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I

Introduction
The world's dependence on droplets of tin

In the most advanced EUV nanolithography machines, 50 000 tin droplets are blown
up per second, continuously throughout each hour of every day. This adds up to
4.3 billion exploding tin droplets* per day, each droplet explosion emitting a small
amount of light. This light is crucial, as it is extreme ultraviolet (EUV) light, which
is used to `print' modern computer chips in the rest of the machine. The computer
chips produced in this way have become essential for many modern devices, such
as computers, kitchen appliances, televisions, or cars, and thus also support modern
services such as Net�ix and ChatGPT. Due to these widespread applications, some of
the most valuable companies in the world are in the business of computer chips.1�3

FIGURE 1: A pyramid of (a par-
ticular sector of) the chip industry.
While many companies use and de-
sign chips, fewer can make them (the
`foundries'), and even fewer can make
the machines (the `tools') required.
Thus, when focusing on one such
tool, the nanolithography tool, ASML
alone occupies the top spot of the
pyramid.

These extremely valuable and well-known com-
panies, such as Microsoft and Apple, create end
products utilizing computer chips. Other notable
examples include tech companies like Google,
Meta, or OpenAI. However, companies such as
BMW, NXP, Bosch, and Texas instruments are
also signi�cant consumers of computer chips.
All of these companies are at the bottom of the
semiconductor industry pyramid, creating prod-
ucts with computer chips. The chip manufac-
turing process is delegated to a select group of
companies called `foundries' because of its com-
plexity and cost. The largest foundry is TSMC,4

which produces the chips of Apple and alone
controls 60 % of the market„ .8

Although there are only a few foundries with the
ability to produce cutting-edge chips, even fewer

* For more than a 100 kg of tin per year.
„ Making it key to Taiwan's autonomy,5,6 and also using8 %of all electricity produced in Taiwan,

which is expected to rise above 20 % in 2030.7
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can make the machines, `tools,' needed to do the job. The key tool to make a chip is
the nanolithography machine, which is one of the most expensive. In addition, it has
the greatest impact on the e�ciency and speed of the chip being produced. And only
one company can supply the newest generation lithography tool, the one that utilizes
tin droplets, and thus occupies the top spot of the pyramid: ASML* .

A short history of the most complex machines in the world

Modern lithography machines are extremely complex9 room-sized machines costing
more than 200 million euros.10 Here, we focus on a single module of the lithography
machine: the source. In the source, EUV light is generated and sent into the rest of
the machine to be used to create computer chips.

The previous generation of lithography machines utilized light with a wavelength
of � =193 nm, with the light generated from a KrF laser. However, to achieve the
nanometer-sized features required for modern chips, even shorter wavelengths are
necessary. This is because of the fundamental limit of optics described by the Abbe
limit:

CD = k1
�

NA
: (1)

The critical dimension (CD) is determined by two main factors:� , the wavelength
of the light and the numerical aperture (NA) of the system, which is de�ned as
NA ù D_2f for optical systems in air or vacuum (whereD is the size andf
the focal length of the lens). The numerical aperture can be imagined as a sphere
surrounding the focal point; the more of this sphere the lens occupies, the higher
the NA. Furthermore, the factork1, which varies based on process optimizations,
typically ranges from0.25� 0.4. Thus, transitioning to a shorter wavelength becomes
necessary to achieve a smaller critical dimension, given the limitations on increasing
the NA. This reduction in the critical dimension allows for an increased number of
transistors on a chip, resulting in enhanced chip performance and e�ciency.

Research on extreme ultraviolet (EUV) lithography, the newest generation of lithog-
raphy machines, started more than 30 years ago in the late 1980s.11�14 One of the
�rst challenges was to decide which exact wavelength shorter than193 nmto use. A
wavelength of13.5 nmwas chosen primarily because of the availability of mirrors at
this speci�c extremely short wavelength. Lenses are not suitable because EUV wave-
lengths are absorbed by almost all materials„ . Thus, multilayer mirrors consisting of

* For this speci�c part of the industry. There are many other companies that are key for other
components, such as extremely pure silicon wafers, metrology tools, or other steps in the manufacturing
process such as etching.

„ Including air; there is a vacuum inside the machines.
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tens of layers alternating between molybdenum and silicon are required to transport
the 13.5 nm EUV light.15

The fundamental principle involves a small amount of light being re�ected by each
even molybdenum layer (the re�ector) and transmitted through the odd layers of
silicon (the spacer). Then, by matching the spacing between the re�ecting layers with
the wavelength of the light* , constructive interference occurs, resulting in re�ection.
This phenomenon is known as the Bragg e�ect and is illustrated in Fig. 2.

FIGURE 2: A schematic of the Bragg
e�ect. A ray of light with a wave-
length (illustrated by the dashed line)
comes in and re�ects on the molyb-
denum layer. For the left case, the
wavelength is correct, and the light
waves are in phase after the re�ec-
tion. The wavelength on the right
does not match the thickness of the
materials, is out-of-phase and will not
be re�ected as well.

Multilayer mirrors composed of molybdenum
and silicon can re�ect over70 % of the light
within a 1 %range around13.5 nm(i.e., 13.3�
13.7 nm),16 o�ering some of the best re�ectivity
performance. Other material combinations can
lead to peak re�ectivity at di�erent wavelengths,
but no other material combination comes close to
the71.2 %peak re�ectivity reported for molyb-
denum and silicon.17 Given that approximately
í 10mirrors are required in the lithography ma-
chine, even a minor increase in transmission is
crucial. For example, improving the re�ectivity
from 65 %to 70 %more than doubles the light
output after the 10th mirror. Thus, that is the
justi�cation for 13.5 nm: it is the wavelength of
the best multilayer mirrors, those consisting of
molybdenum and silicon.

The next challenge lies in creating an EUV source
that can produce a large amount of light (100� 180 Wwas a typical desire during
the early development15,18) that falls within1 %of 13.5 nm, referred to as `in-band'
EUV. The use of a conventional laser, as previously used for193 nm, is not feasible
due to the absence of suitable technology. The only available `laser' technology
capable of producing13.5 nmlight is the free-electron laser (FEL). FELs function by
emitting light through the acceleration and deceleration of electrons and are capable
of emitting at13.5 nm. However, there are signi�cant technology challenges that
make it di�cult to use FELs for EUV production, such as the fact that one FEL would
power several lithography machines, increasing the risk of downtime, and the fact
that the light is coherent.19,20Similarly, a synchrotron light source,21 or other more
compact X-ray sources,22 are also considered di�cult to implement technologically.
An alternative approach involves high-harmonic generation (HHG). This process

* Resulting in layers of a few nm thick.15
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involves the removal of electrons from their atoms by an intense ultra-short laser
passing through a gas cell, with the electrons returning as the electric �eld of the
light reverses. This results in the creation of odd `higher harmonics,' such as 1/3x,
1/5x, etc., of the original laser wavelength, potentially yielding13.5 nm. However,
the conversion e�ciencies (CE) of laser light into in-band EUV light are typically
<0.01 %, and given that industrial lasers are typically limited to100 kW, it is not
possible to exceed a few watt of EUV using HHG.23

The solution is to generate a plasma. In natural settings, plasma occurs under condi-
tions of high temperature, such as those found in the Sun, or as a result of high applied
voltages, as observed in welding and lightning.24 In a plasma, electrons detach from
their host atoms, which become ions with electron de�ciencies. Plasmas typically
emit light when an electron transitions between energy states or when electrons
and ions recombine. In laboratory settings, typical ways to create a plasma are by
illuminating a target with a pulsed laser, resulting in a laser-produced plasma (LPP),
or by creating a discharge, a discharge-produced plasma (DPP). Since industrially
available pulsed lasers can achieve power levels exceeding20 kW,25 a conversion
e�ciency of only 0.5 %would already give100 Wof in-band EUV* . Additionally,
liquid microdroplet-based laser-produced plasma generate less debris than discharge-
produced plasmas, giving them an advantage in long-term operation.15,18,26Thus,
a laser-produced plasma is the ideal choice for an EUV source. But that leaves the
question: Which element should be used as the ion in the plasma to maximize EUV
emission?

Tin is the perfect choice for this case, as Sn10+ to Sn14+ are strong emitters around
13.5 nm.15,18,27The excitation-deexcitation of multiply excited electrons in these ions
has been shown to be the origin of this emission.28 This characteristic makes tin ideal
for producing13.5 nmlight, provided that the plasma can be heated su�ciently to
ensure that Sn10+ to Sn14+ ions are dominant. Schuppet al. demonstrated that tin
can emit nearly20 %of its total light output in the13.5 nmin-band region, which is
an exceptionally high value.29 Consequently, conversion e�ciencies of laser light
into EUV of 5 % can be achieved, providing a pathway to >100 W EUV sources.30

A modern EUV source

In more than two decades of development, ASML has successfully engineered the
commercial extreme ultraviolet (EUV) source, which is currently capable of producing
an output over500 Wto be used for printing in the rest of the machine.32,33A modern
EUV source has several essential components that deserve to be introduced, which

*Typical lasers in this Thesis have pulse lengths ofí 10 ns, and an intensity of at least107 W/cm2,
more than a million times the intensity of a stove top.
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are schematically shown in Fig. 3.
First, the `collector mirror,' which gathers the EUV light emitted from the plasma
and sends it into the machine through the `intermediate focus' (IF). The collector
mirror occupies nearly half of the sphere surrounding the tin plasmas, speci�cally
the side of the plasma that is heated by the laser, as the majority of EUV is emitted
in that direction. Therefore, only EUV emitted towards the laser-facing2� (i.e., half
of the sphere) is considered for plasma-driven EUV sources. This consideration was
already included in the 5 % conversion e�ciency mentioned previously.
Second, the collector mirror is perpetually at risk of being hit by charged tin ions
leaving the tin plasma. The `bu�er gas' serves to prevent tin from hitting the collector

FIGURE 3: A schematic of a modern EUV source with its multiple laser pulses. Each tin
droplet, moving downward in a stream, is deformed and expanded radially by the pre-pulse
(PP), vaporized by the rare�cation pulse (RP), and then blown up using the main pulse (MP)
to generate EUV light in a process taking a fewµs. The collector mirror is on the left and
collects the13.5 nmin-band EUV light into the machine via the intermediate focus (IF).
Displacement of the illustrated tin is purely for visual clarity. Inspired by Ref. [31].
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mirror, as this would lead to rapid degradation of the mirror performance. Third,
the `droplet generator' produces a stream of tin microdroplets, each with a diameter
of tens ofµm* .26,34,3550 000 droplets per second are shot into the machine, each
transformed into a plasma by a high-power laser to generate a burst of EUV light.35

Finally, a modern EUV source has three laser systems. The �rst laser to interact
with the droplet is the `pre-pulse' (PP), starting the `target shaping' process, where
a `target' is made out of the droplet.36,37The pre-pulse generates a small plasma on
the tin, inducing hydrodynamic expansion and deformation into a `sheet,' a process
that takes a few microseconds. The sheet typically exceeds200µm in diameter and
ranges between0.05� 2µm in thickness.38 The modi�ed aspect ratio of the tin sheet
matches the optimal length scale of a CO2-driven plasma, at a size of several100µm,
better than that of the initial droplet.35 However, a drawback of the pre-pulse is that it
consumes approximately10 %of the tin and more tin is lost over time through small
fragments as the sheet expands.39

Subsequently, the thin sheet is transformed into a vapor by the `rare�cation pulse,'
which arrives a few microseconds after the pre-pulse.33 This transformation from
sheet to vapor decreases the density of the target while increasing the length scale
along the laser propagation axis.35,40Both of these e�ects improve the absorption of
the �nal laser pulse when compared to the tin sheet, which acts as an e�ective mirror
while the vapor o�ers long path lengths for absorption. Finally, the `main pulse'
creates the EUV-emitting plasma. In modern systems, this is a pulsed CO2 laser
with a wavelength of10.6µm operating at50 kHz.26,41The advantages of CO2 are its
maturity as a system capable of outputting the desired>20 kW of laser power,33,35

and its long 10.6µm wavelength supporting high CE values.42

Research questions and thesis outline

The development of EUV sources has not stopped now that500 Woutput has been
achieved. There are still many open questions, both physics-related and more applied
to the current machine, that could allow for optimization of each step in the process
and thus increase EUV output. For example, the pre-pulse, which has been in use for
years now, is still an active �eld of research, where in-depth �uid dynamic questions
such as �What sets the curvature of the tin sheet?�43 and �What kind of instabilities
play an important role in the pre-pulse process?� are being studied. Similarly, the
rare�cation pulse opens up many di�erent ways of preparing the target that will be
hit by the main pulse. "What kind of composition should the vaporized tin have?
Should liquid microdroplets be present in the vapor or not? Should the vapor be

* Less than half of the width of a human hair.



I
Research questions and thesis outline 7

relatively cold or hotter, and maybe even ionized? What shape should the vapor
have to optimize the absorption of the main pulse? What parameters should the used
solid-state laser have to achieve these parameters?" The parameter space is practically
endless.

Steps to optimize the pre-pulse or rare�cation pulse could be integrated into a modern
EUV source with relative ease. However, one can also wonder about larger changes.
Why should this combination of three laser pulses be the limit? Could an additional
pulse give even better performance? What if one of the lasers is switched out for
an alternative? The biggest contender in this �eld is to use a main pulse generated
by a solid-state laser, with a wavelength of2µm, to replace the current10.6µm
CO2 main pulse. Solid-state lasers are already being used for the pre-pulse and
rare�cation pulse,33,41as solid-state lasers o�er high e�ciency of electrical power
to laser power in a compact package. However, so far, solid-state lasers have not
been able to challenge the10.6µm CO2 laser in the role as main pulse, due to a
mismatch of technological limits for solid-state lasers and optimal plasma conditions
for EUV generation. This is changing for2-µm-driven sources, which o�er several
bene�ts, such as good EUV generation performance and potential scaling pathways
to higher EUV powers, combined with the higher laser e�ciencies typical of solid-
state lasers. It is an active �eld of research to quantify their feasibility for industrial
applications, both related to the plasma physics of such a source, but also to create
the laser technology required.

Of course, all this is too much for a single PhD thesis. For this Thesis, we focus
on novel applications of solid-state laser-driven processes related to EUV sources,
taking inspiration from the rare�cation pulse and solid-state laser-generated main
pulses. What happens when a laser pulse, from a solid-state laser, interacts with tin?

Depending on the intensity of the laser pulse, we can split the study of the interaction
of laser pulses generated by solid-state lasers with tin into two areas. The �rst area is
the vaporization of liquid tin using a low-intensity (1� 1000Ö106 W/cm2) 1µm solid-
state laser, inspired by the rare�cation pulse relevant for the target shaping process in
industrial nanolithography machines. Here, we aspire to answer questions such as
�What is the composition of the vapor created by a solid-state laser vaporizing a tin
sheet?�, �What physical process governs the vaporization?�, and �Which parameters
impact the resulting vapor?� The second area of study is EUV-producing plasmas
driven by a high-intensity (>1 Ö1010 W/cm2) 2µm laser, an alternative to the current
industry standard10.6µm CO2 main pulse. In this �eld, important open questions are
�What is the behavior of the ion emission for2µm compared to the widely studied
1µm or 10.6µm?�, "What is emitted by a2-µm-driven EUV-emitting plasma in
addition to the EUV photons?", �How can2-µm-driven EUV sources reach industrial
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levels of EUV emission?�, and �What is the best `target,' such as a sheet or vapor, for
2-µm-driven EUV sources?� Along those lines, we de�ne two overarching research
questions:

What sets the composition of a tin vapor created by a laser pulse from a tens of
nm-thick liquid tin sheet and which parameters impact this composition?
What physics would allow the scaling of 2-µm-driven EUV-emitting plasma sources
from laboratory to industrial application?

These research questions leave a broad range of topics to investigate and each chapter
of this Thesis will focus on a speci�c part. Chapters 1�3 will be related to vaporization
using a solid-state laser, while Chapter 4 will focus on 2-µm-driven EUV sources.

Chapter 1 introduces a novel diagnostic to investigate the composition of tin vapors.
Speci�cally, we vaporize thin sheets with a6 ns 108 W/cm2 laser pulse and then study
the resulting vapor cloud100 nslater. We study the vapor by making images of it
in transmission and measuring the extinction (absorption + scattering) of light as
it passes through the vapor. We can make a spectrum of the extinction of light in
the vapor by using hundreds of backlighting wavelengths, which range between235�
400 nmin the UV. We use this extinction spectrum, which we can make per pixel in our
image and thus spatially resolved with a resolution of10µm, to reveal that the vapor
consists of small nanoparticles (radius<30 nm) and free atoms with a temperature
around3000 K. Moreover, we �nd that the vapor is spatially homogeneous; the
composition is the same for every position in the vapor.

Chapter 2 sets out to understand how the vaporization process actually works. To
do so, we use a much longer100 nsvaporization pulse, allowing us to take pictures
during the vaporization. We observe the sheet gradually thinning from these pictures
taken during the vaporization pulse. This points to Hertz-Knudsen vaporization being
the vaporization mechanism, compared to some alternative mechanisms common
in fast vaporization. We develop a model based on Hertz-Knudsen vaporization,
reproducing our experimental data well. By combining two methods to observe the
sheet shrinking, we can conclude that sheets with a thickness ranging30� 300 nmall
vaporize via Hertz-Knudsen for laser intensities between0.2� 4 Ö107 W/cm2. Thus,
we understand the mechanism of vaporization for tin sheets: the same mechanism as
a puddle of water outside, just a billion times faster.

Chapter 3 takes vaporization to the extreme by increasing the laser intensity a
hundredfold in an e�ort to change the composition of the vapor. Speci�cally, we study
how the resulting vapor depends on the laser intensity ranging1� 130Ö107 W/cm2,
encompassing the intensity of both Chapters 1 & 2, but also extending it signi�cantly
higher. We do this to study the dependence of the vapor on inputs such as the original
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sheet target or the laser parameters. Which `knob' should have to be turned to change
the vapor signi�cantly? We �nd that the laser intensity is a key parameter as long as
it is increased to above the threshold to form plasma during the vaporization. Once
this laser intensity is achieved, the vapor changes from a uniform3000 Kmix of
nanoparticles and atoms to a hot8000 Kfree atom-only vapor. The density of the
atoms increases as the nanoparticles disappear, making laser intensity a key pathway
to creating dense atom-only vapors.

Finally, Chapter 4, takes the intensity to EUV-emitting regimes. By increasing
the laser intensity, the temperature of the plasma will increase, and thus will the
average charge state„z of the ions in the plasma.44 As the laser intensity reaches the
í 1011 W/cm2, the plasma temperature will increase to theí 30 eVrequired to have
a large presence of the13.5 nmin-band EUV emitting ions of Sn10+ to Sn14+. We
supply this required laser intensity using a2µm laser, an alternative to the current
industry standard10.6µm. Previously (see List of Publications), we already showed
that2-µm-driven plasmas can obtain promising conversion e�ciency (CE) values.
That is why this work, the culmination of a decade of work on EUV-emitting plasmas
at ARCNL, tries to complete the case for2µmtechnology being a promising candidate
for future EUV sources. It does so by focusing on quantifying the power partitioning,
studying the balance of input energy (the laser) and energy sinks, such as emitted
light, ions, neutrals, and laser re�ection or transmission. We show that we can
reconstruct the complete power partitioning, reconstructing101(14) %of the input
energy. Around70 %of the energy goes into the emission of photons, of which a
dominant fraction is emitted in the5� 70 nmwavelength range. Plasma ions contribute
í 30 %of the energy, and this fraction slightly decreases as a function of the laser
intensity, whereas photon emissions increase in step. These results o�er a benchmark
of the plasma power partitioning for future research into and industrial applications
of EUV lithography sources.

These results are summarized and re�ected upon inConclusion & Outlook. In the
outlook, we expand on the results shown in the main chapters for both applications of
solid-state lasers: the vaporization of tin and2-µm-driven EUV sources. For tin vapor,
we show the potential of a dye-laser-backlight UV shadowgraphy setup, replacing
the broadband OPO laser used in this Thesis. The narrow-band dye laser allows for
density and linewidth extraction from the extinction spectra, and detailed probing of
the tin atomic resonances. For2-µm-driven EUV sources, we look toward a concept
without a pre-pulse, where the2µm main pulse hits the droplet directly. This concept
has been studied using radiation-hydrodynamic simulations45 and o�ers a potentially
novel pathway to high EUV source powers. The �rst step in the experimental study
of this concept is demonstrated and paves the way for future work to further validate
the concept.
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Experimental setup

ARCNL is the proud owner of two small-scale EUV sources, the Daleks* . The
vacuum chambers are identical and therefore are calledDalek-I andDalek-II. The
main task of the Dalek setups is to create a vacuum environment (í 10=6 mbar) for the
tin droplet stream that is easily accessible by lasers and many (optical) diagnostics.
That is why the Dalek chamber features 52 vacuum ports located only18 cmaway
from the center of the chamber, creating many options to access the center of the
chamber with a high NA. Figure 4 shows cross-sectional drawings of the entire Dalek
setup (vacuum chamber and selected components around it) from the side view, the
front view, and the top view.

Both Dalek setups are identical at their core, even though both have gone through many
iterations over the years. The di�erence between the Dalek setups is their application
and thus exact laser systems and diagnostics. Dalek-I is the setup currently focused on
2µm EUV sources and is thus used for Chapter 4 and some other publications related
to 2µm (see List of Publications). Dalek-II is the setup for vaporization experiments
and is used for Chapters 1�3.

In this section, we focus on the main principles of the experimental setup, usually
skipped over in individual publications, such as the droplet generation and triggering
systems, while each chapter will describe the key setup components for that exact
study. The report of this section will be based on the status of the Dalek systems in
the spring of 2025, to include all the improvements done over the years. For older
and in some aspects more detailed descriptions of Dalek systems, one can read the
theses of Kurilovich46 and Meijer.31

A stream of tin

The droplet generator sits on top of the Dalek vacuum chamber. The entire droplet
generator system is called the `source'„ . The source consists of two main components:
a tin tank and a nozzle assembly (indicated as (1) in Fig. 4), and is connected to the
Dalek via a �ange, which also allows for feedthroughs to send electrical signals
to the nozzle and to measure temperatures. This �ange sits on motorized movable
bellows, which allow the source to tilt with respect to the Dalek, ensuring that the
droplet stream passes through the center of the chamber. The tin tank holds the
liquid tin (roughly1.3 kg) and has its own heating element. In preparation for the
experiment, the tank is �lled with solid99.999 %pure tin blocks and pumped to
vacuum (í 10=6 mbar) through a line at the top to stop further oxidization of the tin.

* Named for the �ctional race of robots seen in Doctor Who.
„ Not to be confused with the EUV source, this is the droplet source. The source of the source.
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FIGURE 4: Illustration of a Dalek setup from three views. Num-
bered icons indicate (1) the nozzle, (2) the catcher, (3) triggering
system, (4) the pre-pulse, (5) green shadowgraphy, and (6) UV shad-
owgraphy. Inspired by Ref. [31].
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The tin in the tank is brought to270°C, well above the melting point of the tin at
232°C. The nozzle is brought up to the same temperature by the separate nozzle
heater, which consists of two stages, allowing the tip of the nozzle to be molten only
when everything else is ready, in an e�ort to reduce the chance of clogging.

Once the tin is liquid, the tank is pressurized with argon gas and the tin at the tip
is molten by setting the heater to270°C. Typical argon pressures are10� 25 bar,
depending on the nozzle ori�ce size and the desired droplet size. A cage system is
present around the pressurized tin for safety in case of failure, shown in Fig. 4(b).
Once pressure is applied and the tin at the tip is liquid, a stream of tin will immediately
begin to �ow out of the nozzle, entering the vacuum chamber with a velocity of
í 15 m/s. The stream is centered using the bellows and leaves the main Dalek chamber
at the bottom* . This is where the Dalek chamber is connected to its vacuum pump,
but also the `catcher,' (indicated as (2) in Fig. 4) which is the intended collection
place of all unused tin droplets„ . The catcher is also heated to270°C to prevent the
formation of stalagmites.

Droplet generation

The tin stream inherently breaks up as it travels through the vacuum chamber due to
the Rayleigh-Plateau instability. Raleigh-Plateau breakup occurs in thin streams, such
as our droplet stream or a shower. Depending on the velocity and the radius of the
stream, di�erent frequencies, which can be imagined as the distance between a bulge
and a squeeze in the stream, grow faster, leading to chaotic breakup into droplets with
a wide range of sizes. In the experiment, breakup is driven by a piezoelectric element
integrated into the nozzle, which e�ectively squeezes the stream at a certain frequency
and ensures the formation of droplets at this frequency and thus at a constant droplet
size.

The size of the tin droplets depends on three main parameters. The �rst is the size of
the ori�ce of the nozzle. The nozzle is picked before the experimental campaign to
best match the desired droplet size. The ori�ce size and the �ow velocity determine
the rate of tin usage. Since the tin tank is limited to1.3 kg, this also sets the length of
the experimental campaign. In short, it is encouraged to use a small nozzle at lower
pressures if possible, as it increases the measurement time…. The main parameter
to change the droplet size is the frequency applied to the piezo, as it can easily be
changed during operation. The diameter of the droplets relates the frequency with

*At this point, by eye, the stream of tin looks like a line of silk.
„ The lasers operate at10 Hz, while the droplet breakup is in thekHz-range. Thus, most tin goes

into the catcher.
…And thus reduces stress on the experimentalist.
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the relationd × f *1_3 since the mass in the stream must be conserved. Thus, the full
relation between the aforementioned parameters and the droplet size is (empirically)

d = A • f *1_3 ;with A × p0:25` 0:71
NOZ; (2)

wherep is the argon backing pressure and` NOZ the nozzle ori�ce size. The parameter
A is always experimentally determined by scanning the piezo frequency and recording
the droplet size. Typical frequency values are5� 50 kHz. Higher values are possible,
but they often give droplets that are too closely spaced to ensure that only one droplet
is hit by the laser, while lower frequencies often do not give a stable breakup into equal
droplets. Depending on the size of the chosen nozzle ori�ce and the argon backing
pressure (here typically10� 25 bar), this can give droplet diameters ranging20� 50µm
with a typical uncertainty of±0.5µm. Combining the limited range of pressures
(only 2.5x change possible) with the1_4power law in Eq. (2) shows why changing
the pressure cannot give large changes in droplet size, even though it can be easily
changed experimentally. Additionally, changing the pressure will change the stream
velocity, which impacts several factors such as the tin consumption, the spacing
between the successive droplets, and also the triggering, which will be discussed
next.

Triggering

With a stable stream in place* , the next step is to hit the droplet with a laser. The
timing and repeatability of the laser-droplet interaction, also called thelaser-to-
droplet alignment, are critical for the experiment. For example, for a pre-pulse
case that makes a sheet, laser-to-droplet alignment should be good enough to result
in less than1° tilt for the sheet. But since the droplets move atí 15 m/sand are
typically 20� 50µm in diameter, they move one diameter everyí 2µs. Thus, for a
high repeatability of the experiment, the laser needs to hit the droplet within100 ns
of the perfect moment, every time. Guaranteeing this high level of accuracy is solved
by having the droplets pass through a horizontal line of continuous laser light, which
scatters light that can be detected and used to trigger the laser(s). In more detail,
the light is generated by an Integrated Optics 0633L-13A-NI-PT-NF diode laser,
which emits60 mWof 636 nm(red) light. This part is indicated as (3) and is shown
schematically as `CW' (continuous wave) in Fig. 4. The horizontal line focus, with
typical full-width-at-half-maximum (FWHM) of400µm • 20µm, is achieved using
cylindrical lenses and allows for some movement of the stream left-right without
losing signal strength. The scattered light is picked up by a Hamamatsu H10492-013

*The eye cannot resolve the stream but the microscopes will now show a steady breakup into
identical droplets.
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photo-multiplier tube (PMT, also shown in Fig. 4), which sits behind a band-pass
�lter to ensure it only picks up the diode light* .

The signal-to-noise ratio of this scattered signal is the key to<100 nsrepeatability of
the trigger„ . Thus, the power of the continuous light should be high, the horizontal
FWHM not too large (but also not too small to prevent constant adjustment being
required as the stream moves slightly over time), and the vertical FWHM as small as
possible. The �rst two increase the intensity of the light at the droplet, while reducing
the vertical FWHM has a double e�ect. 1) It increases the intensity of light at the
droplet, but 2) it also increases the `steepness' of the scattered signal because the
droplet will spend less time in the horizontal light sheet. Both are wanted to obtain
the highestdV_dt, increase in signal over time from the PMT as possible. The higher
this value, the less e�ect noise will have on the exact trigger moment, reducing the
variability of the trigger momentt.

Four further details are important for the triggering system. First, this horizontal
laser sheet is placed3� 6 mmabove the center of the chamber. These few millimeters
will give a 200� 400µsof travel time to the center of the chamber, where the droplet
will interact with the pulsed laser, and thus enough time for the laser's pump-pulse
cycle. Second, the triggering system is also used to down-sample thekHz scattering
signal to10 Hz, the frequency of the laser systems. Third, a `backup box' is present
in the triggering system. This box produces a9.5 Hztriggering signal, but only when
the10 Hzsignal is not present. This is required to ensure that the lasers keep running
at a steady frequency in case of problems with the droplet stream, which is required
to prevent thermal issues in the lasers.

Finally, a `constant fraction discriminator' (CFD) signal processing device is used to
improve triggering performance, in two main ways: by giving a droplet-size-invariant
trigger and reducing the variation of the trigger moment. Figure 5 shows a schematic
overview of the triggering system and explains the working principle of the CFD. The
raw signal of the droplet passing through the sheet of light is a Gaussian temporally,
with the width and height (which is tuned to be relatively constant using an adjustable
attenuator) varying for di�erent droplet sizes. Thus, a simple �xed threshold would
result in di�erent trigger timings. In the experiment, this would mean that the laser
pulse would be misaligned after changing the droplet size. The CFD is used to �nd
a droplet-size-invariant trigger moment. It does this by taking the original signal
and subtracting a delayed and horizontally �ipped version of itself from it. The zero

* Except for the plasma that follows, which emits all colors and therefore typically over-saturates
the PMT, by a lot. Fortunately, this plasma follows the trigger and thus does not matter, since the PMT
will have recovered by the next trigger, 100 ms later.

„ At the time of writing, our record stands at0.6µm standard deviation in the position of the droplet
after triggering, which is roughly 40 ns variation in the trigger timing at a droplet velocity of 15 m/s.
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FIGURE 5: An illustration of the triggering system. A droplet passes through a horizontal
line focus, and the scattered light is picked up by a lens and a photo-multiplier tube. The
resulting signal, temporally, looks like a Gaussian, with a width and intensity depending
on the droplet size. Thus, a constant threshold would result in shifting triggering points in
time (dashed gray line). A constant fraction discriminator is used to obtain a size-invariant
triggering point at the �rst zero crossing after a pre-trigger.

crossing of this new signal will not depend on the original width. Thus, the CFD
device triggers on the �rst zero crossing after a pre-trigger (which prevents triggers on
noise) to give a size-invariant trigger timing. Additionally, if one optimizes the delay
of the horizontally �ipped signal (which should be approximately the full-with-at-
half-maximum of the original Gaussian), the slope of this signal will be maximized,
resulting in even higherdV_dt and thus improved triggering performance.

Lasers and green shadowgraphy

The �rst laser to hit the droplet, in every chapter of this Thesis, is the `pre-pulse' (PP,
indicated as (4) in Fig. 4). The pre-pulse is focused down to a Gaussian spot with a
single lens, with a typical FWHM between80� 105µm depending on the application.
This �nal lens is placed on anxyz-translation stage to allow for �ne-tuning of the
pre-pulse alignment. Thez-axis needs to be tuned to ensure that the focus is on
the position of the droplet. This is done by maximizing the laser-impact-induced
propulsion velocity, which means maximizing energy-on-droplet, as thus minimizing
the spot size.47 The beam has a circular polarization for symmetric energy deposition,
as ensured with a quarter waveplate, and its energy can be controlled with a waveplate-
polarizer combination (not shown in Fig. 4). For Chapters 1�3, performed on Dalek-II,
the pre-pulse is obtained from a Surelite III, outputting10 nsGaussian pulses. The
Surelite III is stabilized using a MRC Compact Laser Beam Stabilization system to
improve pointing stability and reduce long-term drifts of the laser beam focus position.
For Chapter 4, performed on Dalek-I, the pre-pulse is a Spectra-Physics Quanta-Ray
Pro-250, which also outputs10 nsGaussian pulses and has a built-in stabilization
system. Both lasers are seeded, ensuring that the temporal pro�le is smooth, which
is required to ensure that incompressible �ow dominates over compressible �ow,48

resulting in sheet formation without excessive hole formation.
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We image the experiment using stroboscopic shadowgraphic imaging systems, simply
called `shadowgraphy.' There are two types, green shadowgraphy and UV shadowg-
raphy. UV shadowgraphy (indicated as (6) in Fig. 4) was developed for Chapter 1 and
used in Chapter 3 & 4. Since it is described in detail in Chapter 1, we will focus on
the green shadowgraphy here. The green shadowgraphy starts with a Litron Nano S
pulsed Nd:YAG laser outputting up to50 mJat532 nm. This direct light is not usable
for imaging as a result of its strong coherence. Thus, it is used to pump a Rhodamine
6G dye cell, which emits5 nspulses at560 nm(with a bandwidth of12 nmFWHM)
through �uorescence. This light is brought to the experiment through up to three large
multimode optical �bers (as the dye and Litron Nano S are located on another table).
At this point, spatial coherence has reduced signi�cantly, improving the quality of
the image.49 This light is sent through the chamber using a simple combination of
lenses and mirrors, passing through the tin (indicated as (5) in Fig. 4). Thus, the
shadow of the tin is imaged using the combination of a long-distance microscope (K2
Distamax) and a CCD camera (AVT Prosilica GT 2450). This system has a spatial
resolution of5µm. Multiple �bers and cameras can be used to simultaneously image
the tin at30° and90° angles with respect to the pre-pulse direction. We can set the
exact timing of the shadowgraphy withnsprecision using Stanford Research Systems
DG645 boxes by changing the delay between the pre-pulse (or any other laser) and
the shadowgraphy. Typically,20� 50 framesare taken at a certain time delay, to allow
for �ltering or averaging of the data in post-processing.

The �nal laser to hit the droplet is either the vaporization pulse (VP, Chapters 1�3)
or the main pulse (MP, Chapter 4), excluding the shadowgraphy since that does not
change the state of the tin. In brief, Chapter 1 uses a Litron Nano T, focused to a `line'
to vaporize a slice of the tin sheet. Chapter 2 uses an in-house-built laser50 imaged to
a spatial `�at top' to vaporize the sheet homogeneously. Chapter 3 uses a Continuum
Agilite 569-12, spatially focused to a Gaussian, much larger than the sheet with a
FWHM of í 1.5 mm. This spatial pro�le is also e�ectively �at at the sheet with only
5 %drop o� in intensity radially. All these lasers are Nd:YAG-based1µm lasers,
just like the pre-pulse lasers. Finally, Chapter 4 uses another in-house-built laser51

emitting at2µm as the main pulse. Details of these lasers are described in their
respective chapters.
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High-Resolution Spectroscopic
Imaging of Atoms and
Nanoparticles in Thin Film
Vaporization
Dion Engels, Randy Meijer, Karl Schubert, Wim van der Zande, Wim Ubachs,
and Oscar Versolato.
Applied Physics Letters123(25), 254102 (2023).

We introduce a spectroscopic absorption imaging method in the UV regime (225�
400 nm) to study tin vapor created by irradiating a thin �lm with a low intensity
108 W/cm2 nanosecond laser pulse, a case inspired by current developments
around `advanced target shaping' in industrial laser-produced plasma sources
for extreme ultraviolet light. The 4-ns-time-resolved,10-µm-spatial-resolution
images contain a10-cm= 1-resolution spectrum of the vapor in each pixel100 ns
after the vaporization. The images allow us to reveal a homogeneous temperature
pro�le throughout the vapor of around 3000 K. We obtain a density map of
the atoms (with a peak density of5 Ö 1018 cm= 3) and nanoparticles (1012 cm= 3

for the best �tting 20 nm radius case) which both are shown to be present in
the vapor. For each free atom, approximately three appear to be clustered in
nanoparticles, and this composition is invariant over space and density. The
density and temperature maps of the free atoms are combined to estimate the
electron density (peaking at 1013 cm= 3) in the vapor.

17
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Optical diagnostics of plasma and vapor play a key role in the development of modern
technologies. Notable examples include recent breakthroughs in tokamak fusion
plasma, where multiplexed imaging provides necessary detail, e.g., of the scrape-o�
layer,52�55 and EUV lithography, where active and passive spectroscopy methods led
to key new insights.18,28,56The diagnostics employed so far have focused either on
spectroscopic resolution, to identify contributing electronic states in atoms and ions,
or on imaging resolution, to, e.g., pinpoint the precise location of high-temperature
plasma areas.57,58This focus typically comes with trade-o�s between imaging and
spectroscopic resolution, or with the necessity to employ tedious spatial raster scans
to combine su�cient resolution on both fronts.59�62 The use of liquid tin as laser-
plasma targets in EUV lithography63,64and plasma divertor shielding in fusion65�67

motivates the development of direct optical diagnostics that combine high spatial and
temporal resolution with high-resolution spectroscopy of tin vapor that may comprise
atoms as well as nanoparticles.

In this work, we introduce a method of UV spectroscopic absorption imaging that
combinesí 10µm spatial,4 nstemporal, and a10/cmspectroscopic resolution that
enables identifying the composition of tin vapor. We develop and apply the method
to the �eld of tin target shaping, relevant to the production of EUV light using laser-
produced plasma (LPP).64 Speci�cally, we use a108 W/cm2 nanosecond-duration
laser pulse to experimentally create a vapor from a thin �lm, which is imaged using the
method, and to determine the vapor's state of matter. Target shaping, i.e. creating thin
tin sheets from droplets, is used for the LPPs to increase EUV generation e�ciency.35

Even larger e�ciency gains, in converting more laser light into useful EUV photons,
could be obtained with improved, `advanced' target shaping.34 Inspired by this
concept, we here investigate targets pre-shaped by a further laser pulse to create a
tin vapor38 that may improve the interaction with the main pulse and increase the
conversion e�ciency (analogous to the pre-plasma suggested in Refs. [68, 69]).

In the experiment (see Fig. 1.1), a train of tin microdroplets (T = 270°C in the
current experiments) is generated using a droplet generator mounted on top of a
vacuum chamber (10=7 mbar). The droplet stream passes through a sheet of light
a few millimeters above the vacuum chamber center. Scattered light at akHz-rate
is picked up by a photo-multiplier tube and downsampled to5 Hz to trigger the
experiment. For more details of the experimental setup, see previous work.38,70

A microdroplet (diameter set toí 30µm) is �rst hit by the pre-pulse [PP,10 ns, � =
1064 nm, cf. Ref. [71], and see Fig. 1.1(a)]. Spatially, the PP is focused to a Gaussian
spot size of approximately 100• 100µm (FWHM, full-width at half-maximum). The
droplet is propelled by the PP and expands into a thin sheet.70,72
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FIGURE 1.1: (a) Time-ordering of the three laser pulses used in the experiment. First, the tin
microdroplet is hit by a pre-pulse (PP), propelling the droplet and expanding it into a thin �lm.
At a set time (� t), this thin �lm is irradiated with the vaporization pulse (VP), creating the tin
vapor. The tin vapor is imaged using the shadowgraphy pulse (SP). (b) Processed side-view
shadowgrams created with284.08 nm-backlighting at di�erent times after the PP. The VP
hits3.1µsafter the PP. (c) Front view of the thin �lm (at30°, showing theline focus of the
VP, to control absorption path length. (d) Side-view shadowgrams at various SP wavelengths,
100 nsafter the VP. (e) Extinction (E) spectrum for the location indicated by the blue dot in
panel (d).
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