on porcine and human cadaver lenses was shown
in the last section. In order to verify the results on living humans another aspect has
to be addressed first: safety.

Besides the desired cutting effect of the tissue two side effects may occur in the
eye. First the deposition of light energy into the crystalline lens causes an optical
breakdown and thus a change of the lens tissue in the focal region. The high laser
light intensities might also alter the lens tissue along the optical path of the light due
to nonlinear effects. This could perhaps cause implications to the highly sensitive
crystalline lens’s metabolism and might result in cataract formation. Secondly, the
light energy is not consumed completely at the focal volume and propagates further
into the eye to the retina. The strongly divergent laser light will have not enough
intensity to cause a laser induced optical breakdown (LIOB), but each laser pulse
might cause a very small thermal heating. A single pulse should do no harm to the
retina, but the accumulation of the several thousand pulses of a treatment might.

A preliminary in vivo investigation with a 5 kHz femtosecond laser system on
the lenses of six living rabbits performed by Kruger et al. pointed out that the
crystalline lens of a rabbit eye stays clear for at least 3 months after treatment.

In TEM analysis it was shown that the zone of changed tissue around the cut is
about 0.5 pum and the surrounding hexagonal lens fibers appear normal and
undisturbed. However, one rabbit did show visible evidence of cataract formation in
both the treated eye and the control eye, and because of the bilaterality of occur-
rence, was believed to be unrelated to the laser treatment [51, 52].

Nevertheless both effects, retina damage and the induction of cataract, have to be
investigated further.

In order to have practical treatment times (old system for experiment had 6 min) and
a mobile unit, a new laser unit was developed which offered a treatment time of 25 s.
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13.3.1 Methods and Material

The new mobile femtosecond-lentotomy system has in principle the same optical
setup like the system described in the experimental part. The main difference is the
new laser unit. The FCPA pJewel D-400 femtosecond laser system (IMRA America
Inc, Ann Arbor, Michigan, USA) emits at a central wavelength of A, = 1041 nm
with a maximum pulse energy of E,yse = 3.6 pJ. The pulse duration is T = 306 fs at
a repetition rate of v, = 100 kHz. Also the scanning device is a new adapted faster
module. The eye globe of the rabbit is basically fixed to the three-dimensional
scanning in the same way than the human donor lenses before. A suction ring
fixates the eye, while the cornea is applanated by a flat glass contact [53].

30 Chinchilla Bastard rabbits at 10 weeks of age were enrolled and cared for in
accordance with the recommendations of the German national guidelines for animal
studies (No. 33.9-42502-04-07/1356). One eye of each animal was subjected to the
laser surgery while the other served as an untreated control. The animals were
sedated intramuscularly using ketamine 10 % and medetomidin hydrochloride
0.1 % (Domitor; Orion Pharma, Espoo, Finland). Prior to the laser treatment, a
topical anesthetic drop of oxybuprocaine hydrochloride 0.4 % (Conjuncain EDO;
Dr Gerhard Mann GmbH, Stulln, Germany) was administered.

Preoperative evaluation of the rabbit eyes included slit-lamp optical coherence
tomography (OCT) (SLOCT; Heidelberg Engineering GmbH, Heidelberg,
Germany) and Scheimpflug imaging (Topcon SL-45; Topcon Optical Instruments,
Tokyo, Japan). To provide better visualization and exposure of the lens during
examination and treatment, the rabbit pupils were dilated with tropicamide
(Mydriaticum Stulln; Pharma Stulln GmbH, Stulln, Germany). The eyes were also
kept moist with saline solution before and after the procedure. The intralenticular
laser cutting pattern was delivered as a combination of radial and annular layers as
described in the previous section with an inner diameter of 1 mm, an outer diameter
of 4.0 mm, a depth of 1.5 mm, and 12 planes applied to the left eye of each rabbit.
The pulse energy varied between E,ye = 1.2 and E,ye = 1.6 pJ, and the pulses
were placed with a spot separation of 67 pm in the x-y plane and 50 pm along the
optical axis into the lens tissue. With the fast repetition rate of v, = 100 kHz, the
laser treatment was finished within 25 s.

After removal of the suction ring, the location and intensity of the generated
effect was investigated with a surgical microscope (Zeiss AG, Jena, Germany)
equipped with a charge coupled device camera. Subsequently, slit-lamp OCT and
Scheimpflug images were taken. Reversal of the animal’s sedation was accom-
plished by atipamezol hydrochloride 0.5 % (Antisedan, Orion Pharma). Further
evaluation of the rabbit eyes was performed using the same techniques (surgical
microscope, slit-lamp OCT, and Scheimpflug camera) 14 days, 1, 3 and 6 months
postoperatively. Histopathological sections of the retina and the lens tissue were
prepared in order to investigate the surrounding tissue in more detail. The sections
were taken from 5 rabbits on day zero, on 10 rabbits on day 14, on 10 rabbits on
month 3 and on 5 rabbits on month 6.
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13.3.2 Results

The femtosecond-lentotomy treatment was successfully applied to the left lens of
each rabbit. However, due to the limited cooperation of the sedated rabbits, the eye
globe was not perfectly aligned to the suction unit in all cases, resulting in
potentially decentered cutting patterns. Figure 13.11 shows exemplarily images of
the micro incisions inside the rabbit’s lens immediately after laser treatment, one
month post, three months post and 6 months post surgery. Directly post surgery the
cutting pattern is clearly visible with all three imaging techniques (see Fig. 13.11a).
The residual gas bubbles of the photodisruptive effect, which disappear within an
hour after treatment, are dominantly visible in the images. In the case of the
Scheimpflug images the bubbles interfere with the exposure.

However, the tissue changes are bleached and no gas bubbles are observed at
1 month. This fading of the cutting pattern was also observed in the OCT and
Scheimpflug images. As time is proceeding the visibility of the micro incisions is
even more fading. Especially with the OCT imaging technique the micro incision
are hardly detectable after 1 month of follow up (see exemplarily Fig. 13.111Ic—d).
In the higher resolution cross section images of the Scheimpflug camera (see
Fig. 13.11III) and in the surgical microscope images (see Fig. 13.11I) the micro
incisions are still visible after 6 months however the visibility is fading progres-
sively over time. More important is that the scattering of the incisions detectable in
the Scheimpflug images are not spreading in the adjacent tissue, like it would be
expected in the case of cataract formation. This is supported by the findings in the
histopathological sections of the treated lens tissue. Directly after the fs-lentotomy

(a) day of surgery (b) 1 month (¢) 3 months (d) 6months

Fig. 13.11 [ Surgical microscope images, II OCT images and /Il Scheimpflug images (pulse
energy 1.4 pJ, spot separation x = 7 pum. a Directly post surgery, b 1 month post surgery,
¢ 3 months post surgery, d 6 month post surgery.)
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Fig. 13.12 Histopathological section of fs-lentotomy treated rabbit lens directly post surgery,
a day of surgery, b at 14 day post-op, ¢ 3 months post-op and d 6 months post-op

treatment the clearly separated tissue is detectable in the sections. The laser spots
separate the lens fibers and stronger colored areas of denatured proteins are visible
inside the areas of the laser spots (see Fig. 13.12a). With proceeding time the micro
incisions are more difficult to detect in the histopathological sections, because the
separated areas are not visible any more. Only small areas of slightly stronger
coloring of the tissue are remaining (see Fig. 13.12b—d). These areas are only
visible under high magnification and digital processing of the images of the
histopathological section. The contrast is digitally increased in Fig. 13.12b—d to
enhance the visibility of the slightly stronger colored areas. The most important
finding is that none of the histopathological section shows any changed tissue in the
adjacent areas of the micro incisions. So no indication of a cataract formation could
be detected in any of the rabbit lenses.

The second aim of the study was the exclusion of a possible thermal damage of
the retina due to transmitted laser irradiation. Therefore the rabbits’ retinas were
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examined if any thermal induced change occurred. The histopathological section of
the irradiated and control eyes looked the same in all cases. No thermal induced
changes of the retinal pigment epithel or photoreceptor layer could be detected that
would show changes due to thermal heating. In some cases the retina was detached
from the choroid. This appears in both treated and untreated eyes and is therefore
regarded as an artifact. This is supported by the fact that no hypertrophy of the
retinal pigment epithelial (RPE) cells was observable which should also occur if the
detachment of the retina was due to a thermal heating.

13.3.3 Discussion of Results

The in vivo delivery and localization of femtosecond laser pulses in rabbit lenses
verifies the possibility of performing specific cutting patterns as the treatment of
femtosecond-lentotomy, without any immediate hazardous side effects to the cornea
and lens capsule. Photodisruption inside the lens tissue leads to small gas-filled
bubbles, which remain as small, faint opacities after the bubbles disappear. The gas
bubbles vanish after some minutes because the gaseous content of the bubbles
dissolves. The greatest challenge within these in vivo rabbit experiments was the
fixation and alignment of the eyes beneath the scanner system. As a consequence,
some eyes were not centrally treated, but rather, decentered towards the lens equator.
Thus, the laser was partly shielded by the iris, so that an asymmetric intralenticular
cutting effect took place in these eyes. This shortcoming can be clinically prevented
by coaxial fixation of the conscious patient just prior to the application of the suction
ring. The OCT images taken prior to the laser treatment provide essential infor-
mation for targeting the appropriate depth at which to place the cutting pattern.
Optical coherence tomography images taken immediately after the laser surgery
show that the cut was placed, as intended, well below the lens capsule to avoid
capsule rupture. Optical coherence tomography localization therefore plays an
integral and essential part in the feedback of intralenticular laser treatment, which is
well suited to this system. Slit-lamp analysis after treatment indicates no frank
opacity or other cataractous change of the lens, as might be anticipated from such a
treatment. Furthermore, Scheimpflug imaging verifies the location and intensity of
any opacity or other abnormalities and confirms the absence of cataractous changes
following bubble resolution. The extent of the cutting pattern is well visualized due
to the scattering of the light on the remaining gas bubbles. The larger the gas bubbles
created inside the lens, the greater the intensity of light scattering by Scheimpflug
imaging. At 14 days postoperative, each of the above imaging techniques showed a
reduction and fading of the cutting pattern. Also, the cutting pattern appeared better
localized and less intense in the OCT and Scheimpflug images. Actual cataract
formation, which would be visible as a progressive opacity, increasing the light
scattering and spreading into the surrounding tissue [54] was not observed.

In summary, the study showed that it is feasible to deliver in vivo fs laser
induced microincisions into rabbit eyes. During the first 6 months no indication of
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cataract formation and retinal damage is found. Nevertheless, more in vivo studies
in regard to long term cataract formation and increase of accommodation amplitude
have to be performed in order to transfer this treatment concept to a successful
clinical method for restoring accommodation.

13.4 Conclusions

In conclusion the concept of fs-lentotomy for improving presbyopic human crys-
talline lens flexibility is promising. The performed experimental investigations and
theoretical simulations showed six noteworthy effects. First, the lenses anterior—
posterior thickness is enhanced by an average of 97 pum accompanied with a decrease
in equatorial lens diameter and steeper radii of curvatures due to the treatment which
is associated with the fact that the lens capsule is now able to mold the lens tissue to a
more spherical shape. Thus this results in an increase in optical power. This
observation shows the successful aim of the fs-lentotomy. Second, the dynamic
change of lens geometry due to a simulated accommodation process can be increased
by the laser treatment. This shows that the flexibility of the whole lens can be
increased and a significant larger change in optical power is feasible. Thirdly,
compared to former studies on clear porcine lenses [28] it is more challenging to
create smooth and accurate cutting patterns inside the inhomogeneous tissue of older
human donor lenses. The optimization of this task will be future work.

Fourthly, the in vivo application on rabbits showed that no immediate hazardous
side effects to the cornea or the lens capsule occurred. During the first 6 months no
indication of cataract formation in the crystalline lens was found.

Fifthly, histologically, no changes on RPE, granular and photoreceptor layers
seem to arise due to fs-lentotomy of the crystalline lens. Due to larger distances
between lens and retina in humans, light intensity at the retina will be even smaller
in humans giving an upper estimate in this study.

Sixthly, the OCT imaging is a direct and well suited tool to plan and monitor the
position of the induced cutting pattern.

The investigation has demonstrated a promising increase in deformation ability
of the lens and the safety of fs-lentotomy. Nevertheless the evidence that the results
can be applied directly to in vivo human lenses still has to be adduced. Therefore
the next step in developing a future clinical treatment method will be to transfer the
application to humans.
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Chapter 14
Towards Industrial Inspection
with THz Systems

M. Stecher, C. Jordens, N. Krumbholz, C. Jansen, M. Scheller,
R. Wilk, O. Peters, B. Scherger, B. Ewers and M. Koch

Abstract Due to their high spatial resolution, THz imaging systems (based on time
domain spectrometers) have a broad variety of applications in scientific as well as
industrial applications in the future—especially through the upcoming of reliable
titanium sapphire lasers and fiber amplified femtosecond lasers. With such THz
scanning highly sensitive measurements of materials as well as physical phenomena
and simultaneously real-time imaging with real-time data extraction can be realized
which can be used for production monitoring and/or more accurate and novel inline
control systems. The article gives an overview on recent state of the art THz
systems based on femtosecond lasers and their application scenarios, like detection
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of foreign bodies in foods, inline inspection of paper layer thickness and area mass
as well as non-destroying impact or tensile tests or fiber orientation checks in
Compound-Polymers.

14.1 Introduction

The frequency band of the electromagnetic spectrum between the microwaves and
the optical spectrum gained a growing amount of interest in the last decade. This so
called terahertz (THz) region has been in the “dark” and rather unexploited until the
end of the last century due to the lack of compact, cost-effective and efficient
generation and detection schemes in this frequency range. Since then the potential
applications for THz technology are investigated rapidly in the scientific as well as
in the industrial community. Like microwaves, THz radiation can penetrate through
clothing, plastics, paper, wood, and leafs, while metals and polar liquids like water
are basically opaque. Due to the fact that THz wavelengths are shorter than mil-
limeter waves, they offer a higher spatial resolution, ranging below some hundreds
of microns for high frequency components. This brings a great advantage for THz
imaging in a variety of applications, such as security scans at airports (body scans,
luggage and mail inspection; [1-7]), industrial inline control and inspection (e.g.
polymer, paper, pharmaceutical or food industry; [8—12]), and plant physiology
(water status or dry stress influences; [13—15]). A bit further down the road there
might be THz telecommunications [16—19], mainly for high speed, short-range
indoor links and hot spots. These systems operating at a few hundreds of GHz could
be the future generation of wireless technology in ten to fifteen years time.

Up to now the number of developed or rediscovered methods of generation has
increased a lot, ranging from classical microwave technology based on electrical
diode sources to ultra short pulsed optical generation on photoconductive semi-
conductors or in nonlinear crystals. The same holds true for the detection schemes,
which until recently were mainly based on thermal methods (Bolometers, Golay
cells and pyroelectric sensors) and were suffering from slow speed and low sen-
sitivity. In addition, these detection schemes give only integrated power measure-
ments not sufficient for spectral analysis. Yet, recently there has been a lot of
progress in the development of THz detector arrays and cameras [20-23] which
might change the game in the near future. Besides, cost-effective passive devices to
guide and manipulate THz waves have been developed which might become
important ingredients to all sorts of THz systems. This includes lenses [24-26],
gratings [27], mirrors [28], waveguides [29, 30], and waveplates [31]. Furthermore,
it turned out that 3D printing is an interesting way to fabricate such devices [32,
33].

Recent THz generation and detection schemes are based on using either optical
difference frequency generation [34—43], or employing femtosecond laser pulses to
to emit pulsed THz radiation from photoconductive switches or antennas [44—48].
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Fig. 14.1 Time domain waveform (left) and frequency domain spectra (right) of a THz pulse
recorded in a conventional THz TDS system

Where continuous wave (cw) THz systems offer a very good spectral resolution but
only at a narrow frequency band, pulsed laser sources have the advantage of pro-
viding information across a wide spectrum with only one single pulse measurement
(cf. Fig. 14.1). Therefore, we are only focusing on pulsed THz systems and
spectrometers, commonly referred to as THz time domain spectrometers (TDS), in
this overview. A far more detailed overview on THz technology can be found
in several overview articles [49-52]. There is also a cost effective approach in
between, the recently introduced so called quasi-time-domain spectroscopy
[53, 54]. In this approach a continuous wave multimode semiconductor laser diode
worth a few dollars replaces the cost-intensive femtosecond laser. A more com-
prehensive overview on this promising novel technique is given in the last section
of this chapter.

Imaging systems based on pulsed THz sources were first demonstrated in the
mid 1990 [55] and the principle behind this technique was described in several
publications [56-58]. The cornerstone of a coherent pulsed THz system is a fem-
tosecond (fs) laser, usually a titanium sapphire or erbium doped fiber laser.

A schematic of a coherent THz setup is shown in Fig. 14.2. When the fem-
tosecond laser pulse hits the biased photoconductive gap of the emitter antenna, a
short electrical pulse is triggered. Abiding to Maxwell’s law, any accelerated car-
riers emit electromagnetic radiation and the emitted field is approximated by the
derivative of the current between anode and cathode of the antenna [46, 47]. If the
rise time of the pulse is fast enough the emitted radiation exhibits strong compo-
nents in the THz region. A silicon lens on the other side of the antenna structure
precollimates the generated THz radiation. By using polymer lenses or off-axis
parabolic mirrors the beam is collimated and may be guided to an intermediate
focus on a sample of interest. The THz electromagnetic field is detected after
refocusing on the receiver antenna, like the emitter a photoconductive switch
triggered by an optical pulse. The semiconductor material has a very short
electron-hole lifetime in order to achieve the best signal recording. The detection
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Fig. 14.2 Schematic on coherent sampling of THz pulses (Courtesy of F. Rutz)

process is slightly different to the emitting one, rather than having an applied
electrical field accelerating the carriers, the detection scheme is based on the inverse
effect. Since it is not possible to record the pulses of sub-picosecond lengths in real
time, the detector antenna is gated for the detection. When the active region of the
detector antenna is illuminated by the laser pulse the incoming THz radiation leads
to a net current within the antenna structure in the order of a nanoampere. This
current can be amplified and detected as a measure of the incoming amplitude of the
electrical field. Since the laser pulse duration is shorter than the THz signal by
several orders, it can be used to switch the antenna. Only the part of the terahertz
pulse correlating with the gating time will contribute to the current signal, normally
averaged over a large number of pulses. Delaying the detector pulse gradually in
time allows for “scanning” through the THz pulse and allows for obtaining the full
waveform as a function of time (see Fig. 14.2).

As a clear economical potential has been identified for THz technology, the
systems have to become more compact, faster and more cost-effective. In the fol-
lowing, we will give an overview on recent state of the art THz systems based on
femtosecond lasers and their application scenarios. We will discuss avenues for
these systems to enable broad applicability for THz technology in the future.
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14.2 Application Scenarios

A large step for THz systems was made by the upcoming of reliable titanium
sapphire lasers and fiber amplified femtosecond lasers. Their ultra short pulses can
be used for generating and detecting THz pulses in various ways. The coherent
detection of phase-locked THz pulses and the rejection of incoherent background
noise enable highly sensitive measurements of materials and physical phenomena.
As many applications of THz sensing are done in transmission mode, it should also
be noted that reflection geometries can be realized as well. While transmission is the
approach of choice for inline inspection of polymer production or compounding
processes, the reflection method allows one to evaluate intransparent or highly
absorbing samples, like water, other polar liquids or thick samples add (see e.g.
[59-62].

In this section a closer look on a few industrial THz systems will be offered,
analyzing detection schemes and their specific application and purpose. The method
of operation will be shown on an inline process control for the polymer extrusion.
A system is presented which allows for the detection of additives and the purity of
the main compound. A second possible scenario for process control is imaging of
food products with low water content during fabrication. On the fly scanning for
unwanted particles within opaque substances, e.g. in chocolate, is a great advantage
over visible inspection schemes. Impurities which are of the same water or fat
density as the surroundings can also be detected using THz waves, which even
might not be picked up by X-ray scanners.

14.2.1 Inline THz Polymeric Compounding Monitoring

The first industrial application scenario we have a closer look at, is inline moni-
toring with a THz TDS system. As such a system needs to be robust, transportable
and flexible to meet the needs in a highly specialized production line; one of the
main goals is to take the existing technology for lab setups a step further. The
biggest issue for a reliable and functioning laser based THz system is the insen-
sitivity towards vibrations. The way around this problem is a fully fiber based
guiding of the optical beams to the photoconductive antennae. A big portion on the
way to realize such a system was the further development of fiber coupled antennae.
A cleaved fiber end is positioned for maximum THz signal above the gap of the
antenna. Fixing the fiber in respective to the gap is achieved by index-matching
glue to simultaneously reducing the reflection losses as well as to protect the
antenna and the end face of the fiber from external environmental influences and
stresses [63, 64]. This approach guarantees an optimal THz output and enhances the
systems robustness and versatility tremendously (cf. Fig. 14.3). In addition, the
system has all laser sensitive parts enclosed with minimum laser safety standards,
allowing it to be operated in any industrial area.
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The sensor head for the polymeric compound monitoring had to be specially
made to guide the THz beam [64]. Two fused silica plates are used as windows to
access the extruder mass with the THz radiation. These glass windows are nearly
transparent for frequencies up to 1.0 THz. In between the plates the polymer die is
piped through a narrow slit (in the experimental setup adjustable width of 0.5—
10 mm). The sensor head was designed for working at temperatures up to 260 °C
and melt pressure levels of up to 26 bar. Existing control sensors provided infor-
mation on melt temperature and pressure during the extrusion process.

While the THz radiation has to penetrate not only the composited die but also the
silica windows, analyzing and calibrating the system is essential to gain live value
of the compound added into the process. With varying the temperature of the fused
silica windows no changes for the frequency range from 0.1 to 0.4 THz could be
detected. The melt on the other hand is rather sensitive to temperature changes.
A plot of the measured refractive index over temperature is shown in Fig. 14.4.
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Fig. 14.5 Refractive index of molten (circles) and solid (diamonds) polypropylene—CaCO3
compound as a function of the volumetric additive content—averaged over the frequency interval
from 200 to 350 GHz [64]

On a lab based system the functionality of the system was tested. Therefore
different polypropylene melts with an increasing concentration of calcium car-
bonate (CaCOj3) were measured. Due to the higher refractive index of CaCO; the
combined refractive index is scaling with the additive content. Figure 14.5 shows a
linear dependency of the refractive index of solid and molten compound over the
volume percentage of CaCOs;.

A fully functional inline sensor system has to provide sufficient information in
real-time. Though kilohertz scanning spectrometers are technically possible [65,
66], high speed scanning of full terahertz pulses leads to sophisticated and
expensive setups. As in this application the main interest is in changes of the
refractive index and not the index itself, the setup can be simplified. The change in
refractive index leads to a change in travel time for the pulse, and hence one is only
interested in the time delay of the pulse. In order to avoid time consuming screening
of the full THz pulse, one locks at the front slope of the pulse and calibrates the
amount of change in the THz amplitude to a certain phase delay and therefore a
change of refractive index. Figure 14.6 demonstrates the principle of the fixed
measurement point. The steeper the slope the more sensitive the system is to
changes in the additive percentage. Yet, a long slope increases the detectable range
of additive concentrations, so there is a trade-off to be considered.

Real time measurements taken during the compounding process of polypropy-
lene with calcium carbonate (CaCOs) were taken under real environmental con-
ditions. The filler quantity was stepwise varied over time. As expected, the terahertz
measurement shows a delay of 1-2 min for the changed filler content to arrive at the
extruder outlet. Additionally, a real time sensing of the wash out of the filler can be
monitored (cf. Fig. 14.6). This is due to the travel time of the die through the
extruder, where the mixing of the additives takes place. The exponential change in
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Fig. 14.6 Real-time THz signal (solid) measured on polypropylene mixed with CaCOj; (dashed)
the concentration of which is varied during the course of the measurement. a Residence time of the
additive inside the extruder, b wash out time [64]

the refractive index and therefore within the melt can be explained by a gradual
wash-out Recently, similar results have been obtained for rubber [67].

In conclusion, this example shows that THz technology is well suited for
determining additive values in polymers. Real time operation for a nondestructive
and contact free industrial sensor setup has been demonstrated. A linear dependency
of the additive under inspection and the refractive index in the THz range could be
established. But THz systems may be used in more sophisticated imaging appli-
cations like for security or food inspection. In the following inline foreign body
detection in chocolate is described as an example for fast and reliable inline imaging
feasibility.

14.2.2 Detection of Foreign Bodies in Foods (Chocolate)

In the food industry the detection of contaminations and unwanted foreign bodies
plays a vital role. These inclusions can state a serious health risk to consumers.
Existing testing and detection systems, like metal detectors or X-ray scans, are
already in use. As metallic defilements are easily discovered with metal detectors,
the focus here is on non nonmetallic foreign bodies like glass, stone or plastic
particles. X-rays are not suited to detect plastic pieces in fat-based foods, like
chocolate, because both consist mainly of the same elements, hydrogen and carbon.
Similar detection problems exist for glass contaminations, which are prevented by
holding regular checks of glass inventory within the fabrication environment. This
demonstrates that there is a great need for a reliable and sophisticated capability of
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Fig. 14.7 Terahertz image of a whole milk chocolate bar containing three different contamina-
tions: a piece of glass, a stone, and a metal screw; Inset photograph of the foreign bodies [68]

detecting nonmetallic particles. THz inline monitoring is a suitable solution for
detecting these contaminations, because THz waves are not only providing
amplitude information (absorption spectra), but at the same time reveal the phase
information, too. This is attributed to the coherent detection scheme embedded with
the same “triggering” optical pulses on both photoconductive antenna (emitter and
detector).

The setup used for this measurement scheme is a standard pulsed THz spec-
trometer with photoconductive LT-GaAs antennas. It was driven by a femtosecond
titanium sapphire laser operating at 800 nm generating pulsed THz radiation which
was guided by off-axis parabolic mirrors. In order to maintain a high spatial res-
olution and large enough signal at the same time, the THz radiation was focused to
a spot size of about 2 mm. To get a full image across the whole chocolate bar a
raster scanning method was applied for first images. Yet, for a future real time inline
measurement setup, one needs to have several antenna pairs or scanning across the
sample under inspection in a rapid pace.

Inclusions and contaminations were placed within a commercially acquired bar
of milk and hazelnut chocolate. Foreign bodies were carefully hidden in the
chocolate by localized heating so it was impossible to see these inclusions with the
naked eye. THz intensity image from frequencies between 0.4 and 0.5 THz revealed
the hidden metal screw and a stone, as well as the glass splinter (cf. Fig. 14.7) in
between the structure of the chocolate [68].

The discrimination between these insertions is done by looking at the trans-
mission intensity image as well as the phase delay in order to guarantee the highest
detection rate for all contaminations. Through the pure chocolate bar, the measured
time domain signal has typically one single pulse peak. But obstructing the THz
beam with any different material having a different refractive index results in a
double peak structure (Fig. 14.8). This is due to the fact that parts of the THz pulse
travel around the obstacle and parts travel through it—mostly at a slower pace.
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Fig. 14.8 Terahertz waveforms through pure chocolate compared with waveforms through
contaminated chocolate: stone (left), glass splinter (right) [68]

To increase the accuracy of the detection imaging algorithm the height profile of
the chocolate bar is also taken into account [68]. In that laboratory setup an existing
scanning unit was available (Atos HR scanner) for simulating inline scanning. Yet,
the scan was rather time consuming, typically taking up to one or even more hours.
However, this sensor fusion system offers a clear reduction of the false alarm rate.
THz technologies proofed perfectly suitable to detect foreign bodies in foods in a
noninvasive, contact-free manner. A faster scanning approach is presented later in
this chapter.

14.2.3 Inspection of Paper Layer Thickness and Area Mass

Another highly desired field of operation for THz technology is in the paper pro-
duction industry. There is a great need for an accurate and real time thickness
measurement across the whole layer of paper. This task needs a high technological
effort as the paper layers are running on the production line at speeds of 15-30 m/s.
Pulsed THz spectrometers are ideal to distinguish the paper layer thickness and
density at the same time.

Paper usually consists of more than one layer and an additional finishing layer of
varnish. During the fabrication process the individual layers are jointed together and
as a last step the finishing layer is deposited on top of the running paper sheets. To
have minimal costs it is of highest interest to deposit a minimum of varnish. For
exact inline determination of this layer one has to know the thickness of the paper
layers. To obtain the paper thickness from the THz time-domain data the so called
quasi space algorithm can be used (see [69] for details). The right part of Fig. 14.9
shows data obtained for paper. The correct thickness is given by the position of the
minimum of the curve. As the single paper layers can be measured before they are
jointed together, a software tool can extrapolate the thickness of the varnish,
potentially by making use of the multiple echo pulses from the multi layer systems.
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Fig. 14.9 Schematic of an inline THz thickness determination (leff) and extracted layer thickness
(right)

Active research is done on optimizing the averaging time to have a shorter response
time on variations in the finishing layer thicknesses and area mass of the paper
layers. A schematic of the inline setup can be seen in the left of Fig. 14.9.

THz technology can also be used for further points of interest within the paper
production. To provide a high quality it would be desirable to have inline moni-
toring of the water content in the paper layers, as well as the homogeneity of the
layers in respect to each other. In addition, it would be handy to monitor desired
additives, next to eliminate undesired inclusions in the final product.

14.2.4 Fiber Orientation in Compound-Polymers

As a last industrial application we take a closer look on fiber-reinforced materials.
These compounds exhibit very special mechanical characteristics, like high tensile
strength and a low specific density, and are therefore perfectly suited for the avi-
ation and automobile industry. The specific properties rely heavily on the amount of
added fibers as well as their orientation and it is crucial for safety tests to have
accurate knowledge on these parameters. Up to now, a 100 % inspection ratio is
only possible by using X-ray scanners. All other methods like bending, impact or
tensile tests are destroying or damaging the parts under investigation, rendering
them useless for further usage. Here, THz spectroscopy can substitute the hazardous
ionizing X-rays and offer even more information on the samples properties, due to
the fact that many polymers are transparent for THz radiation.

In 2009 Jordens et al introduced a method to determine the orientation of
birefringent materials [70]. This method assumes that fibres and fibrils have an
orientation degree of hundred percent. Yet, this is typically not fulfilled in practical
samples. Therefore, Jordens et al extended their method to overcome this restric-
tion. They reported on a method to determine the preferential fibre orientation and
the fraction of orientated fibres in reinforced plastics [71]. Due to the rod-like shape
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Fig. 14.10 Refractive index of HDPE with different filling levels of glass fibers (a) and the
corresponding absorption coefficient for different fiber orientations (b) [71]

of the glass fibers, a birefringence effect can be detected and leads to different
optical properties of the samples depending on the polarization of the THz wave.
Calculated and measured values for different fiber orientations are displayed in
Fig. 14.10 for a frequency of 420 GHz. Different additive percentages induce a
birefringence which is uniformly strong over the lower THz range (0.2—1 THz) but
lead to increased absorption for higher frequencies (Fig. 14.10b).

Measured and calculated values differ due to non-ideal alignment of all fibers
within the compound. In order to obtain the main fiber orientation of any sample a
THz measurement in three different orientation angles is necessary. In principle,
these angles can be chosen arbitrarily. Theory shows that the ordinary and
extraordinary refractive indexes of the compound span an ellipse [70]. By using the
three measurements values and the corresponding formulas for the refractive index,
one can calculate the ordinary and extraordinary refractive index.

Solving these formulas provide the angle of fiber orientation. Measuring at
different positions across the sample allows for monitoring the uniformity of fiber
distribution and arrangement [71] (see Fig. 14.11).
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Fig. 14.11 Fiber orientation across a reinforced glass fiber polymer sample (preferential
orientation at different positions (a) and amount of fibers oriented in y-direction (b)) [71]
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Besides the fiber orientation THz time-domain measurements also offers infor-
mation on sample thickness at the same time. By lowering the initial costs for
femtosecond lasers and the system components THz TDS spectrometers are
becoming a valuable alternative in non-destructive industrial testing systems.

14.3 Commercially Available Time Domain Systems

In the last few years THz technology evolved from a pure scientific field of research
to a technology that now yields commercially available consumer products with a
variety of applications.

Leading companies for optoelectronic devices in the THz regime are Picometrix,
Zomega Terahertz Corp., TeraView, Advantest, Menlo Systems and Toptica for
example. Here we will take a closer look at a product from Picometrix and its
application, namely their time-domain terahertz (TD-THz) system T-Ray 4000®.

This portable handheld device possesses two flexible fiber-coupled terahertz
sensors which can be operated in reflection and transmission mode and allows for
the support of multiple THz channels. Two different scan ranges with a 320 ps
temporal delay and an acquisition rate of 100 Hz or a 80 ps time delay with an
acquisition rate of 1 kHz at a bandwidth of 0.2-3.5 THz are available. The sensor
antennas can be mounted in a casing on wheels, ensuring a constant measurement
distance and allowing for inspection of a large area.

Using this device it was possible to non-destructively examine hidden drawings
covered under other layers of paint [72]. It can be also used for dating wood to its
age or reading ancient texts on papyrus rolls without opening them. By gathering
this information not only a basic comprehension of antique cultures is possible but
also a preservation of cultural heritage [73].

However, one of the biggest and important branches for THz technology lies in
security and military inspection applications, where non-invasive scans for the
detection of hidden objects or liquid explosives can be performed. So the T-Ray
4000™ was not only employed for safety inspection of the outer shell of the space
shuttle, but also to inspect protection shells of radar domes. It is also intended to be
used by the US air force for inspecting the outer shell of stealth fighters as the F-35.

As THz technology advances further and further, the market for commercial
products and applications will grow steadily over the next years. But towards mass
production and the prospect of having THz inspection in numerous situations it is
necessary to make the technology faster, cheaper and more robust technology. In
the following we have a closer look on how to continue the research path towards
these goals.
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14.3.1 Avenues Towards More Robust THz Systems

THz systems driven by femtosecond lasers are highly sensitive to external influ-
ences. Especially at high temperatures and in rough industrial environments, like at
the end of an extruder for polymeric compounding or food production, accurate and
reliable measurements are hard to guarantee. This demands a reliable system, which
has fully concealed antenna structures, an encased delay line and a robust control
electronic. A full fiber based system would offer all these key features and reduce
the laser safety restrictions for the system.

To reduce these side effects to a minimum an all-fiber coupled system would be
desirable, particularly for the very sensitive optically triggered semiconductor
antennas (Fig. 14.12). Here, instead of having a free space beam alignment onto the
antenna gap, a fixed mechanical setup guides the beam to its right position. As both
the emitter and the receiver unit consist of a semiconductor-based photoconductive
antenna structure, a perfect alignment is essential for optimal THz output. One
possibility is to adjust a long fiber pigtail with a FC-APC connector on top of the
photoconductive gap for maximum photo current. An index matching UV-curing
glue holds the bare fiber end in position (cf. Fig. 14.3). This approach offers not
only a robust antenna setup but also long term stability of the THz output power.
One should also mind that emitting and detecting antenna can be combined and a
transceiver setup can be realized by using separate, in time delayed pulses for
generation and detection [74, 75].

Embedding the optical patch along a silica fiber allows for shock resistant
operation without alignment issues. These advances are essential for employing
THz imaging or scanning systems in an industrial environment. In order to avoid
any free space parts at all it is also necessary to have an all-fiber delay line within
the setup [76]. In general fiber stretchers alternating elongate the optical paths to the
antennas. This mechanical stretching is achieved by either a motor based motion of
the cylinders or by piezo agitated half cylinders which the fibers are coiled around
(cf. Fig. 14.13). Under a medium strain the fibers are glued on the cylinders for a
robust and precise induced delay. By simultaneous stretching and releasing the two

fs laser system

Sample position

Emitter package

Detector package

HDPE lenses

Fig. 14.12 Schematic of an all-fiber THz TDs system
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Fig. 14.13 3D schematic of a mechanical fiber stretcher (Courtesy of TEM Messtechnik, see [76]
for details)

optical patches one achieves a time delay of up to 280 ps with the mechanical
motor. The full waveform can be sampled up to 50 Hz with the mechanical motor.
Piezo driven fiber stretchers can work up to 1 kHz, but have a reduced delay and,
therefore, can only be used for thin samples with a low refractive index.

14.3.2 Avenues Towards Faster THz Imaging

One of the biggest obstacles for achieving THz imaging in real time is the relatively
slow sampling of the THz waveform. Resolving a THz pulse requires between
4.000 and 40.000 data points depending on the desired frequency resolution.
Standard mechanical delay lines, which are usually used in laboratory THz time
domain setups, focus on high position accuracy rather than on lateral velocity.
Nevertheless one need both for achieving detailed real time imaging. Realizing a
fast mechanical scanning speed can be achieved by different ways. Possible solu-
tions would be a piezo actuator based fiber stretcher as alluded in the last section or
a repetition rate tuning with an intra-cavity piezo driven mirror [77]. Another
approach is a rotating disc with embedded retro reflectors [78]. By bouncing the
beam off a fixed mirror back to the retro, the beam is folded and the path length
change is doubled, and can be scanned with up to 1 kHz.

An alternative extremely cost efficient method is embodied by rapidly rotating a
THz transparent dielectric cube [79]. Using this scheme allows for sampling a time
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Fig. 14.14 Photograph of an optical delay line relying on a THz transparent dielectric cube (see
[79] for details)

window of 40 ps with a scan rate of hundreds of Hertz (see Fig. 14.14 for a photo).
But even with thousand image points per second, the area under inspection is still
limited or the resolution has to be quite low. So the item to be inspected needs to be
scanned in a more rapid pace. Two approaches come to mind—parallel/multifocal
imaging or mechanical scanning of the focal point.

Employing a system with more than one pair of antennas enables measurements
of more pixels at the same time [80, 81]. On the contrary, the costs increase linearly
with every antenna pair, as well as the potentially additional costs for a laser which
delivers enough power to drive all antennas simultaneously (Fig. 14.15a). In order
to avoid a cost intensive multi-focus approach, it would be preferable to reduce the
amount of emitter/receiver antennas. Splitting up the THz radiation generated by
one emitter onto several detectors would reduce the cost by nearly 50 %
(Fig. 14.15b). Mechanical scanning of the focal point reduces the number of
antennas down to two (Fig. 14.15c). The limiting factor is now the mechanical
scanning as well as the time to acquire each pulse form.

Scanning the THz focus along a line can be realised by an f-theta lens system.
A rotating set of planar mirrors on each side of the lens setup guides the beam at
different angles. The special characteristics of the lens setup leads always to a focus

(a) (b) ()
.D Beamsplitter C. Scanner

d
E THz beam g P [ g B [] [ @
.) (I THz antenna C.

Fig. 14.15 Schematics of a multi-channel system (a), a N detector power splitting system (b), and
a scanning system
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Fig. 14.16 Schematic of a f-theta THz scanning system

between the lenses. Only the position of the focus is dependent on the incident
angle of the THz radiation (cf. Fig. 14.16). Rotating the mirrors with several tens of
Hertz allows for an inline inspection of goods on a conveyor belt.

So far a first demonstration of such a f-theta system for inline monitoring was
successful. A sample of nougat chocolate was prepared with several inclusions and
scanned by the system with nearly 20 Hz acquisition rate. For this preliminary study
we turned the mirrors by 15 rounds per minute and the chocolate bar moved at a
constant speed of only 0.3 mm/s and led to an image of the full bar in approx. 5 min
(see Fig. 14.17). Note, that this concept also works in a reflection geometry [82].

glass pearls

plastic thread

small glass pearls
plastic bolt

Fig. 14.17 Photograph (left) and THz image (right) obtained with a f-theta scanning system
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14.3.3 Avenues Towards Cost Efficient THz Systems

One of the biggest disadvantages of THz time domain spectrometers has been the
high price for femtosecond lasers. Ti:Sapphire based laser systems, mainly
employed for scientific research applications, typically cost more than 100.000$
and are not likely to become less expensive, due to their high amount of technical
expertise in order to align and finely tune these highly-sensitive crystal based laser
cavities. Alternative possibilities are semiconductor-based lasers like diode lasers or
vertical-external-cavity surface emitting laser (VECSEL) in which the active gain
structure is based on quantum wells grown on a Bragg reflector. These laser diode
setups consist of an external free space cavity, typically with an additional pulse
compressing mechanism. A THz spectrometer based on an all-semiconductor
femtosecond laser (600 fs optical pulses) has been achieved by Jordens et al. in
2008 [83]. The quantum wells of the VECSEL structure are pumped by a laser
diode operating at a lower wavelength. In order to emit femtosecond pulses a
semiconductor saturable absorber mirror (SESAM) has to be included in the cavity,
ensuring a passively mode-locked laser [84-86]. Optimized quantum well struc-
tures as well as specially designed SESAMs using the fast optical Stark-effect have
led to pulse durations of well under 100 fs in VECSELSs [84].

Interestingly, VECSELSs allow for modelocking also without a SESAM which
makes this laser even less expensive [87, 88]. This scheme is called self-mode
locking. Figure 14.18 shows a schematic of a VECSEL cavity operating in the
self-mode locked scheme (see [87] for details).

Yet, the above mentioned semiconductor lasers comprise a free space optical
resonator which is very sensitive to external influences like vibrations and tem-
perature. Due to the custom alignment for each of these lasers, the price is lower
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Fig. 14.18 Schematic of a VECSEL cavity operating in the self-mode locked scheme [87]
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than a Ti:Sapphire laser but won’t reduce much further below several tens of
thousands of dollars.

For a cheap and reliable femtosecond source one would like to have products
with high selling numbers. Changing from very sensitive free space alignments
towards fiber laser, which are used in the telecommunication industry, offer a
compact and less expensive alternative. These erbium doped fiber amplified lasers
(EDFA) are capable of producing femtosecond pulses below 100 fs and have high
average powers as well (up to several watts), if needed. Their price has reduced
over the last decade significantly and the low-power models (approx. 100 mW) can
be acquired for around 20.0003. The change in wavelength from 800 or 1060 nm up
to 1550 nm makes it necessary to switch to a different semiconductor substrate
(InGaAs) in order to accommodate the lower photon energy. First time domain
spectrometers at 1550 nm were presented in 2007 [89]. Shortly after, Sartorius et al.
at the Frauenhofer Institute in Berlin presented an all-fiber THz spectrometer at
1550 nm [90]. Since then also the antenna material and structure was optimized
[91, 92].

Several groups and nowadays even commercial companies are offering of the
shelve antenna chips and complete fiber-coupled antenna packages for a few
thousand dollars. This technology advances enable very reliable all-fiber
time-domain spectrometers, now ready to be employed in all kinds of industrial,
real world applications. Possible applications in the near future are mobile handheld
scanners of liquids at security checks, quality inspection in rough industrial envi-
ronments and biological or medical sensitive applications.

Yet, these systems still have initial costs of a few ten thousand dollars; a rather
low cost alternative approach was presented in 2009 [54]. The so called quasi
time-domain spectrometer is based on mixing equidistant modes of a low cost
multi-mode laser diode. These laser diodes can be purchased for less than 10$ with
sufficient optical output power. Mixing between different modes leads to a comb
like frequency spectrum, stretching over several hundreds of GHz (cf. Fig. 14.19).

First demonstration of this principle was presented in 1997 by Matsuura et al.
[93]. The advantage of cheap continuous wave sources and broad frequency
information is now combined in a coherent detection scheme. A signal trace
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Fig. 14.19 Mixing principle of a quasi time-domain spectrometer [54]
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Fig. 14.20 Measured THz time trace of a QTDS system

measured with a coherent detection scheme employing two photoconductive
antennas is shown in Fig. 14.20.

The resulting time domain signal comprises a periodic pulse like shape with the
time spacing ., determined by the inverse cavity mode spacing. The measured
signal can now be interpreted as a regular time-domain spectrometer trace and
allows for determination of absorption and refractive index at the same time with a
given thickness or specialized analyzing tools [54]. This novel technique enables
cheap imaging and other sensing applications. Yet, the trade off is the power
distribution in all present optical modes leading to a limited spectral brightness.
QTDS also allows to be used for THz TDS imaging and inspection applications
[94]. A photograph of a plastic airbag cover with a predetermined breaking point
and its corresponding QTDS image are shown in Fig. 14.21.
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Fig. 14.21 Photograph (left) and QTDS THz image of the airbag cover (right) [93]
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14.4 Conclusion

THz imaging systems based on time domain spectrometers have a great variety of
applications in industrial applications. Commercial products covering those
demands will more and more emerge in the following years. Their advancement
into industrial environment will expedite within the next decade. In several bran-
ches THz scanning will enable new and better quality in production monitoring
and/or more accurate and novel inline control systems. For THz living up to its full
potential and for benefiting a plethora of industrial applications, the systems have to
become faster, cheaper and suitable for rough industrial applications.

In this chapter the advances and technological improvements in THz systems
have been discussed. First different detection schemes in industrial inspection
applications have been presented. THz systems for real-time imaging with real-time
data extraction have been developed in the last years and THz technology stepped
out of the laboratory environment into real world systems. Yet, before establishing
THz technology as a standard technique, operators will still have to validate the
results of THz systems by conventional methods to gain confidence in this new
non-destructive testing method. The required steps to a fully automated controlled
THz inspection system are outlined in the last part of the chapter.
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Chapter 15
Laser-Triggered Electron Source
for X-Ray Applications

J. Wueppen, M. Strotkamp, D. Hoffmann, P. Russbueldt,
T. Mans, S. Fritzler and S. Schippel

Abstract We report the results of the development of an electron source, based on
the emission of electrons from plasma. The plasma electron source delivers emis-
sion currents of more than 1 A, based on a laser-induced discharge plasma and
grid-controlled electron emission. Circuit times of less than 1 ps and temporal
modulation strongly connected to laser burst duration were measured. X-ray
imaging verified high brightness and low emittance of the electron beam.

15.1 Introduction

The next generation of computed tomography (CT) is the so-called non-mechanical
CT (NM-CT). The advantages of NM-CTs are an increase in temporal and spatial
resolution of the 3-D images and simultaneously a decrease in dose rate for patients.
Here, detector, X-ray source, power supplies and data-logging electronics, which
are now mounted on a rotating gantry, are replaced by a stationary setup [1]. For
this conception, where about a thousand separate emitters are on one gantry and
which can be individually activated, one of the key components are locally-excited
X-ray sources. Each emits X-ray radiation for a duration of a few tens to a few
hundreds of microseconds with a switching time less than one microsecond.
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X-ray sources comprise of an electron source, a high voltage to accelerate the
electrons and an anode, where the electrons are decelerated and the X-rays are
generated. Nowadays used thermionic sources have a high power consumption due
to the fact that heating of the cathode is not only necessary during emission but at
any time. Therefore an alternative has to be developed, overcoming this problem.
Beside the above mentioned temporal modulation capability, the newly developed
source has to deliver emission currents up to one Ampere and modulation of the
current from ten to hundred percent during microseconds, combined with high
brightness, long life-time and low power consumption.

Laser-driven cathodes are of high interest for this application due to the capa-
bility of fast switching (temporal and spatial) of lasers. Therefore, two different
approaches for electron emission were investigated, the photoelectric effect and a
plasma electron source. Additionally, some experiments were carried out to use
laser-induced plasma as a high-voltage switch.

15.2 Laser-Induced Electron Emission
via Photoelectric Effect

Figure 15.1 shows the setup to measure electron emission by means of the pho-
toelectric effect consisting of a vacuum chamber, a cathode with sample holder,
integrated resistor heating and a cylindrical anode made of stainless steel. The
anode is operated at high voltage and the cathode signal is detected by means of a
linear power resistor with an oscilloscope.

The photoelectric effect was investigated on copper with frequency-tripled
femtosecond laser radiation (wavelength A = 266 nm, pulse duration t = 200 fs).
The temporal resolution of the electrode was determined at approx. 200 ps, which
corresponds to the resolution of the detector (oscilloscopes Tektronix 300 MHz and
1 GHz; see Fig. 15.2).

The laser radiation was focused on the cathode using a lens (f = 150 mm) and the
characteristic curves were recorded as a variation of pulse energy and voltage

Laser Vaccum chamber

50 Q Oscillo-
Cathode 20dB scope
HV

1
supply Power supply

Fig. 15.1 Measuring setup for photoemission due to photoelectric effect
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(Fig. 15.3). At the maximum available field strength of 700 V mm™"' an electron
current of approx. 5 mA is achieved from 140 um? of a copper cathode at 5.5 MW
incident laser power.

Further materials were also examined. It was found, however, that owing to low
quantum efficiency, lasers with a very high mean and pulse peak output would be
required to emit a mean current of 1 A.

The photoelectric effect is a surface effect, which means that the performance of
a photocathode essentially depends on the vacuum conditions. Since electrical
outputs of more than 100 kW are envisaged with the target specifications of the
X-ray tubes to be developed, these outputs lead to temperatures in excess of
2000 °C on the anode surface. The necessary vacuum condition of 10~ bar is not
fulfilled because of the resultant evaporation of the anode. In the test set-ups used,
this was observed at electrical outputs of not more than 100 W, which led to a
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distinct reduction in quantum efficiency as well as to non-reproducible measure-
ment results. Several methods described in the literature for achieving self-cleaning
effects (like heating) were tried, but none could be successfully employed.

In view of these results as well as the fact that a 1 A DC current requires mean
laser outputs that are technologically not available at present, the investigations into
the photoelectric effect as an electron source for an optically induced X-ray tube
were not pursued any further.

15.3 Electron Emission from Laser-Induced Plasma

15.3.1 Single-Shot Experiments

For the emission of free electrons from laser-induced plasma, initially single pulse
tests were conducted and subsequently tests were performed in burst operation.
Here it was found that the currents and current densities generated in this way are
more likely to achieve the required specifications than with the other effects.

Figure 15.4 shows the set-up for the cathode and the calculated field distribution
used in the single-pulse tests. The laser is focused vertically from the top onto the
cathode. In its initial approach the plasma generated by the laser moves vertically to
the cathode surface. A ceramic disk made of macor prevents the plasma from
spreading directly to the anode. The coaxial arrangement is designed so as to allow
rapid measurements and to apply an even electric field in the area of the cathode.
The cathode current is measured by shunt resistors.

The emission of electrons takes place perpendicularly to the direction of plasma
propagation. This corresponds to the Plasma Edge Cathode concept, as expounded
by Zieher et al. [2—4]. The electrons are emitted from the open plasma surface. The
emission cannot, however, be maintained for periods longer than a few microsec-
onds, because space charge layers form within the plasma which shield the elec-
trons from the field applied. This arrangement is therefore only suitable for single-
pulse investigations.

Fig. 15.4 Cross section of
the cathode for the single shot
experiments and its field
distribution. The cathode is
axially symmetric
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The laser used for the single-pulse tests is a titanium:sapphire laser. The central
wavelength is 810 nm. The pulse durations can be set between 100 and 900 fs, with
pulse energies in the range of a few pJ. Repetition rates of up to 1 kHz are possible
with this laser.

In the single-pulse tests, measurements were taken of the cathode current as a
function of the cathode material, the anode voltage, the focus diameter, the pulse
length and the laser energy. Exemplarily Fig. 15.5 shows the dependence of the
current curve at different focal radii and different laser pulse durations for WTh as
the cathode material.

Here the emission duration is in the range of a few 10 ns. The same length of
time also applies to other materials. Cu, Al, W, WTh, WLa, WCe, FeCe, Sm, and
Fe were tested. It was found that the elements with low ionization energy and small
photoelectric work function show advantages concerning the maximum current and
the required pulse energy at the ablation threshold.

The dependence of the electron emission and the ablation threshold on the pulse
duration proved to be almost negligible for the range from about 100 to 900 fs. As
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expected, an increase in the anode voltages and the pulse energies corresponds to an
increase in the emission current.

15.3.2 Electron Emission in Burst Mode

Due to the electron emission duration, or the plasma life-time, respectively, mea-
sured in the single-shot experiments, for continuous emission of electrons an ultra-
short pulse laser with a repetition rate of at least 20 MHz has to be applied (in our
case 86 MHz). This ensures that there are no interruptions between individual laser
pulses during the emission of every single emitter.

As emission durations in the range of 100 us cannot be achieved with the Plasma
Edge Cathode (PEC) [3], grid-controlled emitters were developed [5-7]. Although,
the regimes were completely different from those required here: plasma produced
by gas discharges, poor vacuum conditions (10 bar), size and cross section of the
electrodes in the range of meters.

The use of an intermediate electrode (grid) prevents a positively charged mar-
ginal layer from forming which would shield the acceleration field from the elec-
trons. As a result, DC currents can also be generated in contrast to PEC.

In the set-up the cathode, onto which the laser is focused, is located inside a
closed tube. This enables the individual emitters to be separated from each other
and also prevents the plasma from spreading in the direction of the anode. There is
an opening at only one point. Here the grid is attached in such a way that a
discharge takes place between the cathode and the grid when a plasma is present.
The emission takes place from this discharge directly at the grid location. Part of the
cathode current therefore flows over the grid while the other part is accelerated
through the grid to the anode.

Several factors are decisive for the electron emission. To achieve an even cur-
rent, suitable combinations of the set-up and adjustment parameters have to be
found. On the one hand, the size of the electron exit hole or the open emission area
significantly influences the current strength. Larger emission holes and areas lead to
higher currents. On the other hand, the shape of the electron exit hole also deter-
mines the shape of the X-ray beam focal point and therefore cannot be randomly
selected (target value is a spot cross section of one by 10 mm).

Moreover, the open emission area (depending on the wire diameter and mesh
size of the grid) in part determines the uniformity of the current. Larger relative
apertures lead to timely uneven and strong currents and vice versa). Furthermore,
the uniformity and the current strength depend on the resistor connected in series
with the grid. Here, the high resistor leads to small and even currents and vice versa.

Furthermore, the emission current strength is set via the grid current, and the grid
current can be set via the potential of the grid relative to the cathode or the grid
series resistor. Figure 15.6 shows as examples two current signals for two different
series resistors with otherwise identical parameters. The combination of the settable
parameters therefore has a decisive influence.
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Fig. 15.6 Example of two current signals for high (a) and no (b) resistance of the grid. All other
parameters are identical

The cathode surface is heavily processed by ablation with the laser radiation. As
a result, different conditions apply before each pulse burst. Two approaches were
therefore taken to solve this problem and to achieve a longer service life with
corresponding reproducibility.

A metal (InGa) that is liquid at room temperature was used as cathode material.
Here it was found that for long periods the current signal does not disappear, even
during continuous irradiation on one place on the cathode. The depressions left by
ablation of the material are always filled up again owing to the liquid nature of the
cathode. Nevertheless, the ablation pressure causes movements on the surface
which prevent an even current signal. Especially in the region of the first 100—
300 ps after switching on the laser, there are interruptions in the generation of
plasma and thus also in the current.

A second approach is an arrangement which makes it possible to scan the surface
of the cathode with the laser. As a result, the surface material is removed layer by
layer and drilling of deep holes is avoided.

For the purpose of optimization, the distance between the grid and cathode was
varied, work was performed with differently sized pinholes on the inside of the
tube, and different tube diameters were tested. The relative easily changeable
parameters are the resistor, which is connected in series between the grid and the
HYV power supply unit of the grid, the mesh size and the wire diameter of the grid as
well as the emission area and the voltages applied.

Figure 15.7 shows some of the measured current curves. Graph (a) presents some
current curves for different areas of the emission opening with otherwise identical
parameters. In graph (b) the anode voltage is varied. At low voltages the current
curve is very stable and even; at higher currents the fluctuations increase slightly.
The rising and falling slopes at higher current values are not of fundamental
importance as they are caused by the transient reactions of the power supply units.

In Fig. 15.8 current/voltage characteristic curves are presented. In graph (a) one
can see that with increasing anode voltages the current does not increase as it should
in accordance with the Child-Langmuir Law, but reaches a saturation level. The
emission is therefore source-limited. In graph (b) a linear dependence of the cathode
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current on the grid voltage (synonymous with the grid current) can be recognized.
The current/voltage characteristic curves were drawn for different combinations of
resistors, grids and electron exit openings.

The parameter variations resulted in considerable differences in some cases.
Nevertheless the combinations were found which lead to electron currents of more
than 1 A (see Fig. 15.8). When larger emission openings areas were used, up to
1.75 A was attained.

15.3.3 X-Ray Radiation

To investigate the emittance, the X-ray radiation generated was studied. By imaging
the X-ray beams using a simple pinhole aperture on X-ray films or XCCD cameras
it is possible to determine the size of the electron beam on the anode.
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Fig. 15.8 Current/voltage
characteristic curves.
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In Fig. 15.9 the image of an X-ray focal point on the anode is shown. The
distribution was captured using an XCCD camera, which detects photons from
about 30 keV. In this example the mean current is 600 mA and the anode voltage is
60 kV. The dimensions of the electron beam on the anode amount at 20 % of the
maximum to about 10 mm X 1.3 mm. As a result, the focal point is only slightly
bigger than the dimensions of the exit opening of (1 x 10) mm?.

The size of the X-ray focal point is crucial for diagnostic imaging as it deter-
mines the resolution in the investigations. To ensure this, the electric field between
the electron source and the anode must be designed in such a way that in their
trajectories the electrons are focused on a focal point that is as small as possible on
the anode. By calculating the field distribution for different designs and thus of the

electron trajectories it is ensured that the electron beam is not defocused.
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Fig. 15.9 X-ray focal point on the anode. The cross section area of about 1.2 x 9.8 mm? is well
suited for the application

15.4 Plasma-Based High-Voltage Switch

In contrast to the grid-controlled plasma cathode, where the grid has direct contact
to the cathode via the plasma, control grids are used in thermionic or field emitters
which primarily influence the field strength on the cathode through appropriate
selection of the grid potential. A change in the grid potential may cause consid-
erable difficulties if the changes occur at very short intervals or potentials of several
kilovolts have to be switched. A plasma-based solution can be used here as a high-
voltage switch.

Some tests were carried out to investigate a laser-controlled plasma switch with
the aim of switching voltages of up to 100 kV with low jitter in less than 1 ps.
Applying a plasma-based switch the current strength of a conventional cathode is
controlled via the grid between the cathode and the anode. Additionally, the x-ray
energy can be set directly by controlling the anode voltage.

Such a plasma switch used for control purposes is shown in Fig. 15.10. The laser
produces a plasma which creates a conducting contact between two electrodes. A
flashover occurs in which the potentials of the electrodes come close to each other
via the conducting plasma. For switching off, a second plasma is produced by
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means of a second laser pulse on a second electrode which is oppositely charged to
the first electrode.

A fs-laser was used in these experiments with the following parameters:
wavelength A = 800 nm, pulse duration t ~ 80 fs, repetition rate v = 1 kHz, average
power P ~ 1.5 W. It was found that laser radiation with a relatively low mean
output of 30 mW was enough to close the gap between the electrodes. The charging
of the grid is shown by way of example in Fig. 15.11. The grid charges up within
200 ns to a potential of 2 kV, which corresponded to the voltage applied on the
opposite electrode.

Figure 15.12 shows a typical voltage curve for an interval between the two laser
pulses of approx. 280 and 435 ns, respectively. It can be seen that the voltage
remains constant over the same period. The asymmetrical curve during charging
and discharging can be explained by the greater difference in potential during
switching off.

In addition, tests with liquid cathode materials were conducted. The advantage,
as already mentioned, is a constant surface from shot to shot which is not knocked
out of focus by the ablation. For this purpose a gallium-indium alloy, liquid at room
temperature, was used and reproducible results were obtained over several million
individual pulses.
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15.5 Conclusions

In conclusion, an X-ray source was developed based on the emission of electrons
from laser-induced plasma. Reproducible pulses of electrons were generated with
pulse length in the range of 300 ps. The duration of the electron pulses is strongly
connected to the duration of the plasma-generating laser burst. With adapted sets of
parameters currents of more than one ampere were accelerated to the anode. The
beam cross section was measured by imaging the X-ray beams with a XCCD-camera.

Additionally, some investigations were carried out to use this setup with some
changes as a high voltage switch. Here, the laser-induced plasma closes the gap
between two electrodes and shifts the potential of one electrode to the level of the
other one. At shifting times in the range of 200 ns several kilovolts were switched.
In principle the voltage could be increased to higher values.
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