
INTERACTIONS BETWEEN ULTRASHORT PULSES

AND LASER-PRODUCED TIN PLASMAS



Ph.D. thesis, Vrije Universiteit Amsterdam, 2023
Interactions between ultrashort pulses and laser-produced tin plasmas
Tiago Pinheiro de Faria Pinto

ISBN 978-94-6419-979-6
An electronic version of this dissertation is available at: research.vu.nl

research.vu.nl


VRIJE UNIVERSITEIT

INTERACTIONS BETWEEN ULTRASHORT PULSES

AND LASER-PRODUCED TIN PLASMAS

ACADEMISCH PROEFSCHRIFT

ter verkrijging van de graad van Doctor of Philosophy
aan de Vrije Universiteit Amsterdam,

op gezag van de rector magnificus
prof.dr. J.J.G. Geurts,

in het openbaar te verdedigen
ten overstaan van de promotiecommissie
van de Faculteit der Bètawetenschappen

op maandag 27 november 2023 om 11.45 uur
in een bijeenkomst van de universiteit,

De Boelelaan 1105

door

Tiago Pinheiro de Faria Pinto

geboren te Vila Nova de Famalicão, Portugal



promotoren: dr. S.M. Witte

prof.dr. K.S.E. Eikema

promotiecommissie: dr. N. Bhattacharya

dr.ir. J. Nejdl

prof.dr. P.C.M Planken

prof.dr. N.F. Shahidzadeh

dr. O.O. Versolato



C O N T E N T S

1 Introduction 1
1.1 EUV photolithography 1
1.2 Pre-pulse-driven droplet dynamics 4
1.3 Ion emission from laser-produced plasmas 5
1.4 Thesis outline 6

2 Laser systems and experimental setups for laser-produced plasma
studies 9
2.1 Laser requirements 10
2.2 Laser source 11

2.2.1 Picosecond pump laser system 11
2.2.2 Picosecond pulse pair configuration 16
2.2.3 Ultrafast optical parametric chirped pulse amplifier at

1.5 µm 16
2.2.4 Pulse characterization 20

2.3 Target chambers for laser-produced plasma experiments 21
2.3.1 Droplet generator setup 22
2.3.2 Solid target setup 24

3 Cylindrically and non-cylindrically symmetric expansion dynamics
of tin microdroplets after ultrashort laser pulse impact 27
3.1 Introduction 28
3.2 Experimental setup 29
3.3 Results and discussion 31

3.3.1 Effect of laser pulse energy and duration on droplet
deformation 33

3.3.2 Polarization-controlled droplet deformation 39
3.4 Conclusions 46

4 Controlling ion kinetic energy distributions in laser produced plasma
sources by means of a picosecond pulse pair 47
4.1 Introduction 48
4.2 Experimental setup 49
4.3 Results and discussion 50
4.4 Conclusions 56

v



vi C O N T E N T S

5 Energy- and charge-state-resolved ion spectrometry of fs- and ps-
laser-produced tin plasma 59
5.1 Introduction 60
5.2 Charge-state-resolved energy distributions 60
5.3 Experimental setup 61
5.4 Results and discussion 64

5.4.1 Effects on charge-state-resolved energy distribution 65
5.4.2 Effects on relative ion abundance and average charge

state 69
5.5 Conclusions 71

6 Ion spectrometry of ps-pulse-pair-produced tin plasma 73
6.1 Introduction 74
6.2 Experimental setup 74
6.3 Results and discussion 75
6.4 Pulse pair effects on ion energy 77
6.5 Pulse-pair effects on charge-state yield 79
6.6 Conclusions 80

Bibliography 83
List of Publications 97
Summary 99
Acknowledgements 102



1
I N T R O D U C T I O N

1.1 E U V P H OT O L I T H O G R A P H Y

Just as ages in the past have been named after revolutionary materials such as
Stone, Bronze, and Iron, we are undeniably living in the Silicon age [1]. These
names come not from simply discovering or smelting these new materials, but
from their widespread adoption as part of new technologies that fundamentally
changed the fabric of contemporary civilizations. Unless the reader is currently
holding a paper book in their hands, the act of reading this thesis is made
possible by microchips and semiconductor technology, as was the process of
writing it, the work carried out in its pursuit, and even the many hours of leisure
and procrastination in between.

All these were made possible by the shrinking of computers from room-sized
machines to small devices that can be cheaply integrated into every aspect of
modern life. This reduction was in turn made possible by the shrinking of the
transistor, the building block of integrated circuits and microchips. This trend
of smaller transistors packed increasingly densely onto chips was famously
captured by Gordon Moore in 1965 and later revised in 1975, stating that
the number of transistors in a microchip would double every 2 years [2, 3].
That prediction has held true for more than 50 years, with current transistors
containing features as small as 7 nm.

Currently, the main process used for the mass production of microchips is
photolithography. Photolithography is the process of using light as part of a
photochemical process to write fine structures onto a semiconductor substrate,
as illustrated in Fig. 1.1. By repeating a cycle of chemical development, etching,
ion implantation, deposition, and exposure steps multiple times, complex 3D
structures can be printed layer by layer [5].

During the exposure step, when light is used to transfer a pattern from a mask
onto a photo-sensitive material, the smallest feature size that can be printed is
called the critical dimension (CD), and can be written as:
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2 I N T RO D U C T I O N

Figure 1.1: Overview of the main photolitographic processes involved in the production
of semiconductor devices. Reproduced from [4].

CD = k1
λ

NA
(1.1)

where k1 is a constant determined by the characteristics of the lithography
process used, λ is the wavelength of the light used, and NA is the numerical
aperture of the exposure system.

Over the decades, the industry has followed a pattern of continuous im-
provements to increase the NA of the system and reduce k1 through process
optimization, interspaced with large leaps coming from the adoption of light
sources with shorter wavelengths. Mercury arc lamps were the first light sources
for photolithography, first at 436 nm and later at 365 nm. The industry then
moved to excimer lasers producing 248 nm (KrF) and 193 nm (ArF), in the
deep ultraviolet (DUV) [6]. The current generation of machines use 13.5 nm
light, in the extreme ultraviolet (EUV) [7]. This large decrease in wavelength
required a significant shift in how the light is produced.

A key factor in the choice of 13.5 nm was the availability of mirrors for
wavelengths in the EUV range. Since most materials are opaque to EUV, high-
NA lenses are not available, meaning the optical system between the EUV
source and the lithography sample must be fully reflective. Currently, the state-
of-the-art EUV mirrors are Mo/Si multilayer mirrors, with a reflectivity of 70%
only within a narrow 2% bandwidth around 13.5 nm [8]. Since the optical
system needed to deliver a high quality image of the plasma source onto the
mask is composed of many mirrors (up to 10 in current machines), a 30% loss
per mirror means only a small fraction of the EUV produced can be used for
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lithography. Therefore, it was necessary to develop a source that could deliver
significant EUV power, to compensate for the expected losses in the system.

Sources based on laser-produced plasmas (LPP) showed the most promise
for delivering the necessary power [7, 9]. Tin was chosen as the LPP target
material due to a strong emission peak at 13.5 nm coming from highly ionized
Sn8+ to Sn14+ charge states [6, 10].

Several options for LPP sources were investigated, including solid tin targets
and sprays or jets of liquid tin [9]. These configurations, however, presented
issues with excessive tin debris ejected during laser-metal interaction or made
it impossible for the laser to interact with all the tin injected in the chamber
[11, 12]. This excess tin would then deposit on the inside of the machine,
including the multilayer mirrors, reducing their reflectivity and operational
lifetime. Microdroplet streams were found to be the best way to combat these
issues by creating mass-limited targets. This setup consists of a stream of equally
spaced droplets of liquid tin, each, ideally, contains just enough mass to be fully
converted into plasma when irradiated by a high-energy laser pulse, maximizing
the amount of EUV generated while minimizing the tin contamination in the
system [13].

Inside current commercial EUV sources, microdroplets of liquid tin, with
diameters of tens of µm, are irradiated by a high-power CO2 laser [9, 13].
CO2 lasers were chosen for their high-energy capabilities and proven industrial
reliability, as well as the high conversion efficiencies (the in-band EUV power
generated, as a percentage of input laser power) predicted by models [14]
and observed experimentally [15–17]. This high conversion efficiency (CE) is
mainly due to the long laser wavelength of 10.6 µm, which creates a plasma
that is less opaque to 13.5 nm due to a lower electron and ion density, when
compared to LPPs driven by lasers with shorter wavelengths such as 1064 nm
Nd:YAG lasers [10, 18].

Initial microdroplet sources using single CO2 laser pulses showed a CE of 1%
[12]. Later, double-pulse schemes where proposed, with predicted CEs of up to
7% [14]. In this configuration, each droplet is irradiated by two laser pulses: a
first low-energy pre-pulse irradiates the initially-spherical droplet, deforming it
via hydrodynamic expansion into a more favorable shape; upon deformation, a
time-delayed high-energy main pulse then irradiates this shaped droplet. As the
CE is strongly dependent on the density distribution of the target, the process
of shaping a spherical droplet into a more favorable shape is a topic of intense
study.
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Figure 1.2: Schematic of the droplet-based EUV source operation principle. The collec-
tor mirror reflects the EUV emitted in a laser-facing hemisphere and focuses
it at the intermediate focus (IF). The IF is then imaged by the illuminator
onto the target sample. The top inset shows the temporal evolution of a
droplet after irradiation by a pre-pulse with ns duration, resulting in a thin
sheet target. The bottom inset shows the case of ps pre-pulse, resulting in a
cloud target. Reproduced with permission from [19].

1.2 P R E - P U L S E - D R I V E N D RO P L E T DY N A M I C S

Fig. 1.2 shows an illustration of the droplet-based EUV source operation princi-
ple in a pre-pulse + main-pulse configuration, highlighting the different droplet
expansion dynamics caused by pre-pulses with ps and ns durations.

Current EUV machines use pre-pulses with ns durations produced by the
same 10.6 µm CO2 laser as the main pulse [9, 20]. These long pre-pulses create
a small amount of low density plasma on the laser-facing side of the target,
giving rise to a pressure wave which deforms the target into a thin disk after a
few microseconds [21–23].

While current double-pulse configurations which use a single CO2 laser to
generate both pulses are limited to pre-pulses longer than a few nanoseconds, a
separate laser can be used to create the pre-pulses with picosecond and even
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femtosecond durations. Pico- and sub-picosecond pulses create an intense
shock wave at the laser-facing surface of the target. This shock wave propagates
through the spherical droplet and focuses at its center, leading to a cavitation
event, where a bubble forms which then collapses the droplet into a spherical
shell. This shell then expands and breaks up, creating a so-called cloud target
[12, 24]. Cloud targets have shown higher CE compared to disk targets, with
the drawback of generating additional debris due to spallation [12, 24, 25].

1.3 I O N E M I S S I O N F RO M L A S E R - P RO D U C E D P L A S M A S

Along with the much desired EUV photons, there are many more particles
emitted from plasma, namely: out-of-band photons, atomized tin neutrals, and
tin ions. Ions, especially those of higher, keV-level energies, are problematic
as they become implanted and damage the multi-layer mirror coatings. This
leads to faster reflectivity degradation, resulting in increased machine downtime
as the collector mirror needs to be maintained more often. There are various
techniques that can mitigate the impact of ion debris, including using a buffer
gas to stop or slow down the ions [26, 27], diverting the ions away from the
collector mirror using a magnetic field [28], or a combination of both [29].
These approaches, however, are less effective for ions with kinetic energies
above 1 keV, which are more likely to cause damage due to their high energy.

As discussed in the previous section, the characteristics of the pre-pulse
greatly affect the expansion dynamics of the droplets, resulting in very different
target shapes. The same can be said for the emitted ions, where we can expect
large differences in the energies of ions emitted from plasmas created by ns
pulses and ps/fs pulses, driven by different regimes in the ion acceleration in
the plasma [30–32].

When the laser pulse interacts with target, energy is first transferred from the
photons to the free electrons in the metal, and subsequently from the electrons to
the lattice. Free-electron heating and thermalization occurs on electron-electron
coupling timescales (few to tens of fs), while energy transfer from the electrons
to the metal lattice occurs on electron-phonon coupling timescales (tens of
ps) [32]. Nanosecond pulses have durations much longer than the timescales
mentioned. As such, laser energy is still being transferred to the system after the
ion emission is underway, with the majority of the ions interacting with a system
that has reached a steady-state with a reasonable degree of thermalization. This
results in a quasi-steady-state system, where ion energy is mostly determined by
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hydrodynamics in the plasma [33, 34]. In the case of ps and fs pulses, which are
comparable to or shorter than the electron-phonon coupling times, the system
may not reach thermal equilibrium before the laser pulse ends. Therefore, a
theoretical description of the resulting ion emission may become more complex.

While charge-state-resolved energy spectra of ions emitted by LPPs generated
by ns laser pulses have been well studied [35–39], charge-state-resolved mea-
surements of plasmas created by ultrashort laser pulses are not so well reported
[40]. It is under debate whether steady-state approximations such as isothermal
plasma expansion, which are valid for long ns pulses, will still be applicable for
shorter pulses. These assumptions are often used to infer charge-state-specific
energies from charge-state-insensitive results, such as those obtained with Fara-
day cups [41, 42]. Because of this, charge-state-resolved energy spectra (such
as those presented in chapters 5 and 6) provide valuable information about the
processes behind ion acceleration in LPPs that can be used to infer additional
information from simpler measurement devices such as Faraday cups.

Taking this knowledge one step further, more complex laser irradiation
schemes can be tailored with the specific purpose of controlling ion energy while
producing a target shape favorable to EUV generation. The study presented in
chapter 4 shows that the energy of ions emitted by a droplet-based LPP could
possibly be reduced by a factor of up to 33, when the driving laser pulse is
preceded by a weaker pulse with only a few percent of the energy of the driving
pulse [43]. While those results were obtained with laser energies suitable for
pre-pulses rather than main pulses, they show promise for the development
of more sophisticated pre-pulse configurations, which could comprise tailored
pulse sequences or temporally-shaped pulses [44], that could mitigate debris and
ion issues while retaining the CE improvements of double-pulse configurations.

1.4 T H E S I S O U T L I N E

In Chapter 2, we first discuss the two halves of the experimental setup that made
this work possible: the laser systems responsible for creating the laser-produced
plasmas, and the targets from which the plasmas are created. The laser source
is a purpose-built system which delivers two beams with distinct characteristics:
a 1064 nm Nd:YAG based system delivering pulses with durations between 15
and 100 ps in single pulse or pulse pair configuration, and an optical parametric
chirped pulse amplifier (OPCPA) delivering pulses as short as 220 fs. Two
different types of tin targets were used in this work: liquid tin microdroplets,



1.4 T H E S I S O U T L I N E 7

mirroring the commercial EUV nanolithography machines, and flat solid tin
targets which, due to their simpler geometry, are a good comparison to many
theoretical works on plasma expansion into vacuum.

In Chapter 3, we investigate the effects of pulse duration and polarization on
the expansion of tin microdroplets illuminated by sub-ps laser pulses. Ultrashort
pulses produce violent shockwave-driven cavitation and spallation dynamics in
the droplet, compared to the plasma-push-driven deformations induced by ns
pulses. We also show how utilizing linearly polarized pulses to break cylindrical
symmetry results in new asymmetric target shapes which are in good agreement
with smoothed-particle hydrodynamics simulations.

In Chapter 4, we show how using pulse pairs rather than single laser pulses
to create LPPs from tin microdroplets results in a significant reduction of the
energy of the emitted ions. Using pulse pairs rather than single pulses to deform
the droplets results in a variety of novel target shapes, depending on the delay
between the laser pulses and their energy ratio. For some parameters, cloud
targets similar to those produced by a single ps pulse can be obtained, while
still reducing the energy of the emitted ions.

In Chapter 5, we utilize an electrostatic analyzer to investigate the effects
of laser pulse duration and energy on the ions emitted by LPPs created by fs
pulses. The trends reported differ from the more often studied ns-driven LPPs,
highlighting the limits of the traditional picture where the energy distribution
of the ejected ions is dominated by the acceleration they experience in the
electrostatic field created by the electrons ejected after laser irradiation.

Lastly, Chapter 6 builds on the work from the two prior chapters to paint a
more complete charge-state-resolved picture of the ion energy reduction created
by laser pulse pairs.





2
L A S E R S Y S T E M S A N D E X P E R I M E N TA L S E T U P S
F O R L A S E R - P R O D U C E D P L A S M A S T U D I E S

We present an optical parametric chirped pulse amplifier (OPCPA) delivering
10.5 mJ pulses with durations down to 220 fs, at 100 Hz repetition rate, centered
at 1550 nm. The system is pumped by a picosecond Nd:YAG amplifier at
1064 nm based on quasi-continuous-wave diode pumping, and seeded by a
femtosecond mode-locked Er fiber laser at 1550 nm. This choice of wavelengths
enables the use of well established technology and optical components for both
pump and signal beams, resulting in a straightforward and robust system design
and the ability for further power scaling to be used in high energy laser-produced
plasma experiments.

We also describe the two target chambers used for the experiments presented
in this thesis. The first is equipped with a microdroplet generator which produces
a stream of liquid tin droplets, representative of the configuration used in
commercial EUV nanolithography machines. The second one uses flat solid
tin targets in normal incidence to the laser beam. Flat targets eliminate the
geometric effects of irradiating a spherical surface and are more representative
of a common starting-time condition for many theoretical works of plasma
expansion in vacuum: an infinite 1-D target with a density step-change between
vacuum and the target.

Sections 2.1 and 2.2 of this chapter have been published as [45].

9



10 L A S E R S Y S T E M S A N D E X P E R I M E N TA L S E T U P S

2.1 L A S E R R E Q U I R E M E N T S

The state of the art extreme ultraviolet (EUV) sources for nanolithography use
high-energy lasers which are focused on liquid microdroplets of tin inside a
vacuum chamber, creating a laser-produced plasma (LPP) that emits 13.5 nm
light [12]. Key plasma characteristics such as the temperature and density are
heavily influenced by the input laser parameters [31, 32, 46]. These charac-
teristics will in turn govern more practical effects such as the EUV emission
spectrum and power, and the energy distribution of emitted ions. A great deal
of insight on laser-plasma interaction can be obtained by studying the emission
of photons and ions from LPPs for different input laser parameters [36, 47–49].

To study such laser-plasma interactions, we built a high-energy Nd:YAG sys-
tem with tunable pulse duration in the picosecond range and showed that laser
parameters play a key role in the deformation of the microdroplets [22, 24] and
in the energy distribution of the ions emitted by the laser-produced plasma [43,
50]. We now aim to extend these studies by using femtosecond pulses to probe
beyond electron-phonon interaction timescales, and study ion emission for the
case where all the laser energy is deposited before ion dynamics take place. The
pulse energies required for laser-plasma interaction studies are typically in the
10 mJ range and above. To generate femtosecond pulses with such high energy,
we designed an optical parametric chirped-pulse amplifier (OPCPA) using the
ps Nd:YAG amplifier mentioned above as the pump beam, and a commercial
ultrashort fiber oscillator-amplifier system at 1.55 µm wavelength as the seed
source.

Compared to 532 nm pumped OPCPA systems [51–57], direct pumping with
1064 nm offers a higher pump energy, and it yields a very useful 3.5 µm idler
beam when the system is seeded at 1.55 µm. While this work focuses on the
amplification of the 1.55 µm seed beam, there is a great deal of interest and
work done in femtosecond sources in the mid-IR [58–60]. However, phase-
matching schemes in available crystals are less optimal for ultra-broadband
amplification, compared to systems pumped by frequency-doubled Nd:YAG at
532 nm and seeded by Ti:sapphire lasers. To circumvent this limitation, prior
authors have used quasi-phase matching in periodically (and also aperiodically)
-poled Lithium Niobate (PPLN) [58, 61–63]. However, due to the limited power
handling capabilities of PPLN, pulse energies are typically limited to tens of µJ.
KTA- and KTP-based optical parametric amplifiers (OPAs) have been used to
produce mJ-level 1.5 µm and 3.5 µm pulses [59, 64, 65]. However, the broadest
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phase-matching bandwidth for 1064 nm pumping is centered at 1470 nm, where
direct seed generation is challenging due to the absence of broadband laser gain
media, and additional nonlinear conversion steps are required [59]. Another
configuration for ultrashort pulse generation near 1.5 µm is to change the
pump wavelength to the Ti:sapphire range, enabling a white-light-seeded OPA
working near degeneracy [66].

When choosing the seed wavelength at 1550 nm (telecom wavelength), fs
sources and efficient optics are readily available [67]. This leads to a choice
between more involved seeding schemes that produce shorter pulses or a more
straightforward approach based on commercial components for higher effi-
ciency and less complexity. Because LPP applications often have more stringent
demands on pulse energy and stability rather than pulse duration, in this work
we explore the latter option.

2.2 L A S E R S O U R C E

In this section, we describe in detail the pump beam generation as well as the
OPCPA system. The pump laser system consists of an Nd:YVO4 oscillator
and pre-amplifier, followed by an Nd:YAG power amplifier. The amplification
stages are based on two separate systems [68, 69]. The OPCPA is 3-stage system
using KTA crystals, where the first two stages have a non-collinear geometry,
while the last stage is collinear to avoid generating a spatially dispersed idler
beam.

2.2.1 Picosecond pump laser system

The pump laser system is seeded by a home-built Nd:YVO4 master oscillator,
operating at a wavelength of 1064 nm. The crystal is end-pumped by a fiber-
coupled diode array which emits 18 W of continuous-wave (CW) radiation at
880 nm [70, 71]. Mode-locking is achieved with a saturable-absorption mirror,
resulting in 50 nJ, 7 ps pulses at a repetition rate of 100 MHz. To enable
amplification of these pump pulses to the >100 mJ level while avoiding optical
damage, a slightly longer pulse duration is preferred. Therefore, a pulse duration
adjustment system was implemented. In this system (Fig. 2.1), the beam passes
through a grating in a 4-f system with an adjustable slit being placed in the
Fourier plane, where the spectral content is spatially separated. By adjusting the
opening of the slit, the spectrum of the laser is clipped, resulting in a tunable
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pulse duration up to 120 ps. For OPA pumping, the pulse duration is set to
100 ps. The downside of wavelength selection to achieve longer pulses is the
lower seed power available for subsequent amplifier stages. However, this is not
a limitation as the pulse energy needs to be reduced to 0.75 nJ with a waveplate
and thin-film polarizer (TFP) due to power limitations of the pulse-picking
system that follows next.

The spectrally-clipped 100 ps pulses are coupled to a fiber-based pulse
picking scheme comprising an acousto-optical modulator (AOM) and an electro-
optical modulator (EOM). The AOM (Gooch & Housego Fiber-Q) has a high
contrast of 50 dB and can withstand the average power of the oscillator at the
full repetition rate, but its 30 ns rise time is not sufficient to select single pulses
from the 100 MHz pulse train. We therefore use it to time gate a 400 ns window,
containing 40 consecutive pulses, at a 100 Hz repetition rate. The subsequent
EOM (Jenoptik AM 1064) has a specified rise time of 0.25 ns with a lower
contrast of 30 dB, and is controlled by an arbitrary waveform generator. The
EOM can pick, from the lower average power burst after the AOM, any number
of isolated pulses. In normal operation for OPA pumping, a single pulse is
picked. This pulse picking assembly combines the high contrast of the AOM
with the speed and flexibility of the EOM. For the present OPCPA pumping
application it is mainly used to reduce the repetition rate to 100 Hz, but it can
also be used for more advanced schemes, such as pulse trains with adjustable
time delays (in increments of 10 ns) between each pulse [43].

After the pulse picking, the pulses are first amplified by two grazing-incidence
"bounce" pre-amplifier stages. The system comprises two Nd:YVO4 crys-
tals, doped at 1% and 0.5%, and with dimensions of 5 × 2 × 20 mm and
6 × 4 × 20 mm, for the first and second crystals, respectively. The design of
this bounce amplifier closely follows the concept presented by Morgenweg
et al. [68]. As shown in Fig.2.1, the crystals are pumped from the side by
quasi-continuous-wave (QCW) pulsed laser diodes (DILAS MY-series) tuned
to 880 nm through temperature control. These QCW diodes provide high pump
fluence for 120 µs (slightly longer than the upper state lifetime of Nd:YVO4) at a
repetition rate of 100 Hz, resulting in a high gain with negligible thermal effects
on the crystal or beam propagation. The significant doping level combined with
strong single-sided pumping creates a region of very high gain confined close to
the pumping surface. The beam travels through this high-gain region at an angle,
and is aligned such that it undergoes a total internal reflection at the center of
the pumped surface. This reflection averages away the inhomogeneity caused by
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the side-pumping geometry. Without this reflection, the beam would experience
higher gain closer to the pumped crystal surface, leading to an uneven amplified
beam profile.

The first crystal is traversed twice, using an optical isolator in between the
passes to avoid parasitic lasing. After this double pass the pulse energy reaches
180 µJ. With an input energy of 120 pJ, that amounts to an average gain per
pass exceeding 103. A consequence of the high gain is a significant amount of
amplified fluorescence in addition to the amplified seed pulse. To improve pulse
contrast before the second bounce amplifier stage, the amplified beam is focused
through a 200 µm pinhole. Since the amplified beam and the fluorescence have
slightly different a divergence and beam shape, this spatial filter can be set up
such that the amplified pulse is transmitted more efficiently than the fluorescence
background. After a single pass through the second crystal, we achieve a pulse
energy of 1.4 mJ, which is sufficient to effectively seed a power amplifier based
on large-aperture Nd:YAG rods. For optimum stability, the EOM selects a pulse
from the center of the pulse train transmitted by the AOM, which results in
a series of pre-pulses at 0.1% peak energy transmitted into the amplifier. In
addition, after amplification we observe 0.6 mJ fluorescence in a 120 µs time
window.

To prevent these parasitic pulses and most of the amplified fluorescence
from the pre-amplifier from reaching the power-amplifier and extracting gain,
two Pockels cells (PCs) and polarizers are placed between the pre- and power-
amplifier stages. These PCs have rise and fall times of 5 ns, sufficiently fast to
pick a single pulse, with a contrast greater than 2000:1, experimentally verified
with a fast photodiode. An optical isolator is used as the last polarizer of this
assembly, to protect the preceding systems against amplified back-reflections
from the power-amplifier.

The power-amplifier comprises two Nd:YAG amplification modules (Northrop
Grumman REA6308 and REA10008), which are both employed in a double-
pass configuration [69]. These modules contain 146-mm-long cylindrical Nd:YAG
rods with 6.35 and 10 mm diameter, respectively. The rods are transversely
pumped by QCW diodes arranged in a five-fold symmetry. Especially in this
amplifier stage, the QCW pumping enables high gain and stored energy while
keeping thermal effects at a manageable level. For effective OPCPA pumping
it is beneficial to have a flat-top spatial beam profile after the power amplifier.
To this end, the Gaussian beam from the pre-amplifier is expanded to 12 mm
(1/e2-diameter) and passes through a 2 mm diameter aperture. The beam profile
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at the aperture plane is imaged in the center of the first Nd:YAG module. This
first module has a diameter of 6.35 mm and is under-filled by a 5.4 mm beam.
Although more energy can be extracted by using a larger beam inside the rod,
we found that this results in the five-fold pattern of the pump geometry being
imprinted on the outer edges of the beam.

To mitigate the effects of thermally-induced lensing and birefringence, a
double-pass amplifier configuration is utilized [69, 72, 73]. The plane inside the
rod at which the aperture is imaged, is subsequently relay-imaged by a telescope
with unit magnification, onto a mirror which reflects the beam back for the
second pass through the rod. A Faraday rotator placed close to this end mirror
rotates the polarization of the beam by 90° after a double pass. This combination
of spatial imaging and polarization rotation results in a compensation of the
thermally-induced birefringence in the Nd:YAG rod [73]. After the double-pass,
the resulting polarization is linear and rotated over 90° with respect to the
incident beam, allowing convenient beam extraction with a TFP.

The image plane in the first amplifier rod is then relay-imaged in the center of
the second module, using a telescope that expands the beam diameter to 8.6 mm.
A Faraday rotator is placed in this telescope between the modules, which in
combination with the TFPs optically isolates the passes to prevent self-lasing
and damage from high-energy back-reflections. To prevent optical breakdown
in air, a vacuum tube is placed at the focus of each imaging telescope after the
first double-pass amplifier. Similar to the first module, the beam from the first
pass through the 10 mm diameter Nd:YAG module is imaged onto a mirror and
back-reflected for a second pass, with a 90° rotated polarization.

The wavelength of the pump diodes can be controlled through temperature
tuning, enabling adjustment of the overlap with the Nd:YAG absorption band.
Optimization the pump wavelength leads to a higher energy output, but also
results in a stronger absorption with a shorter absorption length close to the outer
diameter of the rods, and therefore a spatial gain profile that peaks towards the
rod edges. As a result, temperature tuning of the pump diodes also enables some
control over the output beam profile, and we exploit this feature to optimize the
flat-top profile at the end of the amplifier chain. The resulting beam profile is
depicted as an inset to Fig. 2.1. We operate the modules at 240 V for 235 µs
at a peak current of 70 A and 85 A to reach gain saturation for the first and
second modules, respectively. For optimal beam profile the temperatures are
set to 21.5 °C and 20 °C, respectively. The final amplified output energy is
180 mJ, for a pulse duration of 100 ps. This energy level is intensity-limited,
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determined by the damage threshold of the optical coatings on the Nd:YAG
rods and other components. At longer pulse durations, higher pulse energy can
readily be extracted from the amplifier. The output energy can also be scaled
further by utilizing amplifier rods with a larger diameter, allowing for larger
beam diameters.

2.2.2 Picosecond pulse pair configuration

In its OPCPA pump configuration as described above, the fiber-coupled pulse
picking is used to pick a single pulse at up to 100 Hz, but it can also be used in a
more advanced configuration to produce a pair of pulses with near-independent
energies and a tunable delay between them, adjustable in 10 ns increments
(10 ns being the pulse separation of the 100 MHz pulse train produced by the
master oscillator). That configuration is described below and shown in Fig. 2.2.

As is the case in the single pulse configuration, the AOM, due to its slow
rise and fall times, first selects a pulse sequence (minimum of 40 pulses, but
the sequence can be longer to deliver longer delays between the two pulses)
from the 100 MHz oscillator pulse train, at up to 100 Hz. From this sequence,
the EOM then selects two pulses with the desired delay, with the energy ratio
between the pulses coarsely defined by the input waveform into the EOM.
While the EOM has fast rise and fall times for single pulse picking, its contrast
is insufficient to adequately suppress the pulses between the selected pulse pair,
as the AOM is open between the first and second pulses. To fully suppress
these in-between pulses, a second Pockels cell is added to the system, such
that each pulse is gated by its own Pockels cell. This also allows us to use the
timing on each Pockels cell to slightly clip the pulses and control their energies
more accurately than by controlling the voltage applied to the EOM. This was
especially useful in the cases where the energy of the first pulse is much lower
than that of the second and precise energies were necessary.

2.2.3 Ultrafast optical parametric chirped pulse amplifier at 1.5 µm

The OPA is seeded by a commercial Erbium-doped fiber laser (C-Fiber Sync
High Power by Menlo Systems), which delivers 3 nJ, 90 fs pulses at 100 MHz
repetition rate. The laser is equipped with a fast response piezo-mounted cavity
mirror, which is used to synchronize its repetition frequency to that of the
oscillator in the pump system. For this purpose, the repetition rates of both oscil-
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Figure 2.2: Schematic of the pulse picking process in pulse pairs configuration.

lators are monitored using fast photodiodes (EOT-3500, 12.5 GHz bandwidth).
The photodiode outputs are fed into a 1.5 GHz-bandwidth frequency mixer to
produce a difference frequency beat signal, which is then used as input for a
PID loop which actuates on the piezo. As the difference frequency is sensitive
to the relative phase between the two repetition rate signals, the relative time
delay between the two laser pulse trains remains fixed each time the loop is
closed. This locking scheme typically achieves timing stabilization at the 1 ps
level. In addition to the piezo-mirror, the laser oscillator is also equipped with a
stepper motor with a larger operating range, which enables coarse compensation
of longer-term drifts and day-to-day differences in lab conditions.

The femtosecond pulses are stretched with positive group-velocity dispersion
to a duration of around 30 ps in a Martinez-type 4-f grating system. The
stretcher contains two equal 940 lines/mm transmission dielectric gratings with
a manufacturer-specified diffraction efficiency of 95%, with an overall measured
efficiency of 83%.
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A schematic of the OPA layout is shown in Fig. 2.3. The OPA consists of
three single-passed 10 mm long, θ = 42.5° KTA crystals (Castech Inc.). The
first two passes are set up in a noncollinear geometry, with noncollinear angles
of 2° and 1.5°, respectively. This geometry allows for the pump and idler beams
from the first two passes to be easily separated from the amplified signal beam.
The noncollinear geometry also has a slightly broader gain bandwidth (Fig. 2.4,
green trace). The pump beam is s-polarized, while the seed beam is p-polarized,
for all three stages.

The pump beam is imaged on the first and second crystals, resulting in smooth
flat-top spatial profiles with diameters of 1.7 mm and 1.9 mm, respectively. The
seed beam has a 1/e2 diameter of 1.3 mm in both crystals. Both stages are
pumped at 22.5 mJ and the seed is amplified to 1.4 mJ after the first two stages.

The third OPA stage is set up in a collinear geometry. While this results in a
reduced gain bandwidth (Fig. 2.4, blue trace), it has the benefit of producing
an idler beam that is not spatially dispersed so that it can be used in future
experiments. The pump and seed beams have diameters of 4.0 mm and 3.4 mm
(1/e2), respectively. The last stage is pumped by up to 135 mJ and produces
up to 12.5 mJ of uncompressed 1550 nm pulses. Fluorescence at the signal
wavelength was characterized by blocking the seed to the first OPA stage while
pumping all stages at full power. In this configuration, the fluorescence energy
remains below the mW-level detection limit of the power meter.

After the final crystal, there is a significant imprint of the pump spatial profile
onto the signal beam, resulting in a flat-top-Gaussian mix that diffracts as it
propagates. Nevertheless, the beam can be focused into a smooth Gaussian-like
profile with a 1/e2-diameter of 75 µm by a plano-convex lens, as shown in the
inset of Fig. 2.3.

To separate the outgoing beams, we use a set of custom-designed dielectric
dichroic mirrors (Layertec). The first of these mirrors reflects the pump beam
while transmitting both signal and idler, and afterwards signal and idler are
separated with another dichroic mirror. In practice, two pump-separating mirrors
are used to remove the pump radiation from the amplified signal beam with
sufficient contrast.

The amplified signal pulses are compressed by a pair of gratings identical to
those in the stretcher. Using transmission gratings enables us to use an efficient
Littrow configuration in the compressor, and have a compact layout that can be
conveniently mounted on a rotation stage for fine-tuning the compression [52],
as the input angle provides control over the ratio between second- and third-
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Figure 2.4: Spectra at various stages in the OPCPA system. The inset shows the phase-
matching curve for KTA with 1064 nm pumping. The shaded areas highlight
the phase-matching bandwidths for a 0.15° acceptance angle, centered at
1455 nm (yellow) and 1550 nm (green). λ: wavelength; θ: phase-matching
angle.

order dispersion. Like the stretcher, the compressor boasts a high efficiency of
85%, resulting in compressed pulses of 10.5 mJ. Over timescales of minutes,
an energy stability of 1.5% rms was typically measured.

2.2.4 Pulse characterization

As shown in Fig. 2.4, after two stages, the amplified spectrum is narrower than
the initial seed spectrum. This is due to the limited phase matching bandwidth.
The effect is further exacerbated after the third stage, due to the collinear
geometry. To characterize the resulting pulse duration after the full amplifier
system, we use a second-harmonic-generation frequency-resolved optical gating
(SHG-FROG) device containing a 200 µm thick BBO crystal into which we send
a small fraction of the amplified output beam. The measured and reconstructed
SHG-FROG traces are shown in Fig. 2.5, along with the retrieved pulse shape.
The Fourier-transform (FT) limited pulse durations corresponding to the input
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Figure 2.5: Pulse characterization of the OPCPA output at full amplification, using
SHG-FROG. Transform limited pulses were calculated from the spectra
shown in Fig. 2.4.

seed and amplified output spectra are also displayed for comparison. We find
that the gain bandwidth in the collinear geometry increases the FT-limited
pulse duration from 73 fs at the input of the OPA to 158 fs after all three
crystals. The actual duration of the compressed pulse was measured to be
220 fs, as shown in Fig. 2.5. The discrepancy with the FT-limit likely comes
from uncompensated residual higher-order dispersion, or possibly spectrally
dependent gain saturation effects [74].

If a spatially dispersed idler is not an issue, then with a noncollinear geometry
for the third OPA stage, one could also achieve a broader bandwidth and a
subsequent reduction of the achievable pulse duration.

2.3 TA R G E T C H A M B E R S F O R L A S E R - P RO D U C E D P L A S M A E X P E R I -
M E N T S

Above, we described the two laser sources (a fs OPCPA, and a ps pump laser
as a standalone system), that represent the "laser side" of our studies on laser-
produced plasma. Just as important are the interaction chambers where the
metal targets from which the plasma is created and its emissions studied.
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Figure from [19].

Two interaction chambers with different target types were used for the exper-
iments described in this thesis: one equipped with a tin microdroplet generator,
another with flat solid tin targets. Both chambers were fitted with various ion
diagnostics and target imaging setups for each experiment presented in this
thesis, which will be described in detail in their corresponding chapters. In the
sections below we describe the general designs and capabilities of each target
chamber, common across the various experiments.

2.3.1 Droplet generator setup

This setup was developed and maintained by EUV Plasma Processes group
at ARCNL, led by Dr. Oscar Versolato, and is described in great detail by
D. Kurilovich [75] and R. Meijer [19]. Fig. 2.6 shows a schematic of the
target chamber including all the diagnostics used in the experiments performed
during the course of this thesis. Each diagnostic will be described in detail in
the chapters where the experimental results are presented: Faraday cups and
shadowgraphy imaging in chapters 3 and 4, electrostatic analyzer in chapters 5
and 6.
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The chamber operates in high-vacuum (∼10-7 mbar), with the droplet gener-
ator mounted above the main body of the vessel. The microdroplet generator
comprises a reservoir, which holds and heats tin above its melting temperature,
and a nozzle assembly (also heated to prevent tin from solidifying and clogging
the nozzle). A tin catcher is mounted directly below the droplet generator. The
catcher is also heated to ensure that the used tin remains liquid, such that the
catcher fills evenly, rather than solidifying around the edges, which could lead
to early clogging.

During operation, the tank is filled with high-purity (99.995%) tin, which
is heated to 260 °C, above its melting point of 232 °C. Argon is then used to
pressurise the tank to 10.5 mbar, starting the flow of tin through the nozzle.
The transition from uncontrolled flow to a stream of equally-sized droplets is
achieved by using a piezo element integrated into the nozzle. The frequency
applied to this piezo element is the primary control knob to adjust the droplet
diameter. To produce the droplet diameters of 30 µm and 45 µm used in this
thesis, the piezo element was driven at 30 kHz and 10.2 kHz, respectively.
Additionally, the pressure in the reservoir affects the droplet diameter as well
as the separation between droplets. However, the effect is small in comparison
to changes in piezo frequency and, for any given frequency, there is a narrow
range of reservoir pressures that allow for a stable droplet stream.

To produce a trigger signal from the droplet stream, a He-Ne laser is used
to create a horizontal light sheet positioned 3 mm above the center of the
chamber. As the droplets cross the sheet, the scattered light is captured by a
photo-multiplier tube, producing a signal with kHz frequency which is then
down-converted to 10 Hz and distributed to the various diagnostics and laser
sources used.

As described in the sections above, the master oscillator used for the Nd:YAG
is unseeded and free-running, and as such cannot be triggered to produce pulses
on demand. The pulse picking and the various amplifier modules following the
oscillator can be triggered, but simply triggering them using the droplet trigger
signal would result in significant energy jitter, as the pulse picking time window
might only partially overlap with a laser pulse or even none at all. To solve this
issue, the trigger signal from the droplet generator is used as a trigger-enable
signal which prompts the laser triggering system to accept the first available
trigger from the 100 MHz pulse train, correctly timing the pulse picking and
amplifier chain. The downside of this approach is the introduction of a timing
jitter between the laser and the droplet target, since the next available pulse after
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the trigger-enable is received can arrive up to 10 ns later. This jitter however is
small enough to not affect our experiments.

At a typical droplet speed of 10 m/s, this timing jitter translates to a vertical
alignment jitter below 100 nm, which is small compared to the droplet diameter.
This is further mitigated by the fact that the typical focus used for these experi-
ments was an 80-µm-diameter (FWHM) Gaussian which significantly overfills
both droplet sizes, meaning that this jitter only results in a minute change in the
energy distribution at the droplet surface.

Time-of-flight (TOF) diagnostics, such as FCs and ESAs, are more sensitive
to temporal jitter that could affect the TOF calculation. However, these diagnos-
tics determine the laser impact time by detecting a small current spike due to
electrons, rather than the trigger timing. As such, they are unaffected by this
laser timing jitter.

2.3.2 Solid target setup

The second target chamber uses solid tin targets which complement the results
obtained from the microdroplet targets. While droplet targets are more repre-
sentative of commercial EUV lithography sources, solid targets offer a simpler
geometry without effects such as the mismatch between the droplet and focus
sizes, and the effect of the curved surface of the droplet on the absorption coeffi-
cient. Many theoretical works on laser-metal interactions make the assumption
of a 1-D infinite target with a step-change in density as a starting condition
[76–78], which are more representative of a solid flat target as opposed to the
more complex geometry of the microdroplet targets. Solid targets also come
with logistical advantages, allowing us to perform experiments on demand,
without some of the planning and timing constraints associated with droplet
target beamtimes.

The vacuum chamber and solid target assembly are shown in Fig. 2.7. The
chamber operates in high-vacuum (∼10-6 mbar), with the target mounted in the
geometrical center of the spherical chamber, normal to the incident laser beam.
Irradiating a flat normal surface rather than a spherical droplet results in ion
emissions to be directed in a narrower cone facing the incoming beam direction.
Because of this, a large port was added to the chamber to fit a custom-designed
flange which features a small laser input port and three ports at 12° with respect
to the input beam, where most diagnostics will be positioned.
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Figure 2.7: Left: 3D model of the chamber showing the target holder and positioning
system. Right: Top view diagram of the chamber and diagnostics configura-
tion.

The targets used were 1 mm-thick square plates of 99.99% purity tin. Each
target is cut from a larger sheet, cleaned with acetone and placed mounted on
the target holder. The target holder leaves a 41x41 mm clear aperture, which is
divided in a 35x35 grid of shot positions, each separated by 1 mm in the vertical
and horizontal directions. This separation ensures that each new position is
unaffected by adjacent positions which have already been used. To ensure the
holder does not influence the measurements by interacting with the plasma
plume or physically block any emitted ions, 3 mm are left between the sample
point grid and the edge of the target holder on all sides.

The target holder is mounted on a translation-rotation stage equipped with
piezo-stack actuators (Smaract), allowing for 3D positioning of the target, as
well as rotation in the horizontal plane. This stage rasters the target along the
point grid previously mentioned, with each position being illuminated by the
desired number of pulses, until the grid is complete and the target is spent. The
target chamber is then vented and the target can be replaced.

During experiments, target positioning, triggering, and data acquisition are
handled by Spanish Inquisition, an in-house designed control software. Trig-
gering is similar to the droplet target case. To deliver a shot on target, the
control system sends a trigger-enable signal to the pulse picking system of the
laser, which is then triggered by the first available pulse from the 100 MHz.
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The same 10 ns jitter as discussed for the droplet generator setup is present,
though it is not problematic since the target is stationary in this case. The
control system also handles trigger distribution for all the diagnostics. Spanish
Inquisition also automatically positions the target during shot sequences. After
the user specifies a number of grid positions to irradiate and the number of
laser shots at each position, the software moves the target to a chosen position
in the grid. The specified number of laser shots is fired on that position, with
diagnostics triggering and data storage automatically handled, and the target
moves automatically along the grid until all positions have been irradiated. This
automation was crucial in acquiring the large number of laser shots required
by the statistics of ion measurements such as Faraday cups and electrostatic
analyzers. Additionally, the fact that each measurement run is averaged over
many shots and many target positions mitigates any effects caused by localised
surface defects or contamination on the target surface.
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M I C R O D R O P L E T S A F T E R U LT R A S H O R T L A S E R
P U L S E I M PA C T

In this work, the expansion dynamics of liquid tin microdroplets irradiated by
femtosecond laser pulses were investigated. The effects of laser pulse duration,
energy, and polarization on ablation, cavitation, and spallation dynamics were
studied using laser pulse durations ranging from 220 fs to 10 ps, with energies
ranging from 1 mJ to 5 mJ, for microdroplets with an initial radius of 15 µm
and 23 µm.

Using linearly polarized laser pulses, cylindrically-asymmetric shock waves
were produced, leading to novel non-symmetric target shapes, the asymmetry
of which was studied as a function of laser pulse parameters and droplet size. A
good qualitative agreement was obtained between smoothed-particle hydrody-
namics simulations and high-resolution stroboscopic experimental data of the
droplet deformation dynamics.

This chapter has been published as [79].
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3.1 I N T RO D U C T I O N

The current generation of nanolithography machines uses extreme ultraviolet
(EUV) light to enable the printing of ever smaller features. To generate EUV
radiation, a laser-produced plasma (LPP) is created by focusing high energy
laser pulses onto liquid microdroplets of tin, where line emission from highly
charged ions in the plasma produces the desired 13.5 nm light [80–85]. Some
such laser pulses also induce strong shock waves on the metal droplets, causing
them to deform hydrodynamically and, for the most intense pulses, undergo
explosive cavitation [22–24, 46].

In the most efficient EUV generation schemes, two incident pulses are typ-
ically used. The first pulse is used to deform the droplet in a controlled way,
to produce a tin target with a desirable spatial density distribution for more
efficient light coupling and plasma generation by a second pulse. That target
shape is subsequently irradiated by the second, more energetic pulse, creating
an EUV-emitting plasma. Understanding and controlling the expansion induced
by the first pulse is an important step in producing an optimal target shape.

Prior works have studied the deformation of liquid tin droplets irradiated by
femto- and picosecond laser pulses [24, 25, 46, 86, 87]. A general observation
is that irradiation by such ultrashort pulses leads to the generation of intense
pressure waves inside the droplet, resulting in shock-wave-driven phenomena
such as cavitation and spallation, and associated explosive fragmentation. This
behaviour is strikingly different from the dynamics induced by longer pulses
with nanosecond duration, where the droplets mainly deform hydrodynamically
into thin disks, driven by plasma pressure [22]. Recent evidence suggests that
a droplet fragmented into a cloud of small particles, as one can obtain when
using ps pulses, could be a favourable target for EUV generation [11, 12].

In the first part of this paper, prior studies by the authors on laser-induced
cavitation of tin microdroplets are expanded to the case of irradiation by fem-
tosecond pulses. The effects of laser pulse energy and duration on droplet
deformation are examined, as it was established in [22, 24] that these param-
eters play an important role in various aspects of droplet deformation. In the
second part, the effect of the polarization of the laser pulses on droplet defor-
mation is studied. Results in literature have only addressed the case where the
incident laser beam is circularly polarized. For that case, the absorption profile
on the droplet surface is cylindrically symmetric. Using a linearly polarized
incident beam instead leads to asymmetric shock waves in the droplets, creating
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unique target shapes. These unique absorption profiles and consequent shock
waves affect the spatial distribution of the material ablated from the front of
the droplet as well as the shape of the spallation front, i.e. the liquid material
ejected from the back of the droplet along the laser propagation direction. As
this liquid debris poses risks to the delicate equipment inside the machine,
accurate understanding on how to minimize and manage its presence is a key
part of EUV nanolithography machine design. Understanding how to break
the typical cylindrical symmetry in a controlled way could be a significant
addition to current debris management solutions. To complement these studies,
smoothed-particle hydrodynamics (SPH) simulations were used to calculate
the propagation of cylindrically asymmetric shock waves in a liquid droplet,
having shown qualitative agreement with the experimental results.

3.2 E X P E R I M E N TA L S E T U P

The interaction chamber and the laser system used in this study have previously
been described in detail [24, 45]. A schematic overview of the experiment is
shown in Fig. 3.1. The droplet generator is operated in a vacuum chamber
(10-7 mbar), holding a reservoir of tin above the center of the chamber at a
temperature of 260 °C, well above its melting point of 232 °C. Liquid tin is
pressured through a 6.5-µm nozzle, producing a multi-kilohertz train of 15- or
23-µm radius droplets of 99.995% purity tin. The droplets pass a horizontal
light sheet produced by a helium-neon laser, while the scattered light is recorded
by a photomultiplier tube. This signal is used to trigger the laser system at a
reduced repetition rate of 10 Hz.

The laser pulses are generated in an optical parametric chirped pulse ampli-
fier (OPCPA), comprising 3 KTA crystals pumped by a Nd:YAG amplifier at
1064 nm and seeded by a commercial fiber oscillator and amplifier at 1550 nm.
The OPCPA system produces pulses with energies up to 10.5 mJ that can be
compressed to a minimum pulse duration of 220 fs [45]. The pulse duration
is varied by changing the distance between a pair of transmission gratings
that make up the compressor. The laser energy is adjusted with a combination
of a half-wave plate and polarizer. The polarization is then adjusted using an
additional half-wave plate and a quarter-wave plate, allowing for circular as
well as adjustable linear polarization. The beam is focused to a Gaussian spot
with a diameter of 80 µm (FWHM), using a 500 mm focal length plano-convex
lens. For a 5 mJ pulse, this results in laser fluences of 66 J/cm2 and 62 J/cm2
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Figure 3.1: Simplified top-view diagram of the experimental setup. A combination of a
thin-film polarizer (TFP) and half-wave plate (λ/2) is used to control pulse
energy. BD: Beam dump; FC: Faraday Cup; FL: f = +500 mm focusing lens.
Inset: shadowgraph of a tin droplet after laser irradiation (laser incident
from the left side), highlighting the regions of interest of the different
processes discussed in the text.

for droplets with radii of 15 µm and 23 µm, respectively. Although the surface
cross-section and thus the total absorbed laser energy changes with droplet
radius, having similar fluences on both droplet radii allows for comparisons
between the data sets.

Time-resolved shadowgraphy was used to capture the temporal evolution
of the droplet [24]. A single, temporally and spatially incoherent, 560 ± 10
nm wavelength, 5-ns-long light pulse illuminated the droplet at 90° from the
input laser direction, in the plane of incidence of the laser. A long-distance
microscope equipped with a CCD camera recorded the backlit droplet with a
resolution of 4 µm. The temporal dynamics of the process were captured by
recording shadowgraphy images at different time delays after laser incidence
on the droplet.
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Upon irradiation by an ultrashort laser pulse, three main processes are induced
in the tin droplet, which are ablation, cavitation and spallation. Each of these
processes leads to characteristic deformations that can be tracked by shadowgra-
phy. The inset to Fig. 3.1 shows the response of an initially spherical tin droplet
to irradiation by an ultrashort laser pulse. Upon laser impact, a thin layer of tin
is rapidly ablated, and the ablated material can be seen travelling backwards
in the direction of the laser source. When ultrashort pulses are used, the laser
energy is deposited over a duration comparable to the electron-phonon coupling
timescale (∼ps), much shorter than hydrodynamical timescales (∼ns). This fast
energy deposition leads to a high-pressure shock wave that converges towards
the center of the droplet. This shock wave consists of a strong compression
wave, followed by a rarefaction wave. As the shock wave focuses near the
droplet center, the increased negative pressure of the rarefaction wave may
result in rupturing of the liquid structure and formation of a rapidly expanding
cavity [24, 46, 86, 88]. This cavitation process leads to the expansion of the
droplet into a spherical shell. The morphology and temporal dynamics of this
expansion are dependent on laser parameters such as energy and pulse duration.

After passing through the center of the droplet, the shock wave propagates
towards the back surface of the droplet. Upon reflection from this surface, the
compression wave converts into a back-propagating rarefaction wave, which
overlaps with the trailing rarefaction part of the incident shock wave close to
the surface. The negative pressure caused by this combination of shock waves
can exceed the tensile strength of the material, leading to spallation, i.e. the
ejection of a sheet of liquid from the back surface [86].

The scope of the present work was to investigate the influence of laser
parameters in the ultrashort pulse regime on the droplet deformation, focusing
on the three phenomena described above. Firstly, the effects of energy and pulse
duration were studied, using circularly polarized light. Circular polarization
results in a cylindrically symmetric absorption profile on the irradiated surface,
in turn leading to cylindrical symmetries for the processes described above.
Following this, incident pulses with linear polarization were used, leading to a
breaking of the absorption symmetry. This geometry gives rise to asymmetric
shock waves and subsequent deformation processes, which were studied through
experiments and simulations.
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Figure 3.2: Shadowgraphy images of tin microdroplets (23 µm initial radius), taken at
various time delays after laser irradiation (noted above the figure). Pulse
energies of 5 mJ (a) and 1 mJ (b) are shown, for various pulse durations
(indicated on the left of the figure). Laser spot size: 80 µm (FWHM).
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3.3.1 Effect of laser pulse energy and duration on droplet deformation

Figure 3.2 shows the response of a tin droplet to irradiation by ultrashort laser
pulses using circularly polarized light. The figure shows a time lapse series of
images recorded at increasing time delays (ranging from 0.25 to 2.5 µs) after
the laser pulse impacts at t = 0 seconds, for pulse energies of 5 and 1 mJ
(Figs. 3.2a,b, respectively), and for pulse durations of 220 fs, 1 ps and 10 ps.
In these images, clear droplet deformation as described above are observed. In
all images, a shell of ablated material traveling back from the laser-facing side
can be seen, as well as a spherical expansion of the liquid due to cavitation. For
a pulse energy of 5 mJ, (Fig. 3.2a) clear spallation is also observed, initially
forming a bubble-like shell on the back side of the droplet (i.e. the side opposite
to where the laser impacts). At later times, this bubble breaks up into a large
number of microparticles. For even later times, also the cavitation expansion
leads to fragmentation of the thin shell. At the lower energy (Fig. 3.2b), the
spallation is not observed, likely because the laser-generated shock wave is not
sufficiently strong to exceed the material’s tensile strength. One observation is
that these deformations only weakly depend on the pulse duration in this regime.
While at higher energies some differences are apparent, at lower energies the
target shapes are strikingly similar even for a pulse duration variation by a factor
∼45. This is in line with predictions by prior authors [86].

3.3.1.1 Cavitation dynamics

To analyze the cavitation dynamics, a series of time-delayed shadowgraphy
images was recorded. The radius R(t) of the cavitation shell was tracked as
a function of time using an image processing algorithm. Figure 3.3a shows
an example of such radius tracking, indicating a linear time dependence of
R(t). The determination of R(t) is complicated at early times (t < 0.5 µs)
by the presence of the dense ablation front, and at late times (t > 2 µs) by
fragmentation of the shell. Therefore, the expansion velocity Ṙ was determined
by fitting a linear function to the intermediate times where the shell is clearly
distinguishable and not yet fragmented.

Looking at the effects of pulse duration on the expansion velocity, it was
found that for low energies (1 mJ in Fig. 3.3b), the expansion velocity is
not clearly dependent on pulse duration, while for higher energies (5 mJ in
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Figure 3.3: a) Temporal evolution of the cavitation shell a 23-µm-radius droplet, after
irradiation by a 5 mJ, 200 fs pulse. The solid black line is the result of a
linear fit to the data points highlighted in red. The slope of this fit is used
to determine Ṙ(t = 0); b) For 1 mJ pulses, Ṙ(t = 0) is not dependent on
pulse duration; c) For 5 mJ pulses, Ṙ(t = 0) decreases for longer pulses.
This is seen for both droplets sizes used: R0 = 15 µm (pink circles) and
R0 = 23 µm (yellow diamonds).

Fig. 3.3c), there is a significant decrease in velocity towards longer duration
pulses. These trends are seen for both initial droplet sizes.

The influence of incident laser energy on the expansion speed (at constant
pulse duration) was also investigated, and shown in Fig. 3.4a. In previous
work, such a measurement was already performed for a single pulse duration of
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15 ps [24], and that study was now expanded to a range of shorter pulse durations.
Similar to that previous work, by scaling each data sets by its corresponding
initial droplet radius R0, the data for different droplet sizes collapses onto a
single power-law curve (Fig. 3.4b). This scaling behaviour originates from the
relation between the magnitude of the induced shock wave and the irradiated
droplet area, which is proportional to R2, combined with the fact that the
expansion is hindered by the mass of the droplet proportional to R3, which
results in a R−1 scaling.

The energy dependence of the scaled expansion velocity is well expressed by
a power-law function R0 × Ṙ(t = 0) = A × Eα, for all pulse durations used.
This power-law description was previously observed for longer pulses [24],
where a value α = 0.46 was reported, using 15 ps pulses at 1064 nm wavelength.
This power-law description is found to extend to ultrashort pulses below 1 ps.
Notably, the power-law exponent α decreases as a function of pulse duration,
as shown in Fig. 3.4c. In practical terms, this means that as the pulse duration
increases, the shell expansion velocity scales less strongly with pulse energy.

When observing the spallation dynamics, at higher energies the process is
again found to be less violent for longer pulses. At 1 mJ energy, no significant
spallation is observed. At 5 mJ pulse energy, as the pulse duration increases,
the spallation front expands more slowly and holes form in the shell at a later
time (compare images at delay times 0.5 and 1 µs in Fig. 3.2a).

3.3.1.2 Ablation dynamics

The velocity of the ablation front is measured in a similar way to that described
above for the cavitation, tracking the displacement of the ablation front as a
function of time through image processing and fitting a linear function. This
measurement was performed for a range of pulse durations at two different
energies, of which the results are shown in Fig. 3.5. Similar to what was
observed for the cavitation dynamics, at low energy the ablation front velocity
is not clearly dependent on pulse duration, while for higher pulse energies
there is a significant decrease in velocity for increasing pulse duration. Another
observation that follows from Fig. 3.5 is that the ablation front velocity is the
same for both droplet diameters used in the experiment, while at higher energies
there is a significant increase for the smaller droplets.

Furthermore, in some measurements, a sharp higher-density edge in the
ablation front is observed. This is best seen in Fig. 3.2, for 5 mJ pulses at 0.5 µs
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Figure 3.4: Top: Demonstration of the R0 scaling for 1 ps pulses, as both data sets
collapse neatly to a power law curve when multiplied by their corresponding
initial droplet radius. Bottom: The power law exponent α decreases for
longer pulses, indicating that cavitation dynamics are more sensitive to
energy for shorter pulses.

and 1 µs delays. This sharp edge has been described as a two-phase liquid-gas
mixture [89, 90]. The ablation front becomes increasingly visible as the pulse
energy increases at fixed pulse duration, while at fixed laser energy the front
becomes more apparent for longer pulses. This variation was not yet observed
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Figure 3.5: a) Velocity of the ablation front for a laser pulse energy of 1 mJ. The velocity
is largely independent of pulse duration and droplet diameter. b) Ablation
front velocity at laser pulse energy of 5 mJ. A significant dependence on
both pulse duration and droplet diameter is found.

in measurements using longer 15 ps pulses at 1064 nm, where this edge was
visible for all pulse energies [24].

3.3.1.3 Discussion on deformation scalings

These changes in ablation front and cavitation velocity with pulse duration
can be explained by the increased influence of the generated plasma on the
expanding material. As the incident energy per unit area on the droplet surface
is almost identical for both droplet diameters, and ablation can be considered to
be due to local heating, the droplet diameter should not influence the ablation
front velocity in the absence of any other effect. However, the laser intensities
used are sufficiently high to produce plasma, and the presence of a finite plasma
density at the laser facing side would impact the observed deformation, since
this plasma would exert a pressure on the deforming and ablated material
passing through it.

Both the ablation front and the cavitation experience a drag when expanding
into a plasma, which leads to a reduction in expansion velocity that scales with
plasma density. To quantify the amount of plasma generated by the different
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Figure 3.6: Ion time-of-flight traces recorded using a Faraday cup for different incident
laser pulse parameters. An increase in ion flux is observed, at 30° from the
incident beam, for increasing pulse duration at fixed energy.

laser pulses, a Faraday cup (FC) is placed on the target chamber at an angle
of 30◦ with respect to the incident laser beam (in the backward direction).
The FC records a time-of-flight trace of the ions emitted from the target after
laser impact, as shown in Fig. 3.6. The charge detected by the FC allows a
comparison of the amount of plasma generated for different laser parameters.

As expected, the FC data shows that the amount of plasma-related current
produced by the laser sharply increases with pulse energy. But from these mea-
surements it also becomes clear that the amount of produced plasma increases
with incident pulse duration. The increased current and shift towards shorter
time-of-flight seen in Fig. 3.6 for increasing pulse duration indicate that longer
pulses lead to a higher-density and higher-temperature plasma upon impact. A
possible reason for this scaling may be that on the timescale of the electron-
phonon coupling, which is several picoseconds for most metals, lattice heating
and subsequent evaporation and plasma formation start to occur, leading to
a significant increase in absorption. As a result, longer pulses will be more
effective in depositing energy into the material. This increased plasma density
explains the formation of a more distinct front in the ablation plume for both
higher energies and longer pulses. It also explains the reduction of ablation
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and cavitation velocity for longer laser pulses: as such pulses produce more
plasma, the drag on the expanding material increases. At low incident energy
(E = 1 mJ) the FC data indicates that little plasma is formed, which would
not produce a significant force on the expanding material, which explains the
absence of an effect in Figs. 3.3b and 3.5a. The appearance of the dependence of
droplet diameter is also explained from the plasma perspective. Larger droplets
absorb a larger fraction of the incident beam simply by increased geometrical
overlap with the laser focus, but also have lower local surface curvature. As
ultrafast-laser-induced plasma expansion is strongly directional and oriented
perpendicular to the surface [91, 92], a stronger surface curvature leads to a
faster reduction in plasma density as a function of distance from the surface.
Therefore, at constant laser energy and focal spot size, a larger droplet will ex-
perience more plasma pressure counteracting its deformation, both in expansion
and ablation.

3.3.2 Polarization-controlled droplet deformation

Several papers have covered the topic of ultrafast laser-droplet interaction,
including the role of laser-driven shock waves in the deformation dynamics [24,
46, 86]. To the best of our knowledge, all used circularly polarized light. The
use of a circular incident laser polarization leads to an absorption profile that
is cylindrically symmetric around the beam propagation axis. This symmetry
can be broken by using linearly polarized light. That may result in a detectable
effect on the generated shock wave dynamics, which is the scope of the present
investigation.

Absorption and reflection profiles can be calculated with the Fresnel equa-
tions. For a curved surface, the incident polarization state must locally be
decomposed into s− and p−polarization with respect to the plane of incidence
on each point of the curved surface. For clarity, the polarization of the incoming
laser beam will be labelled as vertical or horizontal (perpendicular or parallel to
the surface of the optical table, respectively) and s and p nomenclature will be
used when referring to the droplet surface.

This decomposition into s−and p−polarization and the resulting absorption
profiles can be analytically derived. Figure 3.7 shows the profiles of the absorbed
energy on the droplet, for both linear and circular polarization. This calculation
follows the procedure described above, assuming an 80 µm FWHM Gaussian
beam incident on a droplet with a radius of 15 µm (left) and 23 µm (right).
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Figure 3.7: Absorption coefficient mapped onto the laser-facing surface of a spherical
droplet, for linear and circular incident laser polarization. The beam is taken
to have a 2D Gaussian spatial distribution with an 80 µm radius (FWHM)
for all cases. The droplet radius is indicated above each profile.

The most noteworthy feature in the absorption profile for linear polarization
is the clear cylindrical symmetry breaking, featuring zones of high and low
absorption at edges along and opposite to the polarization axis, respectively.

When using linearly polarized pulses incident on tin droplets, the resulting
absorption inhomogeneity produces drastic changes in the droplet expansion
and in the shapes of the spall and ablation front, as shown in Fig. 3.8. In this
figure, shadowgraphs at different time delays are shown for circular, horizontal
and vertical polarizations, respectively. The pulse duration is 220 fs, and the
incident energies are 5 mJ and 1 mJ (Fig. 3.8a,b, respectively). As rotating
a linear polarization is analogous to rotating the angle of observation of our
90-degree shadowgraphy system, the shadowgraphs for vertical and horizontal
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Figure 3.8: Effects of laser polarization on droplet expansion at various delays after
laser irradiation, for laser energies of 5 mJ (a) and 1 mJ (b). Pulse duration
of 220 fs for all cases. The polarization state is indicated on the left of each
row. Initial droplet radius: 23 µm, laser spot size: 80 µm (FWHM).
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Figure 3.9: Cavitation expansion velocity for different polarizations for droplets with
R0 = 23 µm (a) and R0 = 15 µm (b). Pulse energy of 5 mJ for all cases.

incident polarization can be visualized as the side- and top-view of the same
structure.

In these shadowgraphs, differences were observed in the ablation front angle,
expansion speed of the cavitation shell, as well as shape of the spall. These dif-
ferences exist at both energies, but become more apparent in the higher-energy
measurements. The low-energy data in Fig. 3.8b highlights the different open-
ing angles of the ablation front, which clearly follow the expected absorption
profiles (Fig. 3.7). For the vertical polarization, there is a Brewster’s angle and
thus maximum absorption near the top and bottom of the droplet as seen in
the side-view shadowgram, which results in a nearly hemispherical ablation
front. For the horizontal polarization, the absorption mostly decreases towards
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higher angles, resulting in a more backward-directed ablation front. For circular
polarization, the ablation front is cylindrically symmetric and shows an angle
in between the different horizontal cases. At higher energy (Fig. 3.8a) these
asymmetries become somewhat less apparent because of the increased influence
of plasma pressure, but a clear difference in shape of the ablation front is still
observed.

At high energy, a marked difference is also observed in the spallation front.
As discussed above, spallation occurs when a laser-induced shock wave arrives
at the back surface. The initial spatial profile of the shock wave is determined
by the local light absorption. After being focused at the center of the droplet
and diverging upon further propagation, its spatial profile at the back surface
closely follows the initial absorption-driven distribution.

Similar to what is observed for ablation, linear polarization leads to a striking
asymmetry in the spallation process. In the plane perpendicular to the polariza-
tion direction, the spallation occurs over a limited angular range and is largely
forward-directed. In contrast, in the plane parallel to the polarization direction a
much larger angular spread is observed, with sharp lobes near the poles where
the light absorption profile was highest.

The expansion speed of the cavitation shows the opposite trend, as the shell
expands faster in the plane perpendicular to the input polarization and slower
in the parallel plane. Nevertheless, at longer delay time (2.5 µs) it can be seen
that there is more material expanding perpendicularly to the polarization plane.
When a pressure wave propagates from the surface of a sphere towards its
center, a larger angle at the surface leads to a tighter focus at the center of the
sphere [23]. When the initial pressure profile is elongated along a given axis,
the resulting focus will be elongated in an orthogonal direction, leading to an
asymmetric initiation of the cavitation process.

Despite the asymmetric conditions, the expansion speed of the cavitation
shell continues to be well represented by a power-law of the form Ṙ(t =
0)× R0 = A × Eα, both in the direction parallel and perpendicular to the laser
polarization.

Fig. 3.9 compares the cavitation expansion for all polarizations studied,
for both droplet radii, as a function of pulse duration for a 5 mJ pulse. The
observed asymmetry is found to show a significant decrease with increasing
pulse durations. Comparing the expansion velocity of the cavitation shell in the
parallel and perpendicular planes for 23 µm droplets, an asymmetry of 19.4%
was measured for 220 fs pulses, which decreases to 7.6% for 10 ps. For 15 µm
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Figure 3.10: Comparison between SPH simulations (left) and experimental shadowgra-
phy images (right). There is a good agreement between the predicted and
observed angular extension of the ablation area. A more confined spall is
observed for horizontal polarization, as well as structures that resemble
the "winglets" for vertical polarization. These simulations cannot account
for an expanding cavitation shell (see text). Note the change in scale.
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droplets, this decrease is lower, going from 23.4% for 220 fs pulses, to 17.8%
for 10 ps.

This effect can again be explained through the increased influence of plasma
formation towards longer pulse durations. As soon as a dense plasma is present
in front of the droplet, the absorption increases strongly and is much less sensi-
tive to polarization and angle of incidence compared to liquid tin droplets [93,
94]. So once this plasma layer is formed, its absorption profile will thus be
cylindrically symmetric. Energy transfer into shock waves can still occur, as
strong cavitation and spallation are still observed even for much longer pulses,
but the resulting shock wave and subsequent deformation dynamics will become
much more symmetric compared to the case where plasma absorption is not yet
dominant. The asymmetry is more pronounced for smaller droplets, which can
readily be explained by the increased influence of the asymmetric absorption as
shown in Fig. 3.7.

To aid in the understanding of the observed dynamics, smoothed-particle
hydrodynamics (SPH) simulations were employed, using an in-house developed
two dimensional SPH code following established methods [95, 96]. In SPH,
three conservation laws are solved, namely, the continuity equation (conserva-
tion of mass), the conservation of particle momentum and the conservation of
energy:

Dρ

Dt
= −ρ∇ · v (3.1)

ρ
Dv
Dt

= −∇p (3.2)

ρ
De
Dt

+ p∇ · v = Q, (3.3)

where D is the convective derivative, ρ is the mass density, v is particle velocity,
p is the pressure, e is thermal energy density of the particles, and Q is the source
term. The source term describes the increase in the total energy of the system
due to the spatially dependent absorption profile of the laser pulse, calculated
using the Fresnel equations, as well as the known spatial profile of the laser
(Fig. 3.7). The temporal shape of the source term is further supplemented with
the modeling of energy transfer from electron to lattice via the two-temperature
model [97, 98]. In the simulations, the Mie-Grüneisen equation of state for
liquid tin is used, following Ref. [86]. The simulations are performed with a
circular tin droplet of 3 µm diameter. Due to the limited computational resources,
simulation of the same droplet size as the experiment is impractical. However,
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hydrodynamic similarity [86] indicates that the dynamics for different droplet
sizes are qualitatively similar. Thus, for a qualitative comparison, a smaller
droplet size is sufficient.

Fig. 3.10 shows the experimental simulation results in comparison with the
experimental data. While the simulations are performed in a 2D geometry
and do not account for the influence of plasma, similar trends are observed as
seen in the experiment. This agreement provides additional evidence that the
spatial distribution of the initial shock wave is the defining parameter for the
non-cylindrically-symmetric dynamics. Both the ablation front and spall are
more confined in the direction perpendicular to the input polarization and wider
along the polarization direction, when compared to circular polarization case.
It should be noted that in a 2D geometry, cavitation effects are expected to be
underestimated due to the lower ratio between surface area and focal volume
in a 2D geometry compared to a more realistic 3D case. However, ablation
and spallation are mainly determined by the local shock wave at the droplet
surface, which can be expected to show similar behaviour in 2D and 3D models.
Therefore, only qualitative agreement is sought in this simulation effort, and
especially the shape of ablation and spallation fronts are to be compared here.

3.4 C O N C L U S I O N S

The effects of pulse energy and duration on the shock-wave-driven expansion
dynamics of liquid tin microdroplets irradiated by ultrashort laser pulses have
been reported in this work. The initial cavitation expansion velocity as well
the velocity of the ablated material are found to decrease as a function of pulse
durations, in situations where the pulses are sufficiently intense to produce
significant plasma density. Using linearly polarized laser pulses, non-symmetric
shock waves were produced in the droplets, leading to non-symmetric droplet
deformation dynamics and uniquely shaped targets. Lastly, 2D SPH simulations
show a qualitative agreement with the experimental results, highlighting the
role of shock waves in the laser-driven deformation dynamics, and indicating
that the non-cylindrically-symmetric pressure wave launched from the surface
is the main factor for the observed behaviour. The present work further clarifies
the influence of ultrashort laser pulses on liquid droplet deformation, and
demonstrates a route towards improved control over target pre-shaping in next-
generation LPP sources for EUV generation.
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The effect of a pair of picosecond pulses on the ionization and deformation of
a liquid tin microdroplet is studied for a range of incident pulse parameters.
Faraday cups are used to measure ion kinetic energy distributions, together with
high-resolution shadowgraphy to monitor target deformation and expansion. It
is found that the introduction of a relatively weak first pulse results in an order-
of-magnitude reduction of the number of ions with kinetic energies above 1
keV, and a strong shift of the kinetic energy distribution towards lower energies,
while the expansion dynamics of the droplet can be kept similar to the single-
pulse case. By controlling the relative intensity and the time delay between
pairs of pulses with 52 ps duration, regimes are identified in which spherical
final target shapes are combined with a reduced high-energy ion yield. The high-
energy part of the observed ion distributions has been fitted with a self-similar
expansion model, showing a 30-fold decrease in characteristic ion energy for
pulse pairs. This combination of results is of particular importance for plasma
sources of EUV radiation for nanolithography applications, in which picosecond
laser-produced target shapes can lead to significant improvements in source
conversion efficiency, while a low high-energy ion yield is desirable from a
source lifetime perspective.

This chapter has been published as [43].
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4.1 I N T RO D U C T I O N

The next generation of lithography machines uses extreme ultraviolet (EUV)
light at a wavelength of 13.5 nm. In the past two decades, many theoretical and
experimental studies have been conducted on possible light sources for EUV
lithography [12], including synchrotron radiation [99, 100], free-electron lasers
[101, 102], plasma sources [103–107], and high-harmonic generation [108].

From the aforementioned solutions, a tin-based laser-produced plasma (LPP)
source received the most attention due to its high conversion efficiency, ro-
bustness, and scalability [109, 110], resulting in a first commercial machine
launched in 2010. In such an LPP source, a small tin droplet is ionised by an
intense laser pulse to emit the requested light at 13.5 nm. Narrowband radi-
ation around 13.5 nm comes from multiple ionic states [111, 112], Sn8+ to
Sn14+, collisionally excited by plasma electrons heated through interaction with
a powerful CO2 laser. An effective coupling between laser light and plasma
occurs near the critical density, which for the CO2-laser-driven plasma is around
1019 cm-3. At the same time, the size of the EUV source cannot be too large
to match the requirements toe the maximum etendue [9]. Precise control of
the target shape is thus crucial for the production of EUV light in an industrial
setting, and numerous irradiation schemes have been explored with the aim of
optimizing conversion efficiency (CE).

Expansion of the target can be achieved by deforming the tin droplet with
a pre-pulse generated either by the same CO2 laser system [14, 113] or by a
separate laser, typically Nd:YAG [22, 25, 46, 114–116]. The latter solution
reduces the amount of backscattered light and, by decoupling both laser systems,
prevents instabilities and potential damage to the lasers, at the expense of
added complexity in the EUV lithography machine. The interaction between
a tin droplet and a nanosecond pre-pulse leads to the generation of a high-
density disk target and results in a reported conversion efficiency of 4.7%
[117]. Alternatively, a picosecond pre-pulse could be employed that expands
the droplet to a low-density diffuse target resembling an acorn [11, 118], and is
associated with higher CE up to a maximum reported value of 6% [12].

Due to the interaction with intense laser pulses, the source emits large
amounts of energetic particles. From these debris, the ions with kinetic en-
ergies of several keV are particularly undesirable, as they may damage the
nearby multilayer mirror that collects the light emitted by the plasma, reducing
its reflectivity and thus limiting its lifetime [108]. This issue is particularly
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relevant when using picosecond-duration pre-pulses, which are associated with
an increase in the emission of ions with multi-keV energy [119]. To mitigate
the impact of ion debris, several techniques have been introduced including:
stopping fast ions using a buffer gas [26, 27], guiding them away to a “dump”
using a magnetic field [28], or a combination of both [29].

Alternatively, it may be possible to control the physical mechanism respon-
sible for the acceleration of the produced ions to the observed high velocities.
Some prior studies hint towards the feasibility of such an approach. For example,
in experiments on solid tin and gadolinium targets [120, 121], the ion energy
distributions were shifted significantly towards lower energy values. This sub-
stantial reduction of ions kinetic energy was achieved by using a pulse pair
comprising a weak picosecond pulse at different wavelengths (1064 nm, 532 nm,
or 355 nm) followed by a strong nanosecond pulse at 1064 nm. Recently, a
similar observation has been made on droplets in a double pulse irradiation
scheme comprising a 7.5 ns Nd:YAG pulse with an energy of 48 mJ followed
by a 600 mJ CO2 pulse [122]. A maximum reduction in the ion average kinetic
energy by a factor of 3 was observed by delaying pulses by 164 ns.

The aforementioned experiments addressed on the influence of a plasma
generated by the first pulse (pre-pulse) on the ion energy distribution originated
by the second pulse (main pulse). However, in the industrially relevant case,
the pre-pulse is employed to fluid-dinamically transform the droplet into an
optimal target shape for high-CE LPP sources. It is an open question if multi-
pulse schemes can be developed that reduce the amount of high-energy ions
while still producing the optimum target shape. In this chapter, we address the
use of a carefully designed picosecond pulse pair as a pre-pulse to reduce the
amount of fast ions and additionally to transform the droplet into the preferred
acorn-shaped target.

4.2 E X P E R I M E N TA L S E T U P

The experimental setup, shown in Fig. 4.1, comprised a tin droplet generator
operated at approximately 37 kHz repetition rate resulting in 30 microm di-
ameter droplets, as described in further detail in Chapter 2. The droplets were
irradiated with a picosecond pulse pair, produce by the Nd:YAG system also
described in Chapter 2. The pulse duration was measured using a home-built
autocorrelator and set to 52 ps. The energy of the pulse pair was controlled by a
half-wave plate and thin film polarizer (TFP) combination. The energy of the
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second, stronger pulse was kept constant at 5 mJ while the energy of the first
pulse was varied between 0 and 500 µJ. Before entering the target chamber, a
quarter-wave plate sets a circular polarization and a 600 mm plano-convex lens
focuses the beam to 135 µm (1/e2) at the position of the droplet. To measure the
ion kinetic energy distribution, two commercial Faraday cups (FCs) (Kimball
Physics, model FC-73A) were mounted at 30° and 62° with respect to the inci-
dent laser beam [50, 123], allowing for charge yields down to 10-4 µCkeV-1sr-1

can be detected for 10 keV ions.
The evolution of tin droplets after the interaction with the pulse pair was

recorded using time-resolved shadowgraphy. Two temporally and spatially in-
coherent, 5-ns-long pulses at 560 ± 10 nm wavelength illuminate the droplet in
the horizontal plane at 30° and 90° along the laser propagation axis. The backlit
droplets are imaged by CCD cameras equipped long-distance microscopes
positioned opposite to the light sources at 150° and 270°, allowing for a side
and back view respectively.

4.3 R E S U LT S A N D D I S C U S S I O N

Fig. 4.2 shows a series of shadowgraphs, demonstrating the effect of picosecond
pulses on droplet deformation and expansion, 550 ns after the second laser
pulse incides on the droplet. Fig. 4.2(a) shows a typical acorn-like shape of a
droplet deformed with a single 52 ps pulse (5 mJ), composed of two unequal
conjunct spheroids results from shock wave propagation [25, 46].

When an ultrashort laser pulse ( <1 ns) irradiates a tin droplet, the energy is
absorbed in a thin layer near the surface. This rapid energy deposition gives
rise to a hemispherical shock wave which focuses inside the droplet, leading
to cavitation and the creation of the shell on the front side (right side of the
images). The second shell on the rear (left on the images) side results from the
spallation effect caused by the shock wave reflected at the back surface.

When the same 5 mJ picosecond pulse is preceded by a weak pulse, the
droplet shape changes noticeably. Even a low energy 25 µJ pulse (only 0.5% of
the energy of the second pulse), preceding the second pulse by 10 ns produces
a noticeable effect due to plasma push, reducing the target expansion by 20%
along the laser axis (Fig. 4.2(h)). By doubling the energy in the first pulse to 50
µJ and keeping the time delay at 10 ns, more plasma is being generated, which
surrounds the droplet and appears to limit its expansion at the backside as well
as in the vertical direction (Fig. 4.2(b)). For this compressed target, a significant
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Figure 4.1: A schematic representation of the experimental setup. A ps pulse pair is
generated in a home-build Nd:YAG laser system with a controllable pulse
duration (15 ps-100 ps) and a delay time ∆τ between two pulses tunable
from 0 to 1000 ns in increments of 10 ns. The pulse pair energy is set by
means of a half-wave plate (λ/2) in combination with a thin film polarizer
(TFP) and a beam dump (BD). Prior to entering the vacuum chamber, the
polarization of the pulses is changed into circular with a quarter-wave plate
(λ/4) and a convex lens (f = 600 mm) focuses pulses on a 30 µm tin droplet
leading to the generation of plasma. The resulting ions are detected in
time-of-flight measurements with Faraday cups (FC) positioned at 30° and
62° with respect to the laser plane. The time evolution of the droplet is
captured on shadowgraphs obtained with two CCD cameras (at 90° and
150°) illumined by 560 nm light.

reduction in spallation is observed. This may be particularly beneficial for
use in LPP sources as such spalling is detrimental for machine lifetime. For
longer time delays, the plasma expands and its density reduces, enabling it to
again spread more in the vertical direction (Figs.4.2(c) and 4.2(d)). Assuming a
spherical plasma expansion at constant velocity, the reduction of density for an
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increase in time delay from 10 ns to 50 ns is about two orders of magnitude. For
time delays longer than 200 ns, the target shape reverts back to the acorn-like
shape, except at the front side which stays flat as a result of a plasma generated
by parasitic pulses present in the pulse train due to limited contrast of the laser
setup for time delays ∆τ > 100 ns.

When the energy in the first pulse is further increased, no additional com-
pression of the target is observed. In contrast, shadowgraphs taken after a 10
ns delay show expansion in the direction of the laser light (Figs. 4.2(e) and
4.2(i)). A possible explanation to this observation is an increasing shift of the
position of critical density away from the droplet in the direction of the laser
pulse, as the energy of the first pulse increases. Consequently, the laser light
from the second pulse generates plasma further away from the target, leading to
a larger expansion of the droplet in the laser direction. A similar explanation
may be used to describe the flattening of the target’s front, which is visible in
Figs. 4.2(g) and 4.2(j). By increasing the time delay beyond 10 ns, the plasma
generated by the first pulse has more time to fade away and the position of
critical density shifts back to the vicinity of the droplet. Thus, the second pulse
produces plasma closer to the droplet, which experiences a stronger push at the
front.

Different combinations of the first pulse energy (E1) and time delay between
the pulses (∆τ) result in diverse target shapes. Nevertheless, shadowgraphs in
Fig. 4.2 marked with a thick frame [i.e., images (d), (f), and (h)] reveal the close
resemblance of some of these target shapes to the original acorn-like shape.
However, as will be discussed below, the ions produced by these pulse pairs
have significantly lower kinetic energies.

Figure 4.3(a) shows the total charge collected by the 30° FC for different
pulse pair combinations, calculated according to

dQ
dϵ

=
t3

mL2 · I(t)
ΩX

(4.1)

where t is the time-of-flight, I(t) is the ion current obtained by correcting the
measured voltage signals for the response function of the read-out network [50],
m is the mass of tin, L is the time-of-flight distance, Ω is the solid angle, and X
is the FC grid transmission. As a reference, measurements were taken using a
single 5 mJ, 52 ps pulse (black symbols). The colored symbols correspond to
measurements with pulse pairs for varying energy in the first pulse and a fixed
delay of 10 ns. Remarkably, in the case of a pulse pair in which a first pulse
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Figure 4.3: (a) Charge energy distributions measured by the 30° FC resulting from the
ablation of a tin droplet by a single 5 mJ, 52 ps pulse (black symbols), and
by 52-ps-duration pulse pairs delayed by 10 ns for various energies in the
first pulse (E1) and fixed second pulse energy E2 = 5 mJ (colored symbols).
The inset shows the total ion charge obtained by integrating the energy
distributions shown in (a) in four energy ranges. (b) The effect of different
time delays ∆τ between the two pulses on ion energy distributions (colored
symbols) compared to the single pulse case (black symbols). The dashed
lines are analytical fits to the distributions according to Eq. 4.1.
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with only 25 µJ precedes the stronger 5 mJ pulse (cyan symbols), the ion energy
spectrum already shifts towards lower energies and the measured ion current
in the 3-10 keV range decreases by roughly 35% compared to the single pulse
case. For E1 = 500 µJ (green symbols), the spectrum changes even more and the
measurements show a one order of magnitude reduction in the ion current for
kinetic energies above 3 keV. However, the effect seems to saturate for values
of E1 greater than 150 µJ (red symbols), where the maximum reduction in ion
current for kinetic energies above 1 keV is observed. In contrast, the ion current
at low energies in the 100-300 eV range increases by one order of magnitude,
and by a factor of 1.3 in the 0.3-1 keV range. This growth can be explained
by a geometric effect due to the mismatch between the laser beam diameter
(135µm) and the tin droplet diameter (30 µm). The first pulse interacts with the
droplet and generates a plasma which expands well beyond 30 µm within 10 ns,
resulting in a larger target interaction area for the second pulse. Therefore, to
induce a significant shift to the ion kinetic energy distribution, the first pulse
needs to create a sufficiently dense plasma. Fig. 4.3(b) shows that keeping
constant energies in both pulses, here E1 = 150 µJ and E2 = 5 mJ, and increasing
the second pulse delay does not lead to further reduction in ion kinetic energy.
Instead, it results in an increased current at lower kinetic energies.

In the single pulse case, the ion energy distribution can be explained by a self-
similar model of free plasma expansion into a vacuum based on a hydrodynamic
approach [77, 124]. The applicability of this model for ion spectra resulting
from an adiabatiacally expanding plasma has been verified by Bayerle et al.
[50]. The model assumes that initially a plasma occupies the half-space x<0,
and that the ions are cold and at rest with a step density function, whereas the
electrons obey a Boltzmann distribution. Once the plasma starts to expand, the
ions are accelerated in the electrostatic potential and the number of ions per
unit energy and unit surface is given by [77]

dN
dE

= (ni0Cst/
√

2ϵϵ0)exp(−
√

2ϵ/ϵ0) (4.2)

with ni0 being the initial ion density, Cs the ion-acoustic velocity, and ϵ0 the
characteristic ion energy related to the electron temperature Te via ϵ0 = ZkBTe,
where Z is the ion charge number and kB the Boltzmann constant. As already
found in previous work [50], a fit to a self-similar expansion model that takes
into account the dimensionality of the target [78] did not lead to significant
improvements in the fit quality.
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The dashed black line in Fig. 4.3(b) shows the fit of the kinetic energy spec-
trum to Eq. 4.2 for the single pulse case. According to the model, the plasma
produced by a 52 ps single pulse at 5 mJ leads to the generation of ions with a
characteristic energy ϵ0 = 990 (50) eV. The energy spectra recorded for pulse
pairs show a non-monotonic decay for the low-energy part of the spectrum with
a maximum which shifts towards lower energies when increasing the time delay
between two pulses. This clearly points towards a more complex physical pic-
ture than the self-similar model provides. Nevertheless, this simplified approach
can still be successfully used to describe the high-energy part of the spectrum,
beyond the observed maxima. These fits, shown as coloured dashed lines in Fig.
4.3(b), reveal that the characteristic energy is the lowest for a delay of 10 ns and
has a value of ϵ0 = 34.5 (0.9) eV, which is 30 times smaller than the single pulse
measurement. Lower characteristic energy values for pulse pairs hint at lower
electrons temperatures or ion charge state, compared to the single pulse case. As
will be shown in Chapter 6, irradiation by a pulse pair results in a significantly
different charge state distribution compared to the single pulse case. The most
significant differences being an increase of the relative abundance of lower
charge states (1+ and 2+) and a decrease for higher charge states, as well as
lower most probable kinetic energies (MPKE) across all charge states.

With a single pulse, the laser light mainly interacts with the droplet and, due
to its high density, is absorbed within a thin layer, leading to the generation of a
hot plasma and consequently the ejection of fast ions. For a pulse pair, the first
weak pulse ablates material from the droplet and the second pulse will therefore
interact with this plasma as well as with the droplet. This second pulse will then
be absorbed across a thicker layer, resulting in a colder plasma in which the ion
kinetic energies are lower than in the single pulse case.

The reduction in kinetic energy and average charge state are both favourable
factors for ion mitigation using a static buffer gas, which is more effect for
lower charge states [125], and any potential shift in the charge state composition
for pulse pair interaction is expected to be towards such lower charge states
[126].

4.4 C O N C L U S I O N S

The presented experimental results on laser-produced tin plasmas demonstrate
that by employing a picosecond pulse pair instead of a single pulse, it is possible
to greatly shift the ion kinetic energy distribution towards lower energies. Re-
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duced kinetic energies make mitigation of the generated ions in LPPs by means
of collisions with an ambient gas much more efficient [125, 127]. By matching
the laser beam size with the droplet size, further reduction in the number of
fast ions should be achievable. Simultaneously, the recorded shadowgraphs
showed that a picosecond pulse pair enables the tailoring of the target shape.
Depending on the combination between the energy in the first pulse and a
time delay between both pulses, it is possible to obtain shapes similar to an
acorn-like target, which in the interaction with a CO2 main pulse may lead to a
higher conversion efficiency into EUV light through the opening up of a larger
parameter space for optimization.





5
E N E R G Y- A N D C H A R G E - S TAT E - R E S O LV E D I O N
S P E C T R O M E T R Y O F F S - A N D P S - L A S E R - P R O D U C E D
T I N P L A S M A

In this chapter, we report on the charge-state distributions of ions emitted from
tin LPPs created by ultrashort pulses with durations between 220 fs and 10 ps,
both in flat solid targets and liquid microdroplets.

The charge-state-resolved energy spectra are largely independent of the
laser pulse duration in the range reported, indicating that the timescales of ion
acceleration in the observed regime are either shorter than 220 fs or longer than
10 ps. The reported energy spectra hint at processes beyond a simple model
of ion acceleration driven solely by an electrostatic field created by electrons
ejected by the laser pulse.

It was also found that, for droplet targets, longer pulses lead to higher yields
of higher charge-state ions and a higher average charge state. For solid targets,
the ion abundance distributions and average charge state were found to be
independent of pulse duration. This difference may be attributed to differences
in the plasma expansion dynamics between the solid and droplet targets.
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5.1 I N T RO D U C T I O N

As was discussed in Chapter 3, irradiating tin microdroplets with laser pulses
with durations between 0.2 and 10 ps results in violent shock-wave-driven
cavitation and spallation dynamics, very different to what is observed when
droplets are illuminated with ns pulses [79]. These violent processes lead to
highly dispersed, cloud-like density distributions which recent works suggest
could be favourable for EUV generation, when used as a target for a second
more energetic ns pulse that drives the subsequent plasma generation and EUV
emission [11, 12].

The differences between LPPs created by ns and fs-to-ps pulses extend into
other aspects of the system, with the kinetic energy and charge state distributions
of the ion emissions expected to be different between the two regimes [31]. As
was mentioned in Chapter 4, in LPP-based EUV light sources it is important to
minimize the amount and energy of these emitted ions, as they may damage
the nearby collector mirror, reducing its reflectivity and limiting its lifetime
[108]. While some of these ions can be mitigated with active techniques, such
as buffer gases or magnetic diverters, these approaches become less efficient
for more energetic ions. As such, studies on the ion energy and charge-state
distributions are a key complement to the studies on target deformation to offer
a more complete picture of the laser-droplet interaction as a whole.

5.2 C H A R G E - S TAT E - R E S O LV E D E N E R G Y D I S T R I B U T I O N S

Various studies of ion emission from LPPs utilise ns pulses and observe that
the average kinetic energy of ions of each charge state is proportional to the
charge state [36, 39, 128]. This is explained as the consequence of charge
separation, as electrons are ejected from the target material after absorbing
laser photons. In this picture, an electrostatic field is created between the
electron front and the net-positively-charged target. This field is proposed as
the dominating factor defining the energy distribution of keV-level ions emitted
by LPPs. However, recent experiments have shown results different from the
simple linear dependence of the ion energy on charge state, hinting at more
complex processes [33, 34, 40].

Ion emission from laser-produced plasmas driven by lower energy pulses
relevant to EUV generation has not been thoroughly studied using charge-state-
resolved measurements. There have been few charge-state-resolved studies
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using femto- and picosecond pulses [40], with some authors applying the
assumption of linear relation between energy and charge state from experiments
with ns pulses to experiments with ultrashort pulses [41, 42].

While the energy transfer between the laser pulse and subsequent electron
thermalization happen at electron-electron coupling timescales (on the order
of several femtoseconds), the energy transfer from the electrons to the ions
happens at electron-phonon coupling timescales, which for tin are in the range
of few to tens of picoseconds [32]. For this reason, one would expect differences
in the charge-state distributions between the case where the pulse duration is
much longer than the electron-phonon coupling timescale, and the case where
they are comparable. This is because in the former case, the laser pulse is still
depositing energy in the system after the ion emission is underway, resulting
in the laser energy being partially absorbed by the plasma (ions), rather than
interacting with neutral, liquid tin. In the latter case, the laser energy deposition
rate into the target varies greatly on timescales comparable to the processes that
shape the energy distribution of the emitted ions and, for short enough pulse
durations, the laser pulse could have ended by the time a significant amount of
plasma is formed.

5.3 E X P E R I M E N TA L S E T U P

Fig. 5.1 shows the experimental setups. In both cases the laser pulses are
produced by the fs OPCPA described in Chapter 2. The pulse duration is varied
between 220 fs and 10 ps by changing the grating separation in the pulse
compressor, while the pulse energy is adjusted using a half-wave plate and
thin-film polarizer combination. Lastly, a quarter-wave plate is used to set a
circular polarization and, in both cases, the beam is focused to a Gaussian spot
with a diameter of 80 µm (FWHM), using a 500 mm focal length plano-convex
lens.

In the case of the liquid target, the droplet generator was configured as
described in Chapter 3, as these results were obtained as part of the same
experimental campaign. Tin (99.995% purity) is heated to 260 °C, above its
melting point of 232 °C, inside a tank mounted above the vacuum chamber.
The tank is pressurized with argon and the liquid tin is expelled through a
6.5-µm nozzle containing a piezo element driven at 10.2 kHz, producing a
steady stream of 23-µm radius droplets. The droplets pass a horizontal light
sheet produced by a helium-neon laser, with the scattered light being recorded
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Figure 5.1: Diagram of the experimental setups. The insets show the different target
configurations. The ESA is shown mounted at 90° for clarity, but values of
θ are indicated in the inset table, as are the values of Lfree.

by a photomultiplier tube. This signal is used to trigger the laser system and the
ion energy diagnostics at a reduced repetition rate of 10 Hz, timing it with the
correct droplet in the stream to create a laser-produced plasma at the center of
the vacuum chamber.

For the solid target setup, an introductory overview was presented in Chapter
2. Solid 1 mm-thick targets of 99.99%-purity tin are placed at the center of
the vacuum chamber. Each target is divided in a grid of shot positions, spaced
horizontally and vertically by 1 mm, such that each position is unaffected by
the laser interaction with adjacent positions. The target holder is mounted on a
translation-rotation stage, with target position being automatically controlled
by an in-house designed control software: Spanish Inquisition. The software
further controls trigger signals and data acquisition.
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For the measurements presented in this chapter, each target position was
irradiated 15 times. As each position is repeatedly irradiated, material is ab-
lated from the sample, creating an increasingly large crater which changes the
geometry of the target. The number of shots was chosen in order to maximize
the amount of data points collectable from each sample and minimize experi-
mental downtime due to sample swapping, while ensuring that the data is not
significantly affected by the geometry change.

Not previously mentioned is the electrostatic analyzer (ESA), the device
used to obtain the charge-state-resolved spectra presented in this chapter. A
thorough description of this device, along with a detailed calibration can be
found in [129]. Here we summarize the ESA, its operation principle and the
configurations used in the work presented. Fig. 5.1 shows a schematic for the
ESA used in both target chambers. The ions emitted by the plasma travel in
vacuum to the input aperture Ain (50 µm diameter in both setups used in this
chapter) and then proceed between a pair of curved deflector electrodes. The
inner electrode has a radius r1 = 190 mm and the outer one a radius r2 = 210 mm.
Opposite bias voltages of ±UESA/2 are applied to the electrodes (negative at
the inner electrode, positive at the outer), resulting in a radial electric field
which deflects the ions travelling between the electrodes. Only ions with a
specific energy-to-charge ratio are deflected such that they fully traverse the
curved path, pass through the output apertures Aout and ACEM, and reach the
channel electron multiplier (CEM). Ions with higher ratios collide with the outer
plate and those with a lower ratio with the inner plate. The energy-to-charge
ratio needed for this deflection is given by

E0

Z
=

eUESA

2 ln (r2/r1)
(5.1)

Seeing as ions will be deflected only according to their energy-charge ratio,
there is still ambiguity. For example, 1 keV Sn1+, 2 keV Sn2+, and 3 keV Sn3+

would experience the same deflection and pass through the ESA at the same
UESA. To clear this ambiguity, the time-of-flight of the ions passing through the
ESA is recorded with a 600 MHz oscilloscope (Keysight Infiniium). As shown
in Fig. 5.2, the faster ions of higher charges have a shorter TOF and the various
charge states are clearly separated in a time-resolved count trace. To obtain
the full charge-state-resolved ion energy spectrum, UESA is scanned over the
desired range, with the time-resolved count trace measured at every step, each
accumulated from 180 laser shots.
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The two output apertures, Aout and ACEM, are grounded and placed between
the electrodes and the CEM to shield each section from the electric field pro-
duced in the other. These apertures are much larger than Ain such that the
geometrical transmission of the ESA is close to unity, as long as space-charge
effects do not lead to significant beam expansion during the travel between the
electrodes.

In the case of the droplet target, the ESA was mounted at 60° with respect
to the incident laser beam. In the case of the solid target, it was observed in
prior experiments that as pulse durations became shorter, the majority of the
emitted particles is ejected in a narrow cone centered around the laser axis.
Therefore, the ESA was mounted at 12° from normal incidence in order to
maximize the amount of ions recorded. The distances between the target and
the input aperture were 1.16 m and 1.52 m for the droplet target and solid target,
respectively.

Lastly, as mentioned in Chapter 2, although the solid targets are cleaned
before use, the top layer is subject to oxidation and trace contaminations which
result in the first 2-3 shots at each position being contaminated with lighter
elements. To identify any contaminated data points, the ESA algorithm first
checks for the presence of oxygen and carbon ions at each shot, which indicate
the presence of tin oxide and surface contaminations. If any such ions are
detected, the data from that shot is discarded.

5.4 R E S U LT S A N D D I S C U S S I O N

Fig. 5.3 shows a selection of charge-state distributions obtained using the ESA,
for various laser parameters as indicated. The energy distribution of each charge
state is in general well described by a shifted Maxwell-Boltzmann distribution.
Some qualitative remarks can be made by comparing the traces. Charge-state
distributions created using higher-energy ns pulses reported in literature observe
comparable ion yields across the charge states produced [33, 34, 38, 49]. For
the shorter pulses used here, we observe a strong drop-off in ion yield as charge
state increases, resulting in ion spectra with average charge state Z between 1
and 1.5.

We also observe that laser energy has a strong effect both on the maximum Z
recorded as well as the energy of each charge state. The effects of laser pulse
duration are more subtle, with longer pulses at a given energy producing slightly
larger yields of high Z ions. These points will be examined in detail below.
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Figure 5.2: ESA TOF trace averaged over 180 laser shots. Each peak corresponds to
a single charge state, with lower charge states having longer TOF. The
structure of each peak matches well with the relative abundance of tin
isotopes, whose slight mass difference leads to peak broadening. The narrow
peak at t = 0 is created by fast photoelectrons and is used as a reference
for the time of target irradiation.

5.4.1 Effects on charge-state-resolved energy distribution

Fig. 5.4 shows the mean energy of the ions of each charge state, for a 5 mJ laser
pulse at all pulse durations. Two observations stand in contrast with remarks
made at this chapter’s introduction. Firstly, contrary to what is reported for LPPs
created from ns pulses [38, 128], the average kinetic energy of each charge state
is not linearly proportional to Z. Second, the duration of the laser pulse has
very little effect on the charge-state-resolved energy distribution, not showing
obvious effects of a change in dynamics related to the electron-phonon coupling
timescales. Therefore, we can conclude that the processes that determine ion
kinetic energy in the measurements shown are largely independent of pulse
duration in the 0.2-10 ps range covered here.

In contrast to pulse duration, pulse energy does have a significant effect on
the mean energy of each charge, as seen in Fig. 5.5. The curves for each energy
are averaged over all pulse durations, which is justified given the insensitivity
of the ion energy distributions to the pulse duration (Fig. 5.4).
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Figure 5.3: Selected overview of the charge-state-resolved kinetic energy distributions
obtained from the droplet target (top) and solid target (bottom). The pulse
duration (τ) and pulse energy (E) are indicated in each panel.
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Figure 5.4: Mean ion kinetic energy as a function of charge state (Z), for each pulse du-
ration, for a laser energy of 5 mJ. The energy distribution is not significantly
dependent on pulse duration, both for solid and droplet targets. It should be
noted that the energy uncertainty increases for higher charge states, as ion
yield drops quickly as Z increases. This is noticeable for Sn+7 for droplets,
and Sn+5 and Sn+6 for solid targets. Error bars have been omitted as an
accurate calculation is not straightforward, but the spread in points gives an
indication of the measurement reproducibility.

For the 1 mJ case, we observe a linear relation between mean kinetic energy
and charge state. For pulse energies of 3 mJ, the relation becomes nonlinear,
and the nonlinearity increases for the highest energy of 5 mJ. It has been derived
in [77, 78], based on local characteristic sonic speeds in the plasma, that the ion
kinetic energy scales linearly with T and Z:

E ∝ TZ (5.2)

Based on this, a nonlinear relation between mean kinetic energy and charge
state indicates that different charges are created in regions of the plasma with
different local temperatures.

Table 5.1 shows the coefficients for the 2nd order polynomial fits shown
in Fig. 5.5. The transition from a linear trend at 1 mJ to increasingly strong
quadratic scaling may indicate the presence of a larger temperature distribu-
tion across the plasma for higher pulse energies. In the 1 mJ case, a linear
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Figure 5.5: Mean ion kinetic energy of each charge state, averaged over all pulse
durations. The trend lines (solid for droplet targets, dashed for solid targets)
show linear fits to the data for 1 mJ and quadratic fits for 3 mJ and 5 mJ.

Energy a b c a b c
1 mJ - 307.5 -198.2 - 252.2 -147.8

3 mJ 51.1 220.1 -128.6 27.1 386.8 -360.1

5 mJ 52.9 298.2 -255.2 68.1 295.0 -339.9

Droplet Solid

Table 5.1: Coefficients for the polynomials fits shown in Fig. 5.5 in the form of E =
ax2 + bx + c.

trend suggests a constant temperature across the plasma regions where the
detected ions are produced, resulting in an ion energy trend which is linearly
proportional to charge state. The positive quadratic term suggests that ions with
higher ionization states originate from regions of the plasma with higher local
temperatures.

Figure 5.6 shows the mean energy of each charge state as a function of inci-
dent laser pulse energy. We can see the mean energy of lower-charge-state ions
remains nearly constant with increasing laser energy, while the mean energy
of the higher-charge-state ions significantly increases towards higher pulse
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Figure 5.6: Mean energy scaling of each charge state as pulse energy increases. The
points marked with a cross and dashed lines assume energies according to
the linear fits for the 1 mJ data from Table 5.1, rather than experimentally
detected ions.

energy. This trend can be explained by the previous argument that different
charge states are created in regions of the plasma with different local tempera-
tures. As laser energy increases, hotter regions within the plasma are created
where higher Z ions are produced. With increasing laser energies, the maximum
electron temperature will also increase [32], as will the maximum local temper-
atures where high Z ions are produced, leading to an increase in energy for the
ions created within these regions, due to the temperature scaling from eq. 5.2.
If lower-charge-state ions are mostly produced in lower temperature regions,
which exist within the plasma for all the laser energies reported, one would
expect the energy of these ions to be less affected by increases in maximum
local temperatures driven by increased laser energy.

5.4.2 Effects on relative ion abundance and average charge state

While the ion energy is mostly independent of laser pulse duration, that is
not the case for the charge distribution. The relative abundance data shows
differences between ions emitted from solid and droplet targets, as seen in Fig.
5.7(a). For droplet targets, longer pulses result in larger amounts of high Z ions.
Rather than a gradual change, the relative abundance data changes in steps,
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Figure 5.7: Left: Relative ion abundance for all pulse durations, for 5 mJ pulses. Rela-
tive abundance is not significantly dependent on pulse duration for solid
targets. For the droplet targets, high-Z yields increase for longer pulse
durations. Right: Average charge state as function of pulse duration for
all measured laser energies. Zavg is independent of pulse duration for solid
targets, but increases with pulse duration for droplet targets for 3 mJ and
5 mJ pulses.

dividing the data into 3 sets of duration pairs: the shorter (220 fs and 500 fs),
intermediate (1 ps and 2.5 ps), and longer pulses (5 ps and 10ps). This higher
Z for longer pulses trend is also seen in the average charge state (Fig. 5.7 b),
though this value is mostly determined by the ratios between Sn1+, Sn2+, and
Sn3+.

Data from solid targets, on the other hand, does not show significant de-
pendence on pulse duration. A possible explanation for this discrepancy is a
difference in the plasma expansion. As mentioned in Chapter 2, measurements
taken using solid flat targets are more representative of 1D plasma expansion
into vacuum, while the droplet target features a more complex spherical initial
configuration, closer to a 3D expansion. It was observed during the experiments
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that the plume is strongly directed orthogonally to the target surface. By con-
trast, the plasma created from droplet targets, due to the spherical surface, is
much less confined as it expanded from the front hemisphere of the droplet.
This difference in dimensionality has been predicted to play a key role in the
expansion of the plasma into vacuum, according to theoretical models [78, 130].

Another contributing factor could be differences in the matching between the
focused beam and the targets. In both cases, the beam is focused to a Gaussian
focus with a diameter of 80 µm (FWHM). However, the solid target is much
larger than the focus size, while the droplets, with a diameter of 30 µm, are
smaller than the focal spot. Although both targets experience the same peak
fluence at the center of the focus, the solid target is irradiated by the outer edges
of a Gaussian focal spot with lower local fluence, while the droplet is only
irradiated by the center portion of the beam and experiences a higher average
fluence and a narrower range of local fluences. This is likely to result in different
starting conditions for the plasma expansion, which could impact the relative
abundance distribution.

5.5 C O N C L U S I O N S

We have reported the charge-state distributions of ions emitted from tin LPPs
created by ultrashort pulses, both in flat solid targets and liquid microdroplets.

For laser energies of 3 mJ and 5 mJ, the nonlinear relation between mean ion
kinetic energy and charge state hints at effects beyond a simple model where
ions are accelerated by an electrostatic field due to charge separation created by
the electrons ejected after laser irradiation.

The energy spectra observed are largely independent of laser pulse duration
in the range between 220 fs and 10 ps. This indicates that the timescales of ion
acceleration in the observed regime are either shorter than 220 fs or longer than
10 ps. Continuing this work by extending these measurements to even shorter
pulses could be an interesting follow-up to learn more about the timescales
behind ion acceleration.

We have also found that, for droplet targets, longer pulses lead to higher
yields of higher charge-state ions and a higher average charge state. For solid
targets, on the other hand, we observed the ion abundance distributions and
average charge state to be independent of pulse duration. This may be attributed
to differences in the plasma expansion dynamics between the solid and droplet
targets, which could be caused by the shape of the target surfaces (flat for solid
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targets or spherical for droplet targets) and/or the size of the target compared
to the focal spot ("infinite" for solid targets or ∼1/3 of FWHM for the droplet
target).
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In the work described in this chapter, we create LPPs from solid tin targets
using pairs of ps laser pulses, and investigate the influence of laser parameters
on ion energy spectra for different charge states. These studies build upon the
results from Chapter 4, by adding insight from charge-state-resolved energy
measurements with an electrostatic analyzer.

These new charge-resolved measurements show that the introduction of a
weaker (tens-of-µJ) pulse preceding a second 5 mJ pulse results in a reduction
of ion kinetic energy for every charge state, as well a strong reduction in the
yield of higher-charge-state ions, which are the most energetic. For some pulse
pair settings, ion yields were reduced to a level where no charge states above
Sn2+ were detected.

Total ion yield is also shown to decrease for all combinations of first pulse
energy and inter-pulse delay, except for the case of ∆t = 10 ns. The reductions
in ion yield and energy could be attributed to target ablation caused by the first
less energetic pulse, which creates a neutral gas moving away from the target
with a thermal velocity of a few eV. The second pulse then interacts with this
neutral gas before reaching the target, leading to a more gradual absorption
through a longer column of material, resulting in a larger but colder plasma.

73
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6.1 I N T RO D U C T I O N

As was shown in Chapter 4, tailored pulse pairs lead to a significant shift of
the ion kinetic energy distribution towards lower energies, when compared to
plasmas created by a single laser pulse [43]. While these results can be of great
practical value when used in conjunction with other ion mitigation techniques
such as buffer gases [26, 27, 29], the precise nature of this effect cannot be fully
understood without examining the changes in the charge-state-resolved ion
energy spectra, as the Faraday cup measurements in Chapter 4 could not discern
possible changes in charge state composition. To further explore the underlying
effects, these studies were extended to charge-state-resolved measurements on
solid targets.

The 33-times reduction of ion most probable kinetic energy (MPKE) reported
in Chapter 4 resulted from a combination of a reduction of the yield of ions
above 1 keV, and an increased production of low energy ions below 300 eV. The
increase in the total amount of charge measured was attributed to a geometric
effect due to the mismatch between the laser beam diameter (135 µm) and
the tin droplet diameter (30 µm). The first pulse interacts with the droplet and
generates a plasma which expands well beyond 30 µm within the time delay
between the two pulses, resulting in a larger target interaction area for the
second pulse.

The use of solid targets should remove any geometrical effect as conjectured
for the droplets, while charge-state-resolved measurements enable the separa-
tion of energy reduction and charge state redistribution due to the pulse-pair
illumination.

6.2 E X P E R I M E N TA L S E T U P

Fig. 6.1 shows the experimental setup used for the work presented in this chapter.
The laser was used in pulse-pair configuration, as described in Chapter 2. As
the objective was to build upon the work from Chapter 4 by adding charge-state-
resolved measurements, laser parameters were kept very similar. The energy
of the first pulse (E1) was varied between 31 µJ and 500 µJ, with the energy of
the second pulse (E2) being constant at 5 mJ. The delay between the two pulses
(∆t) was varied between 10 ns and 500 ns. The duration of both pulses was
50 ps for all measurements, to replicate the laser parameters used to obtain the
results in chapter 4.
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Figure 6.1: Simplified diagram of the experimental setup.

As before, the beam was focused to an 80 µm (FWHM) spot, using a 500 mm-
focal-length plano-convex lens. The solid targets and target chamber used have
been previously described in Chapter 2 and used in the same configuration as
shown in Chapter 5.

The ESA has been previously described in Chapter 5, with the specific
geometry shown in Fig. 6.1. As before, care was taken to remove the first
shots at each position, because the sample surface is subject to oxidation and
contamination, by discarding any shots where carbon and oxygen ions were
detected.

6.3 R E S U LT S A N D D I S C U S S I O N

Fig. 6.2 shows a selected overview of the charge-state distributions recorded. For
small values of E1 and ∆t, the individual energy distributions for each charge
state still resemble the single-pulse case (Fig. 5.3) and can be adequately fitted
by shifted Maxwell-Boltzmann distributions (omitted from the figure for clarity
of presentation). As E1 increases, the shape of the peaks for each charge state
become increasingly distorted and shifted to lower energies. For larger values
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Figure 6.2: Selected overview of the charge-state-resolved energy spectra of ions emit-
ted by LPPs created from laser pulse pairs.
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of ∆t, the mean energy reduction and distortion of the distribution are further
intensified. Furthermore, we find that the relative charge-state distributions
change, and that especially higher charge states are increasingly suppressed.
Notably, for the case of a 150 µJ pre-pulse at delays above 350 ns (Figs. 6.2(h),
6.2(k)), no ions above Sn2+ were detected.

6.4 P U L S E PA I R E F F E C T S O N I O N E N E R G Y

Although Sn5+ is sometimes observed, as seen in Fig. 6.2, it is either detected
in minute amounts for some laser parameters, or not at all for others. As such,
the uncertainties in the mean kinetic energy, and especially the yield of Sn5+

are significant, making it difficult to reliably extract any trends from the data
for this charge state. Therefore, we limit the discussion to charge states Sn1+

through Sn4+.
For a more systematic overview of the influence of the pre-pulses, in Fig. 6.3

we plot the mean kinetic energy Ēk (left) and the total ion yield (right) per
charge state, as a function of pre-pulse energy. From Figs. 6.3(a) and 6.3(b), we
observe that the use of a pulse pair always leads to a reduction in mean energy
of Sn1+ and Sn2+ ions. Increasing E1 results in further reductions of ion energy.
The same trend is observed at each pulse delay, with the reduction effect being
stronger for longer delays.

For Sn3+ and Sn4+ (6.3(c) and 6.3(d)), the behavior is more complex. Some
E1 and ∆t combinations result in no ions above Sn2+ being detected, as shown
in Fig. 6.2(h) and 6.2(k). Increasing E1 further leads to a reappearance of Sn3+

and Sn4+. Notably, for certain values of ∆t at E1 = 500 µJ, the energy of Sn3+

and Sn4+ is again comparable to the single-pulse case.
However, while the mean energy recovers to values comparable to those

produced by single pulses, the yield of Sn3+ and Sn4+ remains much lower,
as can be seen in Figs. 6.3(g), 6.3(h), and 6.2(l). As it was seen in Chapter 5
(Fig. 5.5) that ion mean kinetic energy increases with laser energy, one would
expect the ions produced by the weaker first pulse to have lower energy. In
contrast, we observe the mean energy of Sn4+ recovering to values comparable
to those of the single-pulse case, which suggests that the resurgent ions are
produced by the second, more energetic pulse, rather than the first pulse.

Lastly, from Fig. 6.4 we can see that, compared to the single-pulse case,
irradiation with pulse pairs led to a reduction in overall ion energy, i.e. mean
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Figure 6.3: Charge-state-resolved mean ion energy (left) and individual charge state
yields (right), for all pulse delays ∆t and first pulse energies E1. Note the
large differences in vertical scales between the various charge states.
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ion kinetic energy across all charge states measured, for all values of E1 and ∆t
studied.

A possible explanation for these results is an interaction between the second
laser pulse and tin ablated from the sample by the first pulse, as presented in
Chapter 4. In the single-pulse case, the laser pulse interacts only with the solid
target, where it is absorbed in a thin layer due to the high density of the solid
material. This creates a hot plasma, which in turns leads to the creation of
energetic ions. For a pulse pair, the first weaker pulse ablates material from
the target, creating a small amount of pre-plasma with which the second pulse
interacts, in addition with the target. This results in the second pulse being
absorbed across a thicker layer, resulting in a colder plasma and lower ion
energies than in the single-pulse case, as well as the reduced yield of higher-
charge-state ions.

On the other hand, the increase of lower charge state ion yields at short time
delays may result from the interaction of the second pulse with the relatively
dense vapor, which may be stronger than the absorption at the solid target
interface. An increase in ion yield has been observed for pairs of fs-duration
pulses with ps pulse-to-pulse delays, attributed to an increased coupling between
the second pulse and the target, due to a favorable density gradient created by
the first pulse interacting with the target [131].

6.5 P U L S E - PA I R E F F E C T S O N C H A R G E - S TAT E Y I E L D

From Fig. 6.3, we see a rapid decrease in the yield of Sn3+ and Sn4+ with
increasing E1. This behavior is seen for all values of ∆t except for 10 ns, with
the decrease being more rapid for larger delays. To compare the total ion yield
for pulse-pair irradiation to the single-pulse case, we plot the ratio of these
yields in Fig. 6.4. From this data, we see that the total charge detected is higher
than that of the single-pulse case only for ∆t = 10 ns. For all other delays and
first pulse energies, the total charge yield is lower or comparable to that of the
single-pulse case.

Notably, the case of (E1 = 150 µJ, ∆t = 500 ns) is the minimum of both
total charge as well as mean ion energy. This is in contrast with the droplet
case presented in Chapter 4, where a decrease in ion energy is the result of
a decrease in the amount of high energy ions as well as an increase in lower
energy ions, resulting in an increase of total charge. This difference between
solid and droplet targets suggests that the increased yield observed in the droplet
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Figure 6.4: Left: Effects of pulse delay ∆t and first pulse energy E1 on the total col-
lected charge. Right: Overall mean ion kinetic energy (i.e. aggregated across
all charge states) for all values ∆t and E1 studied.

target experiments indeed resulted from geometrical effects, where the first
pulse creates a small amount of plasma which quickly expands resulting in
better coupling between the now-larger target and the second pulse.

6.6 C O N C L U S I O N S

These new charge-resolved measurements show that the introduction of a
weaker (tens-of-µJ) pulse preceding a second 5 mJ pulse results in a reduction
of ion kinetic energy for every charge state, as well a strong reduction in the
yield of higher-charge-state ions, which are the most energetic. Notably, for
some pulse-pair settings, it was possible to suppress higher charge states above
Sn2+. This suppression is of practical interest to increase the lifetime of optical
components inside EUV sources, especially when paired with ion mitigation
techniques which are most effective for lower-energy ions below 1 keV.

Furthermore, for all pulse-to-pulse delays except ∆t = 10 ns, total ion yield
was lower than in the single-pulse case. This is in contrast with the data obtained
in Chapter 4, indicating that the increased ion yield observed for droplet targets
for longer pulse-to-pulse delays was due to geometrical effects caused by droplet
expansion driven by the first pulse, i.e. increased overlap between the laser and
target.
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In future experiments, the addition of measurement methods to character-
ize neutrals ejected from the target, such as transverse optical probing, would
provide valuable information on the density and velocity distributions of the
neutrals created by the first pulse. A better understanding of the temporal evo-
lution of the density profile in front of the initial target surface will be key to
explain some of the more complex behavior observed, such as the suppression
and resurgence of Sn3+ and Sn4+ for larger values of ∆t. Additionally, corre-
lating experimentally-measured target density distributions with ion yield will
shed light on the relation between laser coupling and target density profile, a
problem which has been extensively studied in a theoretical framework related
to plasma expansion into vacuum.

Lastly, recent work at ARCNL on development of calibrated retarding-field
analyzers (RFA) [34] could also be used to provide a clearer picture of the
double-pulse dynamics. Since RFAs are more compact than ESAs, it is possible
for multiple devices to be mounted at different angles with respect to the target
surface, to evaluate the effects of the double-pulse configuration in the angular
distribution of ion energy [33].
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S U M M A R Y

To produce the increasingly more powerful computers that power our daily
lives, smaller and smaller transistors need to be printed and crammed into ever
more densely packed chips. A constant obstacle to this miniaturization trend
and to the long life of Moore’s law is the diffraction limit of light, which states
that smaller features can only be printed using light with shorter wavelengths.
Even as this fundamental limit is stretched to its extremes by clever engineering,
the semiconductor industry has continuously pushed the technological envelope
in search of light sources with shorter and shorter wavelengths, eventually
reaching the current nanolithography machines which use extreme ultraviolet
light (EUV), with a wavelength of 13.5 nm. Inside current commercial EUV
sources, micrometer-sized droplets of liquid tin are irradiated by a high-power
CO2 laser, creating a plasma which emits the desired 13.5 nm photons. How-
ever, small dense liquid spheres are a rather inefficient target shape for EUV
production. To solve this, each droplet is irradiated by two laser pulses. A first
low-energy pre-pulse irradiates the initially-spherical droplet, deforming it via
hydrodynamic expansion into a shape more favourable for EUV production.
Afterwards, a time-delayed high-energy main pulse irradiates this deformed
droplet. As the EUV generation efficiency is strongly dependent on the shape
of the target, the process of deforming a spherical droplet into a more favorable
shape is a topic of intense study.

Typically, pre-pulses have durations in the nanoseconds and effectively
"push" the droplet to hydrodynamically deform from a sphere into a thin
disk. Another approach that has been shown to produce promising targets is to
irradiate the droplet with shorter pre-pulses with durations of picoseconds or
even femtoseconds. Rather than pushing the droplet like nanosecond pulses,
these shorter pulses create an intense shock wave on the droplet surface. This
shock wave propagates through the spherical droplet and focuses at its center,
where a bubble is formed through a process called cavitation. Once formed, this
bubble rapidly expands, turning the droplet into a bubble, which later ruptures
and breaks up into fine particles. These targets, sometimes referred to as "cloud"
or "dome" targets, have in some cases shown higher conversion efficiencies
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compared to disk targets, with the drawback of additional debris created by the
violent transformation process.

To study the dynamics of these cloud targets, we designed and built a laser
system capable of producing laser pulses with durations ranging from 220 fs
to 100 ps, described in Chapter 2. The system can be broadly divided into two
parts. The first is a 1064 nm-based system, seeded by a home-built Nd:YVO4
oscillator whose output is passed through a tuneable stretcher which allows
pulse durations between 15 and 100 ps. The stretched output then passes a
pulse picking stage, which enables us to operate the system in single pulse
mode or produce sequences of pulses with adjustable energy and pulse-to-
pulse separation. This output is then amplified by a high-gain grazing-incidence
Nd:YVO4 pre-amplifier followed by a Nd:YAG rod amplifier, with a final output
energy of up to 180 mJ. This system can be used as a standalone laser source, but
it is also used to pump an optical parametric chirped pulse amplifier (OPCPA).
The OPCPA is seeded by a commercial Erbium-doped fs fibre amplifier with
a central wavelength of 1550 nm which is stretched to 30 ps and, after 3
amplification stages using non-linear KTA crystals and compression using
transmission dielectric gratings, produces pulses with durations ranging from
220 fs to 10 ps, with energies up to 10.5 mJ.

In Chapter 3, using the OPCPA to irradiate microdroplets with initial radii of
15 µm and 23 µm, we study the effects of pulse energy and duration for pulse
durations ranging from 220 fs to 10 ps, with energies ranging from 1 mJ to 5 mJ.
The initial cavitation expansion velocity as well the velocity of the ablated
material are found to decrease as a function of pulse durations, indicating
how shorter pulses lead to faster, more violent dynamics. Additionally, using
linearly polarized laser pulses, cylindrically-asymmetric shock waves were
produced, leading to novel non-symmetric target shapes. A good qualitative
agreement was obtained between smoothed-particle hydrodynamics simulations
and high-resolution shadowgraphy images of the droplet deformation dynamics,
highlighting the role of shock waves in the laser-driven deformation dynamics,
and indicating that the non-cylindrically-symmetric pressure wave launched
from the surface is the main factor for the observed behaviour.

In Chapter 4, we use the pulse picking capabilities of the 1064 nm amplifier
to irradiate droplet targets with a pair of laser pulses, composed of a weaker
first pulse with variable energy in the µJ range, followed by a more energetic
5 mJ pulse. In this configuration, we produced novel target shapes which were
keenly dependent on the energy of the first pulse and the time delay between
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the pulses. Furthermore, the addition of a small first pulse led to a significant
reduction in the kinetic energy of the ions emitted by the plasma, with a 30-fold
reduction in the most extreme case.

Chapter 5 introduces an electrostatic analyzer, which can measure the energy
distribution of each detected charge state separately, offering additional insight
on the processes that dictate the energy of the emitted ions. The typical picture
assumes that ion acceleration driven solely by an electrostatic field created by
electrons ejected by the laser pulse. This leads to a linear relation between the
mean energy of each charge state and its ionization number, which we observe
for laser energies of 1 mJ. However, for higher laser energies of 3 mJ and
5 mJ, we observe a nonlinear relation between mean ion kinetic energy and
charge state, which hints at effects beyond the simple electrostatic acceleration
model. Additionally, the energy spectra observed are largely independent of
laser pulse duration in the range between 220 fs and 10 ps. This indicates that
the timescales of ion acceleration in the observed regime are either shorter than
220 fs or longer than 10 ps.

Lastly, Chapter 6 builds upon all the previous work shown by using charge-
state-resolved measurements to gain further understanding of the ion-slowing
effects reported in Chapter 4. These new charge-resolved measurements show
that the introduction of a weaker (tens-of-µJ) pulse preceding a second 5 mJ
pulse results in a reduction of ion kinetic energy for every charge state, as well
a strong reduction in the yield of higher-charge-state ions, which are the most
energetic. Notably, for some pulse-pair settings, it was possible to completely
suppress higher charge states above Sn2+. This suppression of the faster ions is
of practical interest to increase the lifetime of optical components inside EUV
sources, especially when paired with ion mitigation techniques which are most
effective for lower-energy ions below 1 keV.
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