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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 Netflix 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 significant 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 using 8 % 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 efficiency 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 𝜆=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
𝜆

NA . (1)
The critical dimension (CD) is determined by two main factors: 𝜆, the wavelength
of the light and the numerical aperture (NA) of the system, which is defined as
NA ≈ 𝐷∕2𝑓 for optical systems in air or vacuum (where 𝐷 is the size and 𝑓
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 factor 𝑘1, which varies based on process optimizations,
typically ranges from 0.25–0.4. 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 efficiency.
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
first challenges was to decide which exact wavelength shorter than 193 nm to use. A
wavelength of 13.5 nm was chosen primarily because of the availability of mirrors at
this specific extremely short wavelength. Lenses are not suitable because EUV wave-
lengths are absorbed by almost all materials†. Thus, multilayer mirrors consisting of

∗For this specific 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 reflected by each
even molybdenum layer (the reflector) and transmitted through the odd layers of
silicon (the spacer). Then, by matching the spacing between the reflecting layers with
the wavelength of the light∗, constructive interference occurs, resulting in reflection.
This phenomenon is known as the Bragg effect and is illustrated in Fig. 2.

Mo
Si

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

Multilayer mirrors composed of molybdenum
and silicon can reflect over 70 % of the light
within a 1 % range around 13.5 nm (i.e., 13.3–
13.7 nm),16 offering some of the best reflectivity
performance. Other material combinations can
lead to peak reflectivity at different wavelengths,
but no other material combination comes close to
the 71.2 % peak reflectivity reported for molyb-
denum and silicon.17 Given that approximately
∼10 mirrors are required in the lithography ma-
chine, even a minor increase in transmission is
crucial. For example, improving the reflectivity
from 65 % to 70 % more than doubles the light
output after the 10th mirror. Thus, that is the
justification 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 W was a typical desire during
the early development15,18) that falls within 1 % of 13.5 nm, referred to as ‘in-band’
EUV. The use of a conventional laser, as previously used for 193 nm, is not feasible
due to the absence of suitable technology. The only available ‘laser’ technology
capable of producing 13.5 nm light is the free-electron laser (FEL). FELs function by
emitting light through the acceleration and deceleration of electrons and are capable
of emitting at 13.5 nm. However, there are significant technology challenges that
make it difficult 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.19,20 Similarly, a synchrotron light source,21 or other more
compact X-ray sources,22 are also considered difficult to implement technologically.
An alternative approach involves high-harmonic generation (HHG). This process

∗Resulting in layers of a few nm thick.15



I
4 Introduction

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 field 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 yielding 13.5 nm. However,
the conversion efficiencies (CE) of laser light into in-band EUV light are typically
<0.01 %, and given that industrial lasers are typically limited to 100 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 deficiencies. 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 exceeding 20 kW,25 a conversion
efficiency of only 0.5 % would already give 100 W of 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.15,18,26 Thus,
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.15,18,27 The 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 producing 13.5 nm light, provided that the plasma can be heated sufficiently to
ensure that Sn10+ to Sn14+ ions are dominant. Schupp et al. demonstrated that tin
can emit nearly 20 % of its total light output in the 13.5 nm in-band region, which is
an exceptionally high value.29 Consequently, conversion efficiencies 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 over 500 W to be used for printing in the rest of the machine.32,33 A modern
EUV source has several essential components that deserve to be introduced, which

∗Typical lasers in this Thesis have pulse lengths of ∼10 ns, and an intensity of at least 107 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, specifically
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-facing 2𝜋 (i.e., half
of the sphere) is considered for plasma-driven EUV sources. This consideration was
already included in the 5 % conversion efficiency mentioned previously.
Second, the collector mirror is perpetually at risk of being hit by charged tin ions
leaving the tin plasma. The ‘buffer gas’ serves to prevent tin from hitting the collector

13.5 nm
in-band

EUV
IF

Collector mirror

TIME (μs)

PP

RP

MP

~30 μm

~400 μm

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 rarefication pulse (RP), and then blown up using the main pulse (MP)
to generate EUV light in a process taking a few µs. The collector mirror is on the left and
collects the 13.5 nm in-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 of µm∗.26,34,35 50 000 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 first 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.36,37 The 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 exceeds 200 µm in diameter and
ranges between 0.05–2 µm in thickness.38 The modified aspect ratio of the tin sheet
matches the optimal length scale of a CO2-driven plasma, at a size of several 100 µm,
better than that of the initial droplet.35 However, a drawback of the pre-pulse is that it
consumes approximately 10 % 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 ‘rarefication 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.35,40 Both of these effects improve the absorption of
the final laser pulse when compared to the tin sheet, which acts as an effective mirror
while the vapor offers 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 of 10.6 µm operating at 50 kHz.26,41 The advantages of CO2 are its
maturity as a system capable of outputting the desired >20 kW of laser power,33,35
and its long 10.6 µm wavelength supporting high CE values.42

Research questions and thesis outline
The development of EUV sources has not stopped now that 500 W output 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 field of research, where in-depth fluid 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
rarefication pulse opens up many different 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.
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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 rarefication 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 field is to use a main pulse generated
by a solid-state laser, with a wavelength of 2 µm, to replace the current 10.6 µm
CO2 main pulse. Solid-state lasers are already being used for the pre-pulse and
rarefication pulse,33,41 as solid-state lasers offer high efficiency of electrical power
to laser power in a compact package. However, so far, solid-state lasers have not
been able to challenge the 10.6 µm 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 for 2-µm-driven sources, which offer several
benefits, such as good EUV generation performance and potential scaling pathways
to higher EUV powers, combined with the higher laser efficiencies typical of solid-
state lasers. It is an active field 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 rarefication 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 first area is
the vaporization of liquid tin using a low-intensity (1–1000 × 106 W/cm2) 1 µm solid-
state laser, inspired by the rarefication 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 × 1010 W/cm2) 2 µm laser, an alternative to the current
industry standard 10.6 µm CO2 main pulse. In this field, important open questions are
“What is the behavior of the ion emission for 2 µm compared to the widely studied
1 µm or 10.6 µm?”, "What is emitted by a 2-µm-driven EUV-emitting plasma in
addition to the EUV photons?", “How can 2-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 define 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 specific 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.
Specifically, we vaporize thin sheets with a 6 ns 108 W/cm2 laser pulse and then study
the resulting vapor cloud 100 ns later. 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 between 235–
400 nm in the UV. We use this extinction spectrum, which we can make per pixel in our
image and thus spatially resolved with a resolution of 10 µm, to reveal that the vapor
consists of small nanoparticles (radius <30 nm) and free atoms with a temperature
around 3000 K. Moreover, we find 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 longer 100 ns vaporization 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 ranging 30–300 nm all
vaporize via Hertz-Knudsen for laser intensities between 0.2–4 × 107 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 effort to change the composition of the vapor. Specifically, we study
how the resulting vapor depends on the laser intensity ranging 1–130 × 107 W/cm2,
encompassing the intensity of both Chapters 1 & 2, but also extending it significantly
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 significantly? We find 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 uniform 3000 K mix of
nanoparticles and atoms to a hot 8000 K free 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 𝑧̄ of the ions in the plasma.44 As the laser intensity reaches the
∼1011 W/cm2, the plasma temperature will increase to the ∼30 eV required to have
a large presence of the 13.5 nm in-band EUV emitting ions of Sn10+ to Sn14+. We
supply this required laser intensity using a 2 µm laser, an alternative to the current
industry standard 10.6 µm. Previously (see List of Publications), we already showed
that 2-µm-driven plasmas can obtain promising conversion efficiency (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 for 2 µm technology 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 reflection or transmission. We show that we can
reconstruct the complete power partitioning, reconstructing 101(14) % of the input
energy. Around 70 % of the energy goes into the emission of photons, of which a
dominant fraction is emitted in the 5–70 nm wavelength range. Plasma ions contribute
∼30 % of the energy, and this fraction slightly decreases as a function of the laser
intensity, whereas photon emissions increase in step. These results offer a benchmark
of the plasma power partitioning for future research into and industrial applications
of EUV lithography sources.
These results are summarized and reflected upon in Conclusion & 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 and 2-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. For 2-µm-driven EUV sources, we look toward a concept
without a pre-pulse, where the 2 µm main pulse hits the droplet directly. This concept
has been studied using radiation-hydrodynamic simulations45 and offers a potentially
novel pathway to high EUV source powers. The first 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 called Dalek-I and Dalek-II. The
main task of the Dalek setups is to create a vacuum environment (∼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 only 18 cm away
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 difference between the Dalek setups is their application
and thus exact laser systems and diagnostics. Dalek-I is the setup currently focused on
2 µm EUV sources and is thus used for Chapter 4 and some other publications related
to 2 µm (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 flange, which also allows for feedthroughs to send electrical signals
to the nozzle and to measure temperatures. This flange 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 (roughly 1.3 kg) and has its own heating element. In preparation for the
experiment, the tank is filled with solid 99.999 % pure tin blocks and pumped to
vacuum (∼10−6 mbar) through a line at the top to stop further oxidization of the tin.

∗Named for the fictional 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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(c) Top view

(b) Front view(a) Side view
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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 to 270 °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 effort 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 to 270 °C. Typical argon pressures are 10–25 bar,
depending on the nozzle orifice 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 flow out of the nozzle, entering the vacuum chamber with a velocity of
∼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 to 270 °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, different 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 effectively 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 first is the size of
the orifice of the nozzle. The nozzle is picked before the experimental campaign to
best match the desired droplet size. The orifice size and the flow velocity determine
the rate of tin usage. Since the tin tank is limited to 1.3 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 at 10 Hz, while the droplet breakup is in the kHz-range. Thus, most tin goes

into the catcher.
‡And thus reduces stress on the experimentalist.
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the relation 𝑑 ∝ 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)

where 𝑝 is the argon backing pressure and ⌀NOZ the nozzle orifice size. The parameter
𝐴 is always experimentally determined by scanning the piezo frequency and recording
the droplet size. Typical frequency values are 5–50 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 orifice and the argon backing
pressure (here typically 10–25 bar), this can give droplet diameters ranging 20–50 µm
with a typical uncertainty of ±0.5 µm. Combining the limited range of pressures
(only 2.5x change possible) with the 1∕4 power 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 the laser-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 than 1° tilt for the sheet. But since the droplets move at ∼15 m/s and are
typically 20–50 µm in diameter, they move one diameter every ∼2 µs. Thus, for a
high repeatability of the experiment, the laser needs to hit the droplet within 100 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 emits 60 mW of 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) of 400 µm × 20 µm, 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
filter to ensure it only picks up the diode light∗.
The signal-to-noise ratio of this scattered signal is the key to <100 ns repeatability 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 first two increase the intensity of the light at the droplet, while reducing
the vertical FWHM has a double effect. 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 highest 𝑑𝑉 ∕𝑑𝑡, increase in signal over time from the PMT as possible. The higher
this value, the less effect noise will have on the exact trigger moment, reducing the
variability of the trigger moment 𝑡.
Four further details are important for the triggering system. First, this horizontal
laser sheet is placed 3–6 mm above the center of the chamber. These few millimeters
will give a 200–400 µs of 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 the kHz scattering
signal to 10 Hz, the frequency of the laser systems. Third, a ‘backup box’ is present
in the triggering system. This box produces a 9.5 Hz triggering signal, but only when
the 10 Hz signal 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 different droplet sizes. Thus, a simple fixed threshold would
result in different 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 find
a droplet-size-invariant trigger moment. It does this by taking the original signal
and subtracting a delayed and horizontally flipped 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 at 0.6 µm 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 first 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 first 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 flipped 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 higher 𝑑𝑉 ∕𝑑𝑡 and thus improved triggering performance.

Lasers and green shadowgraphy
The first 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 between 80–105 µm depending on the application.
This final lens is placed on an 𝑥𝑦𝑧-translation stage to allow for fine-tuning of the
pre-pulse alignment. The 𝑧-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, outputting 10 ns Gaussian 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 outputs 10 ns Gaussian pulses and has a built-in stabilization
system. Both lasers are seeded, ensuring that the temporal profile is smooth, which
is required to ensure that incompressible flow dominates over compressible flow,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 to 50 mJ at 532 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 emits 5 ns pulses at 560 nm (with a bandwidth of 12 nm FWHM)
through fluorescence. This light is brought to the experiment through up to three large
multimode optical fibers (as the dye and Litron Nano S are located on another table).
At this point, spatial coherence has reduced significantly, 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 of 5 µm. Multiple fibers and cameras can be used to simultaneously image
the tin at 30° and 90° angles with respect to the pre-pulse direction. We can set the
exact timing of the shadowgraphy with ns precision using Stanford Research Systems
DG645 boxes by changing the delay between the pre-pulse (or any other laser) and
the shadowgraphy. Typically, 20–50 frames are taken at a certain time delay, to allow
for filtering or averaging of the data in post-processing.
The final 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 ‘flat 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 ∼1.5 mm. This spatial profile is also effectively flat at the sheet with only
5 % drop off in intensity radially. All these lasers are Nd:YAG-based 1 µm lasers,
just like the pre-pulse lasers. Finally, Chapter 4 uses another in-house-built laser51
emitting at 2 µm 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 Letters 123(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 film 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 a 10-cm−1-resolution spectrum of the vapor in each pixel 100 ns
after the vaporization. The images allow us to reveal a homogeneous temperature
profile throughout the vapor of around 3000 K. We obtain a density map of
the atoms (with a peak density of 5 × 1018 cm−3) and nanoparticles (1012 cm−3

for the best fitting 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-off
layer,52–55 and EUV lithography, where active and passive spectroscopy methods led
to key new insights.18,28,56 The 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.57,58 This focus typically comes with trade-offs between imaging and
spectroscopic resolution, or with the necessity to employ tedious spatial raster scans
to combine sufficient resolution on both fronts.59–62 The use of liquid tin as laser-
plasma targets in EUV lithography 63,64 and plasma divertor shielding in fusion 65–67
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
combines ∼10 µm spatial, 4 ns temporal, and a 10/cm spectroscopic resolution that
enables identifying the composition of tin vapor. We develop and apply the method
to the field of tin target shaping, relevant to the production of EUV light using laser-
produced plasma (LPP).64 Specifically, we use a 108 W/cm2 nanosecond-duration
laser pulse to experimentally create a vapor from a thin film, 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 efficiency.35
Even larger efficiency 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 vapor 38 that may improve the interaction with the main pulse and increase the
conversion efficiency (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 a kHz-rate
is picked up by a photo-multiplier tube and downsampled to 5 Hz to trigger the
experiment. For more details of the experimental setup, see previous work.38,70

A microdroplet (diameter set to ∼30 µm) is first hit by the pre-pulse [PP, 10 ns, 𝜆 =
1064 nm, cf. Ref. [71], and see Fig. 1.1(a)]. Spatially, the PP is focused to a Gaussian
spot size of approximately 100×100 µm (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 film.
At a set time (Δ𝑡), this thin film 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 with 284.08 nm-backlighting at different times after the PP. The VP
hits 3.1 µs after the PP. (c) Front view of the thin film (at 30°, showing the line focus of the
VP, to control absorption path length. (d) Side-view shadowgrams at various SP wavelengths,
100 ns after the VP. (e) Extinction (𝐸) spectrum for the location indicated by the blue dot in
panel (d).
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At a set time after the PP, here 3.1 µs, the sheet is irradiated with a 0.5 mJ ns-length
vaporization pulse (VP, 𝜆 = 1064 nm). At this time, the sheet has a thickness of
50–20 nm (decreasing radially outward).38 The VP is focused to a line focus using a
cylindrical lens and has an FWHM of 1100×70 µm, to define a common interaction
length of the side-view shadowgraphy. The energy of the VP is carefully tuned to
ensure vaporization occurs without significant ionization of the tin as evidenced by
the absence of any signal on Faraday cup ion detectors.
Finally, the vapor is imaged using two synchronous shadowgraphy pulses (SP). A
front-view image (at 30°) is taken using 560 nm light to check proper droplet-to-laser
alignment.38 The light for the side-view image at 90° comes from a Continuum
Horizon OPO laser here generating wavelengths between 225–400 nm, with a pulse
length of 4 ns, a spectral bandwidth of 5–10 cm−1, and a spatial resolution of between
5 µm and 10 µm depending on the wavelength. Fig. 1.1(b) shows the evolution of the
tin target from microdroplet to vapor using side-view UV shadowgraphy, while (c)
shows the front view from the green shadowgraphy after the VP has hit.
For each UV shadowgraphy wavelength, we average over 50 frames (in our strobo-
scopic method, each frame corresponds to a different droplet), after correcting for
minor tilt and alignment changes. This reduces the visibility of coherence ‘speckle’
and increases the signal-to-noise ratio. The images obtained at different wavelengths
are scaled to a global magnification value (magnification changes with wavelength
due to the chromatic, single-lens-imaging setup). All CCD pixels are binned into 4 by
4 bins (in the following referred to as a pixel) to reduce the impact of any remaining
misalignment, resulting in an effective spatial resolution of 10 µm. Fig. 1.1(d) high-
lights the range of wavelengths allowed by the OPO laser and the changing contrast
of the vapor. These and all subsequent images are taken with 100 ns between the VP
and the shadowgraphy.
Fig. 1.1(e) shows the extinction spectrum for the location indicated by the blue
marker in panel (d). A broadband contribution is present, decreasing toward longer
wavelengths. This we attribute to the presence of nanoparticles as we will describe
below.73–75

Furthermore, strong Sn-I atomic resonances are visible, proving the presence of
free atoms in the vapor (see Supplementary Material Note 1 for an overview of
resonances76).77–79 The electronic levels probed can be seen in the Grotrian diagram
in Fig. 1.2(a). These atomic resonances enable the extraction of the temperature of the
vapor using a Boltzmann plot.56,80 To do so, the broadband contribution is removed
to obtain the atomic contribution to the extinction spectrum, 𝐸atom [see Fig. 1.2(b)].
Next, we calculate the area under the logarithm of 𝐸atom for each atomic resonance
and use this as the metric for the line strength 𝑆. This line strength can be related to
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FIGURE 1.2: (a) Grotrian diagram. Only the ground level of neutral tin 5𝑠25𝑝2 is shown
for clarity. The four energy levels probed in the experiment are also shown. The different
colored lines are resonances from these levels to higher levels (not shown). The numbers next
to the levels indicate the total angular momentum quantum number 𝐽 . (b) Extinction around
several atomic resonances when the broadband term is subtracted (𝐸atom). The plot colors
relate to the ground levels of the resonances in panel (a). (c) 𝜎0 versus ln(1 − 𝐸) integrated
over the resonance. See the main text for information. (d) Boltzmann plot with fit of the
four levels based on the slopes in panel (c) for the pixel indicated in panel (e). (e) Resulting
temperature map for the entire vapor.
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the Boltzmann population fraction 𝑏(𝑇 )

𝑆 ≡ ∫ − ln(1 − 𝐸(𝜈))𝑑𝜈 = 𝑛0𝐿𝜒(𝜈)𝑏(𝑇 )𝜎0. (1.1)

Here, 𝜎0 is the base resonance cross section (see Supplementary Material Table S176),
𝑛0 is the total atom density, 𝐿 the common path length through the vapor [∼100 µm,
obtained from images like Fig 1.1(c)], and taking 𝜒(𝜈) as a common broadening
factor. Plotting 𝑆 versus 𝜎0 gives a straight line, of which the slope is set by the
Boltzmann population fraction [see Fig. 1.2(c)].
We assume that no other higher-lying levels than those shown in the Grotrian diagram
are occupied (the next level lies at 17 162 cm−1). This allows us to calculate the
occupation of the levels based on the fit slopes, with the common factors 𝑛0, 𝐿, and
𝜒(𝜈) dividing out and, thus, our treatment is independent of their specific numerical
values. These occupations are then fit with a Boltzmann distribution, resulting in a
temperature, see Fig. 1.2(d).
Having demonstrated the process above for a single pixel, we next apply it to the
full image to create a temperature map. The result, presented in Fig. 1.2(e), reveals a
relatively uniform temperature around 3000 K. Small deviations from a homogeneous
temperature can be seen in high-extinction areas [cf. Fig. 1.1(d)]. These deviations
may point to temperature increases in colliding vapor flows, or potentially to dif-
ferences in 𝜒(𝜈) between resonances becoming more apparent at high densities. In
general, both (i) the non-trivial spectral shape of the OPO laser and (ii) the uncertainty
in the assumption of constant density broadening contribute to a conservative overall
systematic uncertainty of approximately 20 % on the data points in Fig. 1.2(c). This
uncertainty propagates through the fit [cf. Fig. 1.2(d)] to result in an uncertainty in
the order of 100 K in temperature 𝑇 [Fig. 1.2(e)]. With this in mind, we note that
the temperature can be considered to be relatively uniform and close to the boiling
temperature of tin of 2875 K.
Having obtained the overall temperature map, we next extract the local density, which
together with the temperature and the composition defines the state of matter of the
target material. Fig. 1.3 shows extinction spectra for selected locations, indicated
by the dots in Fig. 1.3(a-c). As shown in Fig. 1.3(d), the individual spectra are very
similar, with the only clear difference being the total extinction. This similarity can be
further investigated by introducing the relative density (𝑎) and relative cross section
(𝜎rel). To do so, Beer-Lambert’s law 81,82 is inverted to an equation for the cross
section: 𝜎(𝜈) = − ln(1 − 𝐸(𝜈))∕𝑛𝐿. Again, 𝑛 is the density of the material and 𝜎 its
extinction (absorption + scattering) cross section, and 𝐿 is the (common) path length
through the material.
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A relative density 𝑎 can be defined for any two pixels in an image by comparing the
ln(1 − 𝐸(𝜈)) between the two locations, following Schupp et al.83 The advantage of
relative densities is that we do not require any underlying model for the cross section.
Fig. 1.3(e) shows ln(1 − 𝐸(𝜈)) to highlight the non-linearity of Beer-Lambert; the
atomic resonances become more pronounced when taking the logarithm since these
have very high extinction values.
We fit the broadband extinction spectrum of each pixel to the spectrum of a single
reference pixel (defined as 𝑎 = 1), obtaining a single (wavelength independent, unit-
less) value 𝑎: an overall multiplicative factor that minimizes the difference between
the logarithms of the individual spectra of panel (e) and the reference spectrum.
Fig. 1.3(f) shows the result of the fit procedure for the selected positions expressed as
a relative cross section, 𝜎rel, defined as 𝜎rel(𝜈) = − ln(1−𝐸(𝜈))∕𝑎. We set 𝜎rel(𝜈) = 1
for the reference pixel at the longest wavelength (381 nm).
Fig. 1.3(g) shows the same results with the atomic resonances filtered out for improved
visibility. Besides the selected locations, the mean 𝜎rel with uncertainty bounds are
also plotted to highlight the collapse of every pixel in the vapor to the same curve.
With this, we reveal the striking fact that the spectra are spatially invariant and, thus,
that the underlying nanoparticle size distribution that causes the broadband extinction
curve is the same everywhere in the vapor.
We next plot the values obtained for 𝑎 in Fig. 1.3(b), showing a strong correlation with
the original shadowgraph in panel (a). An atomic equivalent to the method above can
be defined by comparing the area under the logarithm of 𝐸atom [following Fig. 1.2(c)]
between different pixels to again obtain a single 𝑎 as an overall multiplicative factor.
The results are presented in Fig. 1.3(c). Remarkably, the two means for obtaining
the relative densities 𝑎 produce extremely similar spatial profiles, comparing panels
(b) and (c). This indicates that the nanoparticles and free atoms move together and
that the densities, ranging over an order of magnitude, have no influence on the
composition of the vapor itself – the composition appears to be frozen in.
The total number of atoms in the vapor can be estimated, taking as input the known
cross section of the resonances and the constant path length (100 µm). Further, we
take a linear scaling of the broadening 𝜒(𝜈) with density.84 Using this, an absolute
density map can be obtained (which is indistinguishable from Fig. 1.3(c) and therefore
not shown) and peaks at 5 × 1018 cm−3. Summing over the full map (i.e., integrating
over the entire measured volume) results in a total number of 1 × 1013 atoms in the
vapor. This number represents approximately 40 % of the total number of vaporized
atoms when compared to the prediction from the sheet thickness model of Liu et al.38
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FIGURE 1.3: (a) Image of the vapor at 284.08 nm (on an atomic resonance). Four different
locations for which the curves are shown in (d-g) are indicated. (b-c) Relative, unitless,
densities 𝑎 determined using the broadband extinction curve (b) or the atomic resonances (c).
(d) Extinction for the four locations. (e) − ln(1 − 𝐸) for the four locations. (f) Relative cross
section (𝜎rel) for the four locations. (g) Relative cross section (atomic resonances filtered out).
Mean (gray, dashed) for all pixels and uncertainty bounds (at 1 and 3 standard deviations,
gray shading) are also indicated. The dotted gray line indicates the best-fitting nanoparticle
radius of 20 nm.
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A similar estimate can be made for the broadband component of the spectrum caused
by nanoparticles. We use a numerical code 85 (cross-checked with an alternative
code 86) for Mie theory 73,74 to obtain extinction cross sections, which includes both
absorption and scattering, for nanoparticles (typically valid for sizes above 40–100
atoms, a radius of 1–3 nm).75,87,88 Refractive index data is taken from Cisneros et
al.89 and extrapolated to wavelengths below 310 nm (4 eV) using a Drude-model fit.90
The dotted gray line in Fig. 1.3(g) indicates the best-fitting nanoparticle radius of
approximately 20 nm, obtained from a least-squares fit of the cross section predicted
by Mie theory to the collapsed relative cross section, with the particle radius being
the single free fit parameter. We note that Mie extinction has near-equal contributions
from absorption and scattering in this size regime. A nanoparticle density of ap-
proximately 1012 cm−3 is obtained when taking the 𝜎 of a 20 nm radius nanoparticle.
This means that a total number of 3(1) × 1013 atoms are clustered in nanoparticles to
create the broadband spectrum, which is close to the total number of atoms in the
vaporized thin film (3 × 1013).
The dominant uncertainties pertain to (i) the extrapolated refractive index and (ii)
the estimated number of vaporized atoms. More atoms may be vaporized from parts
of the thin film that did not become transparent after the laser pulse. Additionally,
the atomic broadening, hidden by the complex spectral shape of the UV laser, adds
uncertainty to the atomic density calculation.
Critically, we learn from this that for every free atom, several others (approximately
three) are clustered in nanoparticles. We note that this estimate is relatively inde-
pendent of the precise radius of the nanoparticles, with the cross section per atom
being relatively constant in this range. This independence extends to below the strict
validity range of Mie theory as well, providing strong support for the statement that
only one out of three atoms are ‘free’ with the remainder bound in nanoparticles.75

The obtained densities and temperatures of the atoms can be combined to obtain a
local electron density (which is an important quantity for laser absorption in media,
and thus for the industrial application of EUV generation) within the vapor using
the Saha-Boltzmann equation.91 Given the rather uniform temperature profile [cf.
Fig. 1.2(e)], this local electron density closely follows Fig. 1.3(c) and yields a maxi-
mum electron density of approximately 1013 cm−3, six orders of magnitude below the
critical electron density for a 10 µm-wavelength CO2 main pulse. Only under EUV-
generating conditions, when high tin charge states (Sn10+ – Sn14+) are generated,
does the atomic vapor reach the critical density—enabling sustaining the plasma,
with laser light absorbed via the inverse Bremsstrahlung mechanism,44 but not ex-
plaining its ‘ignition’. The current vapor could still offer an effective advanced target
in EUV sources given that nanoparticles may instead ‘ignite’ the plasma, leading to
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rapid ionization and the formation of a critical surface. Additionally, the increased
laser-material interaction length scale may promote laser absorption.
Besides the value of our method to diagnose tin vapor targets, the observed broadband
extinction spectrum with its spatial invariance and density independence may provide
insight into the vapor production mechanism. Two well-known mechanisms are (i)
Hertz-Knudsen evaporation and (ii) homogeneous nucleation (also known as phase
explosion or explosive boiling).92–97 Our detailed calculations (see Supplementary
Material Note 276) indicate that vaporization following the Hertz-Knudsen equation
can explain the observed rate of double-sided vaporization (dividing the typical
thickness ∼25 nm by the 6 ns VP pulse length 38) when taking as input the tin vapor
pressure in vacuum 98,99 and assuming a surface temperature of approximately 4000 K.
We note that this temperature, while sufficient to explain the observed vaporization
rate, lies well below the thermodynamic critical temperature (which is between 7073 K
and 8800 K for tin 100,101) and is very close to the observed late-time temperature
obtained from Fig. 1.2. Since vaporization following the Hertz-Knudsen model only
describes the formation of free atoms,95,97 any nanoparticles must have been formed
through coalescence processes which we may hypothesize to lead to a broad range of
cluster sizes. The production of particles with the current best-matching radius of
20 nm is not fully understood from this picture. Smaller objects, specifically clusters
Sn𝑛 (𝑛 = 6...40), exhibit extinction cross section spectra,75 dominated by absorption,
that can produce broadband responses similar to the observed broadband component.
The much more violent process of homogeneous nucleation, which occurs when the
liquid is heated close to thermodynamic critical temperature,93 may well explain the
formation of larger nanoparticles. Typical reported nanoparticles sizes resulting from
homogeneous nucleation range 5–25 nm 102–107 similar to the current observation.
Homogeneous nucleation leads to rapidly expanding gas bubbles expelling nearby
liquid mass and thus creating nanoparticles.107 The used VP intensities in our experi-
ment heat the thin film at a rate of approximately 1012 K/s. At these intensities and
time scales, homogeneous nucleation has been observed previously.108 The identifica-
tion of the underlying vaporization mechanism is, thus, strongly intertwined with the
origin of the broadband extinction spectrum. Future work could probe the thin-film
vaporization process in a time-resolved manner, thereby enabling the separation of the
two vaporization mechanisms, with the longest VP and shortest possible SP pulses
maximizing the effective temporal resolution, employing the method introduced in
this work.
In conclusion, we introduce an optical diagnostic method for characterizing the
composition of a vapor based on UV spectroscopic absorption imaging. We use the
method to study tin vapor created by irradiating a thin film with a laser; a case inspired
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by industrial LPP EUV sources. We obtain high-resolution images containing a high-
resolution spectrum for the vapor in each pixel. Using our spectroscopic imaging
method, we reveal a rather homogeneous temperature profile throughout the vapor,
close to the boiling temperature of tin, and obtain a density map for atoms and
nanoparticles, both of which are shown to be present in the vapor. For each free atom,
several others appear to be clustered in nanoparticles and the composition appears to
be frozen in. We combine the density and temperature maps for free atoms to obtain
the electron density in the vapor, which is highly relevant to industrial applications.
Finally, besides the clear value of our method to quantify tin vapor targets for industrial
applications in EUV lithography and fusion alike, it may also provide more general
insight into vapor production mechanisms under extreme conditions and can also be
applied to broader studies of the dynamics of phase changes in free-standing thin
films.
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CHAPTER 2
Scaling Relations in Laser-Induced
Vaporization of Thin Free-Flying
Liquid Metal Sheets
Karl Schubert⋆, Dion Engels⋆ , Randy Meijer, Bo Liu, and Oscar Versolato.
Physical Review Research 6(2), 023182 (2024).

We experimentally study the vaporization of free-flying liquid tin sheets when
exposed to a 100 ns laser pulse with an intensity between 0.2–4 × 107 W/cm2,
a case inspired by current developments around ‘advanced target shaping’ in
industrial laser-produced plasma sources for extreme ultraviolet (EUV) nano-
lithography machines. Our findings reveal a gradual vaporization and a linear
relationship between the average vaporization rate and laser pulse intensity (with
a prefactor of 1.0(3) 10−7 ms−1/Wcm−2), for various targets ranging 20–200 nm
in thickness. We introduce a numerical 1-D heating and vaporization model
based on Hertz-Knudsen evaporation and find excellent agreement between sim-
ulations and experimental data. We furthermore demonstrate that the amount
of vaporization of liquid tin targets in the investigated laser intensity range is
governed solely by the deposited fluence, and collapse all data onto a single non-
dimensional curve — enabling the accurate prediction of vaporization dynamics
in applications in future development of EUV sources.

⋆ These authors contributed equally to this work. Dion participated in the experiments and was in
charge for the theoretical and modeling part of this work.
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Introduction
Improvements in semiconductor devices are driven by advances in state-of-the-art
nanolithography machines that generate and utilize extreme ultraviolet (EUV) light.
This EUV light is produced by the irradiation of ‘mass-limited’ liquid tin micro-
droplets with a double laser pulse scheme.35,63,64 First, thin liquid tin sheets (‘targets’)
are produced from droplets using a ns laser ‘pre-pulse’ (PP).39,47,70–72,109,110 Picosec-
ond pre-pulses have also been explored in this context previously.63,64,111 This first
step enhances EUV light generation in a second step where an energetic ‘main pulse’
(MP) produces a plasma.35,64 Further efficiency gains in the conversion of MP laser
photons into relevant EUV photons in laser-produced plasma (LPP) could potentially
be obtained by using ‘advanced’ target shaping approaches.35 Such approaches may
include using, e.g., a laser-generated ‘pre-plasma’ as suggested in Refs. [68, 69].
Inspired by such concepts, Liu et al.38 and Engels et al.76 investigated ns laser-
vaporization of tin sheet targets with some direct relevance to the industrial use
case. More specifically, Liu et al.38 used laser-induced vaporization to uncover
previously invisible but important features of the target, such as the center mass
and the rim bounding the sheet,39 and proposed scaling relations (relating, e.g.,
vaporization times to local sheet thickness) in the underlying dynamics. However,
no mechanism was identified and no direct experimental evidence was yet provided
in support of the scaling relations. There is a range of literature for metals that are
subject to ns laser pulses, where three relevant processes can be been identified,
namely (a) boiling, (b) vaporization, and (c) phase explosion.93–95,97 Normal boiling
(heterogeneous nucleation), perhaps the most intuitive and well-known response of
a hot liquid, can be ruled out because of the (µs) long time scales involved in the
diffusion of vapor bubbles to the surface,94,95 leaving only vaporization (described by
the Hertz-Knudsen equation) and phase explosion (also known as explosive boiling
or homogeneous nucleation) as viable options. The work of Engels et al.76 focused on
spectroscopic analysis of vapor that was laser-produced from tin targets. The vapor
was found to have a homogeneous temperature distribution averaging approximately
3000 K and to contain both atomic and nanoparticulate tin. The observation of the
rather low-temperature vapor (near the 2875 K boiling point to tin) may fit a gradual
Hertz-Knudsen-type vaporization mechanism and could tentatively be interpreted
to rule out phase explosion as a mechanism.76 However, the authors indicated that
the presence of nanoparticles could in fact perhaps best be explained by explosive
boiling, thus leaving the vaporization mechanism as an open question.
The prior recent works by Liu et al.38 and Engels et al.76 provide a strong basis but
leave significant gaps in the understanding of the vaporization dynamics in qualitative
(i.e. the vaporization mechanism) and quantitative (i.e. the scaling relations) terms.
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Addressing these gaps will benefit and steer ongoing developments in improving LPP
EUV sources. In this study, we address these gaps in understanding by employing
two distinct methods to quantify the vaporization process initiated by an auxiliary
laser pulse following a PP, for a range of intensities (0.2–4 × 107 W/cm2) and a
range of target types and thicknesses (20–200 nm). Our approach involves using
a long (100 ns) auxiliary vaporization pulse (VP) with a temporal and spatial box
pulse profile. We image the vaporization during this long pulse stroboscopically
using a ‘shadowgraphy’ technique with 5 ns temporal resolution. The obtained
data is employed to demonstrate that the sheet gradually vaporizes (following Hertz-
Knudsen evaporation) and to quantitatively study scaling relations to enable predictive
modeling of the dynamics.

Experiment
Our experimental setup has previously been described in detail.38,46,70 Here, we
present a summary. In the experiment (Fig. 2.1) a kHz train of liquid tin droplets
(temperature 270 °C in the current experiments) set to a diameter D0 ≈ 27 or 35 µm
is vertically dispensed in a vacuum environment (10−7 mbar) by a droplet generator.
These droplets pass with a speed of the order of 10 m/s through a horizontal sheet
of light that is produced by a continuous-wave HeNe laser and positioned a few mm
above the center of the vacuum chamber and thus above the laser-droplet interaction
point. This light is scattered by the droplets and detected by a photomultiplier tube.
Subsequently, the kHz signal is down-sampled to 10 Hz and serves as a trigger for
the start of the experiment.
Figs. 2.1(a–d) present a schematic of the laser pulse scheme. First, a droplet is hit
by the pre-pulse [𝜆 = 1064 nm, circularly polarized]; Fig. 2.1(a) shows the typical
response of the droplet to such PP impact. The PP is generated from a seeded Nd:YAG
laser system (Continuum Surelight III) that emits temporally Gaussian intensity pulses
with a duration of about 10 ns at full width at half-maximum (FWHM). The PP is
focused to a Gaussian spot size of approximately 100 µm (FWHM) at the droplet
location (at the center of the vacuum chamber). The PP creates a plasma on the droplet,
exerting pressure on the remaining liquid tin, which rapidly propels and expands
on the order of several 100 m/s to a thin axisymmetric sheet.47,70 The propulsion,
with a velocity 𝑈 , is oriented along the propagation direction of the laser, while
the orthogonal radial expansion starts with an initial velocity Ṙ0 at 𝑡 = 0 that is
subsequently reduced until it leads to sheet contraction due to the surface tension that
is exerted on the edge of the sheet.70,72,112 The timescales that set both accelerations
are similar to the duration of the laser pulse (ns) and are much shorter than the
timescale of the subsequent fluid dynamic deformation (µs).70,72
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FIGURE 2.1: (a-d) Illustration of the laser pulse schemes with their irradiation geometries. (a)
Side-view schematic of the pre-pulse (PP) including the tin droplet dynamics of propulsion
and expansion resulting from the interaction of PP and the spherical liquid tin drop. (b) Side-
view schematic of the vaporization pulse (VP) that irradiates a liquid tin target. (c) Top-view
schematic of the shadowgraphy illumination pulses. Arrows indicate the viewing angle. (d)
Laser pulse scheme in time, starting with the PP that is followed by the VP after Δ𝑡. At time
𝑡 = 0 the PP initiates the droplet deformation process. The time 𝑡VP = 0 indicates the onset
of the VP. The shadowgraphy pulse (SP) is scanned in time over the ongoing VP irradiation
of the liquid tin target to capture the vaporization dynamics. (e) A series of front-view green
shadowgraphs (at 560 nm) of the thinnest target (BII, see Tab. 2.1) during irradiation by the
VP for different 𝑡VP with a VP energy 𝐸VP = 2.5 mJ. The bright spot visible on the left-hand
side in the shadowgraphs is due to the PP-induced plasma, the intense radiation of which
causes saturation of the CCD chip. (f) Green side-view shadowgraph before irradiation with
the VP. PP and VP impact from the left.
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Following Klein et al.113 and Liu et al.71 we obtain the initial radial expansion speed
𝑅̇0 by fitting a linear function through the first three tracked data points of the liquid
tin sheet radius, avoiding shadowgraphs with a strong imaging influence of the PP
plasma. A higher 𝐸PP causes a higher 𝑅̇0, hence less time is required to obtain a
certain sheet size 𝐷s.71

Inspired by previous work,38 we start our studies on a liquid tin target that provides
thickness ranges between 20 nm and 30 nm (according to semi-empirical thickness
model predictions following71 for a 25 mJ PP on a 27 µm diameter droplet) and refer
to it as target BII consistent with Ref. [38] (for more information about the targets
used see Tab. 2.1). Note that the variation in sheet size is very small, with the relative
standard deviation of the BII target size being approximately 1 %. We continue our
study on a thicker target for the same conditions (i.e., using the same PP and droplet
size) but 1 µs prior to the target BII and call it for consistency BI. This target BI carries
more mass than BII given the continuous mass loss during expansion.71,114 It also
exhibits a stronger thickness gradient along the radial coordinate compared to BII,
providing a thickness range between 20–50 nm.71 By increasing the PP energy (𝐸PP
= 56 mJ) we extend our study to a thicker target, achieving a similar 𝐷s but thicker
target at even earlier times (Δ𝑡 = 1.2 µs). This target is labeled target A38 with a 50–
150 nm thickness range. Lastly, we shoot a significantly stronger PP (𝐸PP = 100 mJ)
at a larger 35 µm diameter droplet and thus create a target ‘C’ with an approximate 70-
250 nm thickness range.71 Tab. 2.1 also provides non-dimensional times Δ𝑡∕𝑡𝑐 using
the capillary time 𝑡𝑐 =

√

(𝜌𝐷3
0)∕(6𝜎) which sets the typical time scale for expansion

and subsequent retraction, with as input 𝜌 from Tab. 2.2 and 𝜎 = 0.54N∕m. The
non-dimensional apex time for liquid tin droplets is approximately Δ𝑡∕𝑡𝑐 ∼ 0.4.112
This means that only target BII has passed its expansion apex.
In summary, we create different targets to access profiles of different thicknesses (see

Target 𝐷0
[um]

𝐸PP
[mJ]

𝑅̇0
[m/s]

Δ𝑡
[us]

Δ𝑡∕𝑡𝑐 𝐷s
[um]

A 27 56 227 1.2 0.19 396
BI 27 25 171 2 0.31 382
BII 27 25 171 3 0.46 391
C 35 100 208 1.2 0.13 449

TABLE 2.1: Table of targets used in the experiments with columns of their initial droplet
diameter 𝐷0, pre-pulse energy 𝐸PP, initial expansion speed 𝑅̇0, time in expansion trajectory
Δ𝑡, non-dimensional time Δ𝑡∕𝑡𝑐 (see the main text), and the column for their sheet diameter
𝐷s.



2

34 Chapter 2. Scaling Relations in Vaporization of Thin Sheets

Tab. 2.1 above, and Fig. 2.7 in the Appendix for more details) enabling the study of
the vaporization dynamics over approximately an order of magnitude in thickness.
We next irradiate these targets with a vaporization pulse with a duration of 100 ns [𝜆 =
1064 nm, circularly polarized, see Fig. 2.1(b)]. The VP is produced by a laser system
with arbitrary sub-nanosecond pulse shaping capabilities.50 The VP laser system
generates temporal box-shape pulses of approximately 100 ns and is imaged to a
spatial top-hat shape at the center of the vacuum chamber with a size of approximately
820 µm×820 µm. We use photodiodes (PDs, DET025AL/M) to monitor the VP before
entering the measurement chamber, and after transmitting through the chamber. Both
laser pulses (PP, VP) are collinearly aligned onto the droplet.
To observe the interaction of the liquid tin sheet with the VP, an imaging setup is
used, which is described in detail in Ref. [46]. Briefly, it consists of a dye-based
illumination source and CCD cameras that are coupled to long-distance microscopes,
yielding a spatial resolution of approximately 5 µm. The illumination source produces
pulses with a duration of 5 ns (FWHM) and a spectral bandwidth of 12 nm (FWHM)
at 560 nm. We use two synchronous shadowgraphy pulses (SP) for backlight illumi-
nation of the front- and side-view acquisitions [at 30° and 90° concerning the laser
axis, respectively, see Fig. 2.1(c)] to capture the liquid tin sheet dynamics. Fig. 2.1(d)
depicts the time sequence of the aforementioned pulses, highlighting the fact that the
SP is scanned (in delay steps) over the ongoing VP (𝑡VP = 0 marks the start of the
VP); the VP itself impacts at a time Δ𝑡 after PP. During each delay step, we record 20
frames in a stroboscopic manner, each representing a different laser-droplet interaction
event. This allows us to apply post-filtering techniques, e.g., for selecting sufficiently
good laser-to-droplet alignment. The excellent reproducibility of the experiment
(showcased, e.g., in the small variation in target sheet size) allows the majority of
the collected frames to be used for averaging in the following. Fig. 2.1(e) presents
front-view shadowgraphs during VP-induced vaporization with 𝐸VP = 2.5 mJ, at
various 𝑡VP. The shadowgraphs clearly show the presence of the sheet’s main features:
center mass, bounding rim, ligaments, and fragments.71 We observe gradual mass
removal from the sheet with increasing 𝑡VP through the increase in transparency of
the sheet to shadowgraphy backlight illumination (see Ref. [38]). Fig. 2.1(f) shows
the side-view shadowgraphy of the same target before VP impact at 𝑡VP = 0.

Results
First, we investigate the vaporization dynamics of the thinnest target BII using its
partial transparency to the green shadowgraphy backlighting. We introduce a 1-D



2

Results 35

vaporization model based on the Hertz-Knudsen equation. Next, we characterize also
the thicker targets. Lastly, we combine and generalize observations of all targets.

Characterization of target BII using partial transparency of the sheet
In Figure 2.2(a), a heat map is presented that shows the transmission of background
light through the target BII for 𝐸VP = 2.5 mJ. This heat map illustrates the variation
in transmissivity as a function of 𝑡VP, here taken along a vertical lineout passing
through the center of the target [cf. Fig. 2.2(b)]. These lineouts are aligned and
averaged per delay step. The heatmap shows that as 𝑡VP increases, the target gradually
becomes more transparent, indicating a gradual thinning process. The choice of a
logarithmic scale is motivated by the near-exponential scaling of the absorption of
shadowgraphy light with the thickness of the liquid tin target. We note that the central
mass feature (see Refs. [39, 71]) appears to remain unvaporized. The halo-like, high
transmissivity region observed around the center suggests that the connecting sheet
part is particularly thin between the sheet and the central mass feature. Figure 2.2(b)
displays a front-view shadowgraph, shown with artificially enhanced contrast, taken
at 𝑡VP = 36 ns. At this specific time point, the sheet exhibits significant transparency,
illustrating the ongoing gradual reduction in thickness.
In Figure 2.2(c), we present averaged transmission values as a function of 𝑡VP for
various 𝐸VP. These curves provide a quantitative representation of how transmission
values evolve with 𝑡VP across the dynamic range of our 12-bit acquisition. To obtain
these values, we average transmission values between 100 and 155 µm radius on both
sides of the vertically centered sheet lineout. This selected radial range deliberately
excludes the center mass and rim features, focusing on regions of this target with
approximately uniform thickness (cf. Ref. [71]). The shaded areas surrounding the
plotted data points represent the uncertainty range (see discussion below).
We determine the target thickness using a method that utilizes its partial transparency
to green backlighting. This approach follows the methods previously outlined by
Vernay,115 further developed for liquid tin targets by Liu et al.71 We employ the
tmm116 Python package to establish a connection between optical target transmission
and target thickness. This general transfer-matrix method optics package is used for
calculating the reflection, transmission, and absorption of multilayer films. Our more
versatile method here slightly deviates from the method outlined in,71,117 but does not
lead to significant numerical differences. We extract, pixel-wise, raw optical target
transmission values, denoted Pij with i and j representing pixel indices. Before linking
the local transmission with thickness, we preprocess the shadowgraphs to account
for backlight intensity fluctuations and ‘dark’ value. The parameter P0 characterizes
this overall dark value, including imaging glare sources such as PP plasma, VP
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FIGURE 2.2 (previous page): (a) ‘Heatmap’ of background light transmission constructed from
vertical lineouts through the center of the liquid tin target BII from front-view shadowgraphs,
as a function of 𝑡VP using 𝐸VP = 2.5 mJ. (b) Front-view shadowgraph with digitally enhanced
contrast at 𝑡VP = 36 ns. (c) Average target transmission values 𝑇̄ (on a logarithmic scale)
during the vaporization of the target BIIfor energies 𝐸VP = 1.2 (blue data), 2.5 (green),
4.2 (red), and 8.2 mJ (brown). Shaded areas represent the uncertainty (see the main text).
Bold and dashed lines show simulation results using the refractive index with the highest
temperature in the literature available (1373.15 K89) and an extrapolated refractive index for
the expected temperature for each energy case, respectively. (d) Average target thickness
values ℎ̄ during the vaporization, obtained by applying the transmissivity method to the
average transmission values shown in the upper graph. The bold lines show the simulation
results. Inset (e) shows average vaporization rates ḣ over VP intensity and the result of a
linear fit to the data yielding a 1.1(3) proportionality factor. (f) Average target thickness
values ℎ̄ as a function of deposited fluence.

scattering, target emission, SP, and electrical noise, all of which contribute to camera
exposure. We employ the formula Tij = (Pij − P0)∕(Pb − P0), with Pb as the mean
background value determined from the shadowgraph bin count. To determine P0,
we average the values of a 9x9 pixel area centered around the center of mass in
front-view shadowgraphs, which corresponds to the thickest (and thus darkest) part of
the sheet.39 We separately obtain P0 values for each VP energy, using frames where
the SP arrives before the VP, thus enabling accounting for any potential scattering
of the VP onto the imaging system. After establishing the relationship between Tij
and thickness ℎ (using the tmm package), we correct for the 30° acquisition angle via
ℎ̄ = ℎ̄30 ⋅ cos(30◦). In Fig. 2.2(d), average sheet thickness values, obtained using the
data from Figure 2.2(c), are presented. The curves demonstrate a continuous decrease
in average sheet thickness with increasing 𝑡VP. The shaded areas indicate uncertainty
ranges resulting from error propagation, dominated by uncertainties in establishing
the dark value at 0.046(5), which incorporates a±10% uncertainty in its determination
[this uncertainty also gives rise to the uncertainty region shown in Fig. 2.2(c)]. We
note that the uncertainty, also in a relative sense, increases sharply with increasing
thickness, limiting the application range of the current method to sheet thicknesses
below approximately 25 nm. As a consequence, a different quantification method
is required for studying thicker sheets. The gradual reduction in sheet thickness
over time due to vaporization, as depicted in Figure 2.2(d), displays a nearly linear
behavior. This motivates us to extract a (averaged) rate or, a recession speed, of
vaporization. To calculate the vaporization rates, we determine the time required for
the sheet to reduce from its original thickness to approximately 2 nm, using the data
from Figure 2.2(d).
Figure 2.2(e) presents the resulting vaporization rates for the various VP intensities.
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The data reveal a linear dependence of vaporization rate on VP intensity, in line with
the claims of Liu et al.38 By applying a linear fit to these vaporization rates for all in-
tensities, we determine a proportionality factor 𝑑ḣ∕𝑑𝐼VP of 1.2(2) 10−7 ms−1/Wcm−2,
linking vaporization rate to VP intensity. This scaling factor enables us to predict av-
erage vaporization rates for a given VP intensity. The observed linear dependence of
vaporization rate on VP intensity motivates plotting the sheet thickness as a function
of deposited laser fluence 𝑡VP × 𝐼VP, as shown in Figure 2.2(f). This approach results
in the collapse of the full dataset, supporting the linear scaling of vaporization rate
with intensity and indicating that the thinning is solely a function of the deposited
laser pulse energy.
We next use an energy balance model to explain the apparent linear scaling of
vaporization rate with VP intensity. The energy required to vaporize a unit volume of
tin is 𝜌𝐻∕𝑀 (J/m3), where 𝜌 is the density, 𝐻 is the latent heat and 𝑀 is the molar
mass. This energy will be supplied by the laser, which deposits per unit area a power
𝑎𝐼 (J/m2s), where 𝑎 is the absorptivity of the metal, and 𝐼 is the intensity of the laser.
Balancing these energy terms out gives a rate (m/s)

ℎ̇ = 𝑎𝐼
𝜌𝐻∕𝑀

(2.1)

Filling in typical values (see Appendix B for these values) and assuming 20 % absorp-
tivity (typical for∼25 nm thick tin films according to multilayer optical calculations116)
gives a predicted dependency of the thickness change rate due to vaporization ḣ on
intensity of 1.2 10−7 ms−1/Wcm−2.
Inspired by the close match of the simple energy balance argument with the ex-
perimental observation, we create a numerical 1-D heat diffusion and vaporization
solver to model and gain insight into the vaporization dynamics. The 1-D space is
divided into individual cells with typical cell lengths of 100 pm. For each cell, the
temperature is the key variable. Four steps are performed for each time step in the
code.
(i) A surface recession speed (𝑣, also one-sided vaporization rate) is calculated based
on Hertz-Knudsen evaporation98 for the front and back surfaces. For the pressure,
the vapor pressure following the Antoine equation is used, resulting in

𝑣 = 10𝐴−[𝐵∕(𝑇+𝐶)]
√

2𝜋𝑀𝑅𝑇

𝑀
𝜌
, (2.2)

where 𝑇 is the surface temperature, 𝑀 the molar mass, and 𝑅 the gas constant.
The parameters 𝐴, 𝐵, and 𝐶 are 6.60, 16 867, and 15.47 respectively.99,118 A cell
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is considered vaporized when the surface recession (along the surface normal) has
passed through the entire cell size. At that moment, it is removed from the simulation
domain and no longer interacts with the remaining liquid via heat diffusion.
(ii) Recession of the surface causes a reduction in temperature in the cells where
vaporization occurs, which are the first and last active cells. This is due to the latent
heat required to transform the liquid atoms into gas, and thus to recess the surface.
We can obtain a temperature reduction in the cell by balancing the energy input (heat
capacity) and output (vaporization)

𝑐𝑝Δ𝑥Δ𝑇 = 𝐻𝑣Δ𝑡 → Δ𝑇 = 𝐻
𝑐𝑝Δ𝑥

𝑣Δ𝑡, (2.3)

where 𝑐𝑝 is the molar heat capacity (with units [J/(mol K)]), Δ𝑥 the cell size, and Δ𝑇
the temperature change, giving the input. The output is given by the latent heat 𝐻 ,
and the size of the vaporized part, which is given by 𝑣, the recession speed, multiplied
with Δ𝑡, the time step. This temperature reduction (and the recession) is calculated at
every time step, not only when the entire cell is vaporized; this makes the temperature
reduction and thickness reduction ‘continuous’ (with fs time steps) while the cell
deactivation is discrete (a few hundred cells).
(iii) The first active cell is heated by the incident laser light. The absorptivity of the
laser light is continuously updated based on the current remaining thickness of the
tin. The absorptivity is calculated using the tmm116 Python package. The refractive
index used is the highest temperature data available for tin.89 Thus, an energy balance
for the laser heating, where absorbed energy is equated to a change in temperature,
can be used to obtain a temperature change of the front cell

𝑎𝐼Δ𝑡 = (𝑐𝑝∕𝑀)𝜌Δ𝑥Δ𝑇 → Δ𝑇 = 𝑎 𝐼Δ𝑡
(𝑐𝑝∕𝑀)𝜌Δ𝑥

. (2.4)

(iv) The heat is diffused through the active cells. Fourier’s law is discretized using a
forward Euler method, resulting in

𝑇 𝑡+1
𝑖 = 𝑇 𝑡−1

𝑖 + 𝛼Δ𝑡
Δ𝑥2

(

𝑇 𝑡
𝑖−1 − 2𝑇 𝑡

𝑖 + 𝑇 𝑡
𝑖+1

)

, (2.5)

where 𝑖 indicates the different cells, and 𝛼 is the thermal diffusivity. The pre-factor
needs to satisfy 𝛼Δ𝑡∕Δ𝑥2 < 0.5 to ensure stability of the forward Euler method and
sets the maximum time step to typically 10 fs for our 100 pm discretization.
The sole inputs of the code are the starting thickness and the laser intensity, after
which the model calculates the thickness and temperature of the 1-D tin slice over time
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and saves this in output files. Appendix B includes some detail on the sensitivity of
the model to the input parameters, and provides an overview of the input parameters
used in the simulation. Within the model, the vaporization time tvap is defined as the
moment when only 2 nm of liquid tin is left, just as in the experiment. A ḣ consistent
with the experimental definitions can also be defined by dividing the initial thickness
by the time period tvap. To complete the comparison with the experimental observable,
the transmission of the 1-D liquid slice is calculated using the same tmm package.
We also account for the change in the refractive index of tin as it heats and the 30°
observation angle of incidence when calculating the transmission via the 1-D model.
Fig. 2.3 shows detailed outputs from the code for the 𝐸VP = 2.5 mJ case in Fig. 2.2.
Initially, the tin is heated rapidly. As the temperature increases, so does the surface
recession velocity, as it strongly depends on 𝑇 . At a certain point, the energy loss
to vaporization starts to dominate and even completely stops any heating, perfectly
balancing out the input energy by the laser. The final temperature is around the
temperature found (approximately 3000 K) in experimentally produced tin vapors,76
underwriting the validity of our approach. We only show the temperature on the
laser side since thermal diffusion keeps both sides of the 1-D domain at the same
temperature within a few Kelvin. This equality aligns with expectation, given the
typical thermal diffusion timescale that can be obtained from Fourier’s law

Δ𝑡 ≈ ℎ2

𝛼
, (2.6)

where 𝛼 is the thermal diffusivity. Taking a conservative value of 𝛼 = 16.5 mm2/s
at a low temperature of 505 K119 and a typical ℎ = 25 nm results in a timescale of
∼40 ps, much shorter than the relevant vaporization dynamics. We also note that
the rapid heating induces a refractive index change and thus adds uncertainty to the
transmissivity method because this heating cannot be experimentally observed.
The right axis of Fig. 2.3 also shows an energy balance of the calculations. The energy
balance highlights the points mentioned above: an initial heating phase is present
before the energy loss to vaporization balances out with the laser input, stabilizing the
temperature of the liquid. The absorbed energy peaks when the 1-D slice is around
4 nm thick as the absorptivity increases as the sheet thins, increasing the temperature
with it and thus speeding up the surface recession. The absorptivity of the liquid
reduces strongly at even lower thicknesses, causing a rapid temperature drop at the
end of the vaporization process.
The resulting thicknesses, as a function of 𝑡VP, for the different cases are shown in
Fig. 2.2(d). The simulated curves overall show good agreement with the experimental
data given the absence of any free-fit parameters. We note that the experimental
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FIGURE 2.3: Example time-resolved output from the 1-D numerical code (aligning with
the 𝐸VP = 2.5 mJ case from Fig. 2.2). The left axis shows the temperature at the laser side
over time. The right axis shows the code’s internal energy balance, split in absorbed laser
energy, heating of the liquid (which is an energy sink and thus negative, even though the
temperature in the liquid goes up), vaporization on the front and back surfaces (which are
indistinguishable), and an internal energy ‘error,’ being the difference between absorbed
energy and the energy loss mechanisms.

data points appear to lack the clear plateau that is present in the simulations due
to the heating phase. We hypothesize two reasons for this discrepancy. First, the
initial temperature of the liquid in the simulation (set to 800 K based on radiation
hydrodynamic simulations120,121) could be too low, increasing the heating period
in the simulation. However, much higher values are not supported by the radiation
hydrodynamic simulations. Second, the differences may be due to changes in the
refractive index due to heating, causing the experimental method to misinterpret
the measured transmissivity. The experimental method cannot distinguish the trans-
mission changing through thinning or heating, and thus will interpret any refractive
index change as a thickness change. To investigate the impact of heating on the
transmissivity method more, we show two transmission curves (solid and dotted) in
Fig. 2.2(c) that we obtain by applying the (inverse) transmissivity method to the thick-
ness prediction curves from the 1-D heat simulation. These curves correspond to two
refractive index cases, with the solid line corresponding to the highest temperature
for which there is literature data available, 𝑛1373.15K = 3.93 + 7.87𝑗,89 and the dotted
line using a linear extrapolation of the literature data to the actual temperature (as
predicted by the 1-D simulations). The results show that the observed transmission
falls between the two lines, indicating that the lack of a plateau in the experiment
may be due to the changing refractive index — although our linear extrapolation
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most likely strongly exaggerates the change in refractive index. A second deviation
between the simulation and experiment is the lack of increased vaporization rate
at very low thicknesses in the experimental data. As mentioned, this accelerated
vaporization is a simple consequence of the Fresnel equations, as discussed in detail in
Ref. [122]. We speculate that the vapor surrounding the liquid (which absorbs a small
amount of light and thus skews the transmissivity measured) obstructs the observation,
or that the finite 5 ns length of the illuminating pulse blurs out the effect. Overall,
besides these minor differences, we find excellent agreement between simulation
and observational experimental data, indicating that the model reliably describes the
vaporization process. Our experimental observations, combined with this agreement
between simulation and experiment, validate the view of the vaporization process
as a gradual process according to Hertz-Knudsen, rather than as violent explosive
boiling.

Characterization of thicker targets A, BI, and C using edge tracking
After gaining an understanding of the vaporization mechanism for the thinnest sheet
in our studies (approximately 25 nm for BII), we now extend our studies to much
thicker targets, reaching up to approximately 200 nm in thickness. For these large
thicknesses, the transmission method cannot be used to track the thinning over the
full vaporization of the sheet. These thicker sheets are expected to exhibit a larger
spatial thickness gradient (see Appendix A, Fig. 2.7). The presence of such a steep
thickness gradient enables us to define and track the edge of the vaporizing sheet,
which effectively represents a nearly discrete transition between the fully vaporized
and remaining liquid regions. The two regions are characterized by very different
contrast levels. This contrast difference is due to the green backlight being able to
penetrate through the tin vapor while being extinguished by the remaining liquid
sheet part. We refer to the method of tracking the discrete transition as ‘edge tracking’.
We explain the method in detail in Appendix C. This method relies on PD data of the
VP exiting the vacuum chamber.
Fig. 2.4(a) displays shadowgraphs of the liquid tin target BI, A, and C before VP
irradiation in front and side view, allowing a qualitative comparison of the target
morphology. Fig. 2.4(b) shows front-view shadowgraphs of the target A for three
times 𝑡VP for an 𝐸VP = 8.4 mJ, clearly showcasing the recession of the inner sheet due
to vaporization. We observe that the outer and thinner sections of the sheet become
transparent earlier than the inner and thicker regions, leaving behind an identifiable
inner remaining sheet. This inner radius Rinner(𝑡VP) is tracked, following the edge-
tracking method introduced above. At 𝑡VP = 60 ns, Fig. 2.4(b) shows that the rim,
ligaments, fragments, and center mass do not fully vaporize. This can be understood
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FIGURE 2.4: (a) Side- and front-view shadowgraphs of target BI, A, and C before VP
irradiation. The bright spots are due to the plasma emission caused by the PP. (b) Front-view
shadowgraphs of target A visualizing the vaporization process at times 𝑡VP for 𝐸VP = 8.4 mJ.
(c,d, and e) Inner sheet radii during vaporization for targets BI, A, and C, respectively. The
inset numbers indicate the used VP energy and the dashed lines are corresponding simulation
results (see the main text).
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from their considerably larger, micrometer-scale thickness.39 Vaporization of these
thick features is only observed when there is a significant increase in VP energy.
Figs. 2.4(c, d, and e) show the edge-tracking results for the inner sheet radii results
for targets BI, A, and C, respectively. Fig. 2.4(c), shows that the inner sheet radii
decrease as 𝑡VP increases and that this reduction is sped up at higher VP energies. This
observation aligns with our observations shown in Fig. 2.2 for a much thinner target.
The reduction of the inner sheet of the target BI [Fig. 2.4(c)] with time highlights
certain differences in target morphology when compared to A and C [Fig. 2.4(d,e)].
In the case of target A [Fig. 2.4(d)], we observe that the rate of reduction of Rinner
slows down significantly for radii below 50 µm. This suggests the presence of a
thicker center region. The edge-tracking analysis of target C [Fig. 2.4(e)] reveals even
more pronounced differences around the center, with its inner radii converging to
approximately 50 µm after which the vaporization process seems to end. As shown in
the shadowgraph inset, the converging radius is not due to a thicker center region but,
rather, a thick rim surrounding a center mass. See Appendix A, Fig. 2.8 for further
detailed shadowgraphs showing this specific feature. The occurrence of such peculiar
center mass features is yet not fully understood. In previous work, such features
were hypothesized to be attributable to compressible flow effects, specifically to a
collapsed cavity generated by the PP.39 In the current study, we focus on the sheet
vaporization dynamics away from any such compressible flow artifacts.
To relate the inner sheet radii to a local thickness, with the final goal of studying
the local vaporization rates, we next employ the semi-empirical thickness model
introduced by Liu et al.71 for laser-shaped tin targets such as ours. This model is based
on a self-similar solution derived from the model by Wang et al.123 It assumes an
inviscid radially outward flow in the expanding sheet, neglecting curvature-induced
radial pressure gradients and sheet features such as the center mass. A solution to
the non-dimensionalized equation governing the sheet expansion can be found in the
form123

ℎ∗𝑡∗2 = 𝑓 (𝑟
∗

𝑡∗
), (2.7)

with the self-similar variables denoted as 𝑟∗ = 𝑟∕𝐷0, 𝑡∗ = 𝑅̇0𝑡∕𝐷0, and ℎ∗ = ℎ∕𝐷0.
Any actual (dimensional) thickness profiles ℎ(𝑟, 𝑡, 𝑅̇0, 𝐷0) can be collapsed onto a
single self-similar curve 𝑦 = 𝑓 (𝑥). Conversely, given any set of experimental inputs
(such as droplet radius, time after impact, etc.), the local thickness can be obtained if
𝑓 (𝑥) is known. Precisely this function was previously obtained by Liu et al.71 as

𝑓 (𝑥) = 1
𝑎0 + 𝑎1𝑥 + 𝑎2𝑥2

, (2.8)
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with 𝑎0 = 1.65(2), 𝑎1 = 6.9(3), and 𝑎2 = −2.4(8) as parameters that were determined
by fitting the proposed 𝑓 (𝑥) to the available experimental data,71 thus yielding a
semi-empirical thickness model

ℎ(𝑟, 𝑡, 𝑅̇0, 𝐷0) =
𝐷3

0

𝑎0𝑅̇2
0𝑡
2 + 𝑎1𝑅̇0𝑡𝑟 + 𝑎2𝑟2

. (2.9)

Here, 𝑅̇0 is input from the measured initial droplet expansion speed (following
Ref. [38] in contrast with the choice of using propulsion 𝑈 of the original Ref. [71]),
𝐷0 is the initial droplet diameter, and 𝑡, 𝑟 represent time and radial coordinates,
respectively. This semi-empirical model allows us to effectively characterize the used
targets (see Fig. 2.7 in the Appendix).
Before using this model, we note that target C exhibits a prominent and peculiar inner
center rim surrounding the center mass. This feature along with a center mass is not
predicted by the model. Consequently, we may expect that the mass that is assumed
to be available to produce the sheet is overestimated. We first seek to correct target C
for the additional mass loss channels. According to findings from Ref. [39], between
5 and 20 % of the mass is concentrated in a center mass remnant, with no obvious
predictive scaling available. Given that we observe both a prominent center mass and
an additional ring-like feature, we conservatively take the upper limit (20 %) as an
estimate for the mass lost to such compressible flow features. Furthermore, given the
large PP energy, we also should correct for the amount of mass that is lost through the
ablation process that sets in motion the dynamics. From prior simulations in Ref. [39],
and the heuristic scaling law provided therein, we may estimate such ablation losses
to account for an additional 20 % mass loss. Thus, in the following, we take target C
to have approximately 40 % less mass available on the sheet as would be expected
from the initial large droplet size (cf. Fig. 2.7 in the Appendix).
Next, we return to the vaporization model of the previous section. The model requires
as input ℎ, here obtained from the semi-empirical thickness model, which enables
converting the measured Rinner (cf. Fig. 2.4) to a local thickness ℎ. Taking this local
thickness ℎ for each Rinner as input, the simulation results in a tvap, which is plotted
in Figs. 2.4(c-e) as the dotted curves. The colored bands depict uncertainty estimates
based on a 15% uncertainty on the actual thickness. Overall, good agreement is found
between simulations and experimental data, well within the uncertainty estimates.
The agreement is most striking for target BI aside from the lowest energy case
(2.6 mJ). This minor discrepancy may in part be attributed to uncertainty in the
energy calibration. Target A also shows good agreement but a systematic offset
towards later 𝑡VP can be tentatively identified. Such an offset may be attributed to the
fact that mass is also lost on target A, given that ablation and compressible flow also
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feature here if less strongly than for target C. Target C shows the same systematic
offset towards later 𝑡VP which may indicate that the applied compressible flow (or
ablation) correction still underestimates the true value. Still, there is full agreement
between simulation and experimental data within the stated uncertainty estimates
over both approximately an order of magnitude in thickness and vaporization laser
intensity.
To enable the accurate prediction of vaporization dynamics given a certain laser
intensity, we next turn to averaged vaporization rates — reducing the data in Fig. 2.4
effectively to a single key parameter, ḣ. This parameter is obtained by minimizing the
difference between (ℎ, 𝑟) and (ḣ𝑡VP, 𝑟) curves with ḣ a free fit factor, a method that is
inspired by the approach of Liu et al.38 We perform the fit in the region of the sheet,
well away from the rim and center mass features. The (ℎ, 𝑟) values are obtained from
Eq. (2.9) at Rinner at 𝑡 = Δ𝑡 [cf. Table 2.1].
Fig. 2.5 depicts a linear correlation between the thus obtained vaporization rates (ḣ)
and VP intensity for all targets within the investigated vaporization laser intensity
range of approximately 1–5 × 107 W/cm2.
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FIGURE 2.5: Average vaporization rates of the targets BII, BI, A, and C as a function of VP
intensity. The purple line shows the result of a linear fit to the concatenated data. The shaded
area indicates the fit uncertainty.

The rate values for target BII are directly taken from Fig. 2.2(e). For all other targets
(BI, A, C), the vaporization rates (ḣ) are the result of the comparison between 𝑡VP
and the thickness prediction obtained from the semi-empirical thickness model as
explained above (cf. Fig. 2.7). For target BII, the uncertainty arising from the initial
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target thickness was taken into consideration with ± 15 % (from the dark value
correction), and for all other targets (BI, A, C), a standard deviation of ± 15 % was
assumed as an uncertainty measure (dominated by the uncertainty in available mass).
The observed increase in uncertainty with the VP intensity (cf. Fig. 2.5) is a direct
result of the constant delay step size when scanning the SP over the VP, for all
measurements, leading to fewer steps during the VP for higher intensities. Finally,
we perform a linear fit to the merged dataset of average vaporization rates and obtain
a 𝑑ḣ∕𝑑𝐼VP of 1.0(3) 10−7 ms−1/Wcm−2, in agreement with and extending the linear
scaling of the previous section over an order of magnitude in both thickness and
laser intensity. The vaporization rate is thus observed to linearly scale with intensity,
independently from both initial and instantaneous thickness; the time tvap required to
vaporize a sheet of thickness ℎ will scale as tvap ∝ ℎ𝐼−1VP with the ḣ at every instant
scaling as ḣ ∝ 𝐼VP.
We note that a previous study38 reported a vaporization rate of 4.4 m/s for a∼0.7 J/cm2
fluence laser pulse, 50 ns in duration (yielding an intensity of approximately 1.4 ×
107 W/cm2) which is a faster rate than would be expected from our observations.
However, the authors of Ref. [38] acknowledge an error in a double correction of
the vacuum window transmissivity (upscaling the input 𝐼VP). Additionally, we have
improved on the edge tracking method by benchmarking it to the photodiode data,
which also causes a slightly different result. Accounting for both differences brings
the previous data again in agreement (at ∼3 m/s at 2.2 × 107 W/cm2) with the present
more accurate observations.
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Self-similarities and generalization
We next revisit all experimental data and further study two key findings of this work,
namely that tvap ∝ ℎ𝐼−1VP and ḣ ∝ 𝐼VP which can be transformed into each other
ḣ ∝ ℎ∕tvap ∝ 𝐼VP. Fig. 2.6(a) shows the result of multiplying the 𝑡VP time axis by the
VP intensity 𝐼VP to arrive at a local fluence 𝑡VP × 𝐼VP previously presented only as
an Ansatz in Ref. [38]. It demonstrates that the vaporization of liquid tin targets in
the investigated laser intensity range 0.4–4 × 107 W/cm2 is solely a function of the
deposited fluence, across all individual targets. This underpins the first key finding
that tvap ∝ 𝐼−1VP.
Fig. 2.6(b) presents all experimental data (including that of target BII obtained using
the transmission method) in non-dimensional units (ℎ∗𝑡∗2, 𝑟∗∕𝑡∗), with ℎ = 𝑡VP ⋅𝐼VP ⋅
𝑑ḣ∕𝑑𝐼VP taking 𝑑ḣ∕𝑑𝐼VP =1.0(3) 10−7 ms−1/Wcm−2. All data is found to collapse
on a single curve, which underlines the validity of our approach in invoking the self-
similar model and in the mutual agreement of the (transmission vs. edge tracking)
methods employed. We may further compare our findings directly with Eq. (2.9),
depicted as a black solid line in the same figure. The edge tracking curves show
reasonable agreement with the self-similar solution that represents a thickness profile,
indicating that the edge tracking data is a good measure to quantify the vaporization
process. The collapsed data tend to lie slightly above the self-similar curve, at early
times, which may indicate an overall overestimation of the mass available for the sheet
(see discussion above). Alternatively, it may point towards a small overestimation of
the overall vaporization rate, well within the error bars of Fig. 2.5. More noticeable
deviations occur at the smallest 𝑟∗∕𝑡∗ values, where the experimental data seems to
vertically diverge. These deviations are due to the center mass features. Also at the
largest 𝑟∗∕𝑡∗ values deviations appear to occur but here we note that the self-similar
model contains no edge and does not end where the sheet does. Further deviation
at the larger 𝑟∗∕𝑡∗ values may be attributed to finite curvature of the targets, the
investigation whereof is left for future work.
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FIGURE 2.6: (a) ‘Collapse’ of the edge-tracking data for Rinnerfor targets BI, A, and C [cf.
Fig.2.4(c-e)] when plotted as a function of fluence 𝑡VP × 𝐼VP. (b) Global collapse of the
edge-tracking data (targets BI, A, and C) and BIIdata (gray data; includes an uncertainty band)
in dimensionless units (see the main text). The solid black line indicates the semi-empirical
thickness model of Ref. [71].
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Conclusions
We examine how a liquid tin target vaporizes when exposed to a 100 ns laser pulse
(box-shaped in space and time). Our observations are based on stroboscopic acqui-
sitions using an illumination pulse enabling 5 ns time resolution and 5 µm spatial
resolution while scanning systematically throughout the 100 ns laser pulse. For thin
(∼25 nm) and flat sheets, the absolute thickness can be obtained from the finite trans-
mission of the backlighting through the sheet, following Liu et al.71 Our findings
reveal gradual vaporization characteristics and a linear relationship between the aver-
age vaporization rate with the laser pulse intensity, i.e. ḣ ∝ 𝐼VP. Inspired by the fact
that the observed scaling relation may be explained from simple energy balance, we
construct a numerical 1-D heat and vaporization solver based on the Hertz-Knudsen
equation and find excellent agreement between simulations and experimental data.
A gradual vaporization mechanism would signal that nanoparticles, as observed in
similarly prepared tin vapor targets,76 originate from post-vaporization clustering of
atomic species. We next extend our investigations to thicker (up to approximately
∼200 nm) targets, improving on an edge-tracking method previously established
by Liu et al.38 in tandem with a semi-empirical sheet thickness model71 to further
quantify the vaporization dynamics. Also here the 1-D simulations are in excellent
agreement with the experimental data after accounting for additional mass-loss chan-
nels. By combining the vaporization rate data from all experiments, we confirm the
linearity ḣ ∝ 𝐼VP with a prefactor of 1.0(3) 10−7 ms−1/Wcm−2 over the full investi-
gated intensity range (0.2–4 × 107 W/cm2). We furthermore demonstrate that the
amount of vaporization of liquid tin targets in the investigated laser intensity range is
governed solely by the deposited fluence, across all individual targets and that the
time required for vaporization follows tvap ∝ ℎ𝐼−1VP, validating the Ansatz proposed
in Liu et al.38 Lastly, we collapse all suitably non-dimensionalized data onto the
self-similar solution proposed in Ref. [71].

We thus identify the mechanism of laser-induced vaporization (as a gradual vaporiza-
tion governed by the Hertz-Knudsen equation) at low intensities as may be found in
future advanced target preparation schemes for more efficient generation of extreme
ultraviolet light. Furthermore, we provide an accurate prediction of the vaporization
rates as a function of laser intensity over an order of magnitude around 107 W/cm2,
which is shown to hold for all target thicknesses in a range of approximately 20–
200 nm. Our work may guide and find application in the development of future EUV
sources.
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Appendices
A Expected target thickness profiles
Fig. 2.7 depicts thickness profiles of the various tin sheet targets used in the paper, as
obtained from the semi-empirical thickness model Eq. (2.9) with the required input
taken from Table 2.1 in the main text. The dashed line for target C thus shows a mass
correction of the target by 40 % (see the main text).
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FIGURE 2.7: Thickness profiles according to semi-empirical thickness model Eq. (2.9) for
the used targets, with input from Tab. 2.1 in the main text.

Fig. 2.8 displays target C at various stages of vaporization, highlighting an additional
feature around its center mass. It shows that this feature is significantly thicker than
the sheet and even the rim and center mass given that it is not vaporized even after
the 100 ns-long VP. For more information about the center mass feature in general
see Ref. [39].
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31.10 ns 61.10 ns 91.10 ns 111.10 ns

FIGURE 2.8: Shadowgraphs of target C showcasing the observed feature (see the main text)
around its center mass at different stages of vaporization.

B Input parameters in 1-D numerical code
Table 2.2 shows the used input parameters for the 1-D numerical simulation. The
initial liquid temperature of 800 K is estimated from the temperature after the end of
the laser pulse in RALEF-2D radiation hydrodynamic simulations such as performed
by Poirier et al.121 A sensitivity study of the model predictions is performed for all
input parameters. It is found that tvap is most strongly influenced by the latent heat,
which also follows directly out of the energy balance (see the main text). However,
the uncertainty on the latent heat is below 0.1 % according to literature, so this has a
negligible effect on the simulation.124

Parameter Value Source
Refractive index 3.93 + 7.87j Highest 𝑇 value of89
Conductivity (𝜅) 43.6 W/(m K) Highest 𝑇 value of125
Initial 𝑇 800 K RALEF simulations
Density 6787 kg/m3 Density at 800 K126
Molar mass 0.118 71 kg/mol [118]
Molar heat capacity (𝑐𝑝) 27.2 J/(mol K) Value at highest 𝑇 available

127,128
Latent heat 301 × 103 J/mol [124]
Diffusivity (𝛼) 28.0 mm2/s Calculated from 𝜅

𝜌(𝑐𝑝∕𝑀)

TABLE 2.2: Table of input parameters used in the 1-D numerical simulation.

The next strongest sensitivity of tvap is density, and thus also initial temperature,
which influences the density. Again, this can be seen in the energy balance in
the main text. The uncertainty on 𝜌 itself is only ∼1 % according to a review of
thirteen papers.126 Thus, the initial temperature, and its indirect effect on 𝜌 gives the
largest uncertainty on tvap. We estimate the uncertainty in the initial temperature
to be approximately ∼100 K due to uncertainties in the influence of the pre-pulse,
translating to a 3 % effect on the predicted tvap. This uncertainty is significantly smaller
than the uncertainty originating from the thickness estimation. Thus, the model
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predicted tvap may considered to be rather insensitive to the input parameters. The
temperature during the vaporization predicted by the model is even less sensitive to
changes in the input parameters. This originates from the exponential dependence on
the temperature for the vapor pressure (nominator in Eq. 2.2), meaning that only small
changes in temperature are required to respond to changes in the input parameters
such as 𝜌 or latent heat. Thus, the change in temperature stays below 1 %, even for
conservatively large (10 %) changes in used input parameters.
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C Edge Tracking Method
The edge tracking method relies on PD data of the VP exiting the vacuum chamber.
Here, we assume that the geometrical obstruction created by the target, as identified
via the 560 nm shadowgraphy, applies directly also to the 1064 nm VP laser light.
Separately, we note that neither VP nor SP laser light is absorbed by the vapor (also
see Ref. [76]). We establish a correlation between the VP laser light transmitted along
the sheet (𝑆, as measured by a PD after the chamber) and our observations of inner
sheet radius (Rinner), which we extract from the shadowgraphs. This correlation is
based on the Ansatz that the VP is spatially blocked by the remaining liquid and that
the increase of the PD signal 𝑆 is directly proportional to the decrease in sheet area

(1 − 𝑆(𝑡VP)) ∝ (Rinner(𝑡VP))2. (2.10)
Note that both quantities (𝑆 and Rinner) are normalized. Next, to define a sheet edge,
a suitable threshold (𝑇 ) needs to be defined. For this purpose, we perform a Gaussian
fit to the background distribution counts, individually for all shadowgraphs, which
allows us to determine its mean value (Pval) and width (Pwidth). We determine the
benchmarked threshold using the relation 𝑇 = Pval−Blevel ⋅Pwidth where we subtract a
value Blevel ⋅Pwidth from Pval that is proportional to the background distribution width
with prefactor (Blevel). This approach enables us to effectively deal with intensity-
induced speckle broadening in the illumination. Subsequently, we iteratively adjust
the parameter Blevel and, consequently, the threshold 𝑇 . With each adjustment, we
obtain a threshold-specific inner sheet Rinner(𝑡VP). The optimal value for Blevel is
then found by minimizing the differences between the left- and right-hand side of
Eq. (2.10). In summary, we obtain a threshold such that the obtained Rinner best
matches the transmitted VP signal.
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CHAPTER 3
Spectroscopic Imaging of Tin
Vapor Near Plasma Threshold
Dion Engels, Karl Schubert, Mikheil Kharbedia, Wim Ubachs, and Oscar Versolato.
Physical Review Research 7(2), 23307 (2025).

We report on the spectroscopic imaging of tin vapors laser-generated from
thin liquid tin targets using laser intensities around the threshold of plasma
formation. Specifically, we study tin vapor using an extinction imaging method
in the UV regime (230–400 nm) to obtain 40-µm-spatial-resolution images with
10-cm−1-resolution spectra 100 ns after vaporization. The vapor is created by
irradiating a non-oxidized free-flying thin film with a nanosecond laser pulse, the
intensity of which is varied between 1–130 × 107 W/cm2, from below to above
the threshold of producing plasma. Vapors created with laser intensities below
40 × 107 W/cm2 exhibit a spatially homogeneous neutral atomic component,
with a temperature around 3000 K, as well as a broadband component due to
nanoparticles. The morphology and composition of the vapor change as the
plasma forms during vaporization at higher intensities, with the temperature
of the vapor rising to 8000 K at the highest intensity. At these intensities, the
broadband component disappears, indicating that it is a vapor composed only
of free atoms.

55



3

56 Chapter 3. Spectroscopic Imaging near Plasma Threshold

Introduction
Vapors near plasma formation threshold find applications in high-tech fabrication
technologies as well as in next-generation fusion power generation concepts. In
pulsed laser deposition (PLD),129 as an example of physical vapor deposition (PVD)
techniques,130 a ∼109 W/cm2 laser pulse ablates a target, creating a plasma vapor
plume, to deposit thin layers for the fabrication of high-performance multi-element
coatings. Plasma-assisted atomic layer deposition (ALD) enables the synthesis of
ultra-thin films with atomic resolution.131 In liquid metal divertor (LMD) technology
for nuclear fusion, specifically in ‘vapor box’ concepts, vapor is used to reduce and
radiate away132,133 the heat load on the wall of fusion devices.65–67 Vapor is also
of interest for extreme ultraviolet (EUV) lithography, which uses hot-and-dense tin
plasma to produce EUV light.64 To generate the required light, liquid tin droplets
are first pre-shaped into thin films before being irradiated by the EUV-producing
‘main pulse’35,40,134 (for alternative approaches see, e.g., Refs. [109, 135–139]). Pre-
plasma formation68,69,139 and ‘advanced target shaping’ concepts34 are proposed to
extend current pre-shaping techniques for improved operation efficiency. All such
applications benefit from having diagnostics to obtain vapor characteristics and to
provide feedback for control loops.
Inspired by these applications, in particular those related to EUV generation, we apply
a spectroscopic absorption imaging method following Engels et al.76 to diagnose tin
vapor created by irradiating a thin film with a nanosecond laser pulse over a range
of intensities spanning 1–130 × 107 W/cm2 around the threshold to produce plasma.
Prior work76 provided a view of the local temperature, composition (i.e. atoms vs
nanoparticles), and local densities of such tin vapor at an intermediate laser intensity
(∼108 W/cm2) where no plasma was generated. The current range of laser pulse
intensities allows us to witness and study in detail the changes in target morphology
and composition with laser intensity, ranging from below to above the threshold of
producing plasma from the liquid target, and to demonstrate the applicability of the
spectroscopic imaging method also in the regime of plasma generation in tin vapor.

Methods
In the experiment (see Fig. 3.1), a non-oxidized free-flying liquid tin sheet is created
in a vacuum by expanding a molten microdroplet using a nanosecond laser pulse. The
sheet (the ‘target’) has a diameter of approximately 500 µm with a thickness of 25–
10 nm (decreasing radially outward71). This target serves the purpose of providing
an isolated thin layer of metal and is kept constant throughout the current study (for
details on the dynamics of target preparation see Ref. [39] and references therein). To
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FIGURE 3.1: Setup and methods. (a) The direction of the vaporization pulse (VP, orange) and
the perpendicular shadowgraphy pulse (SP, purple) that follows 100 ns later from a top view
perspective. (b) Processed side-view shadowgrams created with 284.08 nm-backlighting at
different times in the droplet to sheet to vapor process. The VP (here at its highest intensity)
arrives 2.1 µs after the droplet is expanded into a sheet. The light produced from plasma
generated during the vaporization is highlighted in false color. (c) Extinction (scattering +
absorption) around several atomic resonances when the broadband term is subtracted (𝐸atom).
The plot colors are related to the ground levels of the resonances (also indicated on the top
right). The transition is also shown in a schematic level diagram of ground state tin (5s25p2)
on the left of each resonance. The solid line is the 5 × 107 W/cm2 case, while the dotted line
is the 130 × 107 W/cm2 case. Note the strongly increased absorption for the highest ground
state. (d) 𝜎0 vs ln(1-𝐸) integrated over the resonance, for the low-intensity case. See the
main text for information. Panel (e) shows the high-intensity case. (f) Boltzmann plot for the
two intensities (dotted is the high intensity).

vaporize the target, we employ a vaporization pulse (VP, 6 ns, 𝜆 = 1064 nm) focused
to a circular spot with a diameter of ∼1.5 mm at the target location (the laser intensity
is nearly constant over the sheet, decreasing only ∼5 % from the center to the edge).
To create different vapors, the intensity of the vaporization pulse is varied over a
range 1–130 × 107 W/cm2, keeping all other things constant.
We image the vapor with a UV ‘shadowgraphy’ pulse (SP) at a 90° angle to the VP.
The UV pulse has a length of 4 ns, a spectral bandwidth of 5–10 cm−1, and a tunable
wavelength between 230–400 nm for spectroscopy. Figure 3.1(b) shows the evolution
of the droplet into a thin film target and, subsequently, into a vapor.
We capture 25 frames at each UV wavelength with a fixed 100 ns delay between the
VP and the SP (each frame is a new laser-droplet event). The 100 ns delay between
VP and SP is chosen such that the camera exposure start can be placed in between,
avoiding plasma emission in the images (which would interfere with the absorption
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measurements) without the vapor thinning too much and reducing signal-to-noise.
Varying the VP and SP delay would provide further insights on the dynamics of the
expanding vapor, such as composition or density changes. Here, we focus on the
impact of a single parameter, the VP intensity, with a study of the vapor dynamics left
for future work. The ten best-aligned, most up-down-symmetric frames are selected
from the 25 frames. Next, they are geometrically overlapped, averaged, and corrected
for differences in magnification (which changes with wavelength due to chromatic
aberrations of the single-lens imaging setup). Finally, all CCD pixels are binned into
16 by 16 bins (called a pixel hereafter) to prevent the impact of any misalignment,
resulting in images without visible ‘speckle’ and improved signal-to-noise, with an
effective resolution of 40 µm.
We determine the vapor temperature, per pixel, via strong Sn-I resonances originat-
ing from four electronic levels [see Table 3.1 in the Appendix and cf. Fig. 3.1(c)].
Figure 3.1(c) shows extinction (scattering + absorption) profiles (for two separate
VP intensity cases, dotted and solid lines, respectively) for each of four selected
atomic resonances, one from each of the four lowest-lying electronic levels. The
broadband contribution is removed from the extinction, yielding 𝐸atom. For three of
the transitions [cf. Fig. 3.1(c)], we note a significantly increased absorption for the
high-intensity case compared to the low-intensity case, with the difference increasing
with the energy of the bottom level. This behavior is indicative of a significant temper-
ature change. To further quantify the temperature and any changes therein, we employ
a Boltzmann plotting technique (see, e.g., Ref. [140] for reference) closely following
the approach of our previous work.76 We plot the integral over the wavenumber (𝜈)
of the logarithm under the atomic resonances ln(1 − 𝐸atom) versus the transition’s
resonance cross section 𝜎0. This enables extracting the occupation of each level from
the Boltzmann factor 𝑏(𝑇 )

∫ − ln(1 − 𝐸atom(𝜈))𝑑𝜈 ∝ 𝑏(𝑇 )𝑛𝐿𝜎0, (3.1)

where 𝑛 is the density of the vapor and 𝑏(𝑇 )𝑛 is the density of the absorbing state;
𝐿 is the path length through the vapor, which with 𝑛 defines the column density 𝑛𝐿.
The strength of the resonance is determined by the resonance cross section 𝜎0. Thus,
for a single pixel, we can extract the occupation 𝑏(𝑇 ) from slopes in Fig. 3.1(d-e).
Finally, by fitting a straight line through the occupation versus the energy of the level,
a temperature 𝑇 is extracted [see Fig. 3.1(f)].
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Results
Spectroscopy
Figure 3.2 shows all the created vapors, with VP intensities ranging between 1–
130 × 107 W/cm2, increasing from left to right. The top row shows shadowgrams
at 254.73 nm (at the center of the atomic resonance, cf. Table 3.1), and visualizes
how the shape of the vapor changes when changing VP intensity. At low intensity
[panels (a,f)] the vapor has a cone shape.76 For somewhat higher intensities [panels
(k,p)], the rim starts vaporizing and contributes to the absorption, as highlighted by
the gray cloud near the edges of the shadowgram. At these VP intensities, plasma
light emission is particularly noticeable near the center (intentionally filtered out by
the camera exposure and hence not visible in the shadowgrams). Finally, in panel (u),
plasma forms nearly everywhere on the sheet, creating an additional pressure field
that changes the shape of the vapor.
The target has three distinct morphological characteristics following the work of Liu
et al.39 One feature is the ‘center dot,’ which usually holds about 10 % of the initial
droplet mass,39 which would make it ∼2 µm thick. The second is the ‘rim,’ which
bounds the sheet.39 The thickness of the rim can be predicted from hydrodynamic
arguments to be approximately ∼1 µm in diameter.71 The thinnest part is the sheet,
which averages a thickness of around ∼20 nm. Our observations indicate that plasma
first forms on the thickness extrema.
In the experiment, visible light emission is determined to be an indicator of plasma
formation (previous experiments have correlated light emission with detected ion
current121). The first emission of visible light is observed in the 25 × 107 W/cm2
case, (the third column Fig. 3.2), on the center dot, the thickest part of the target.39 At
40 × 107 W/cm2, the fourth column in Fig. 3.2, plasma also forms on the rim. Only
at the final intensity does plasma form on the entire thin film. A detailed study of
the plasma formation process itself lies beyond the scope of the present study; in
the current work, we focus on the impact of the plasma on the characteristics of the
generated vapor.
The second row of Fig. 3.2 shows the extinction spectrum, expressed as − ln(1 − 𝐸)
in order to have a value linear with column density 𝑛𝐿. The four spectra in each panel
correspond to the four pixels shown in the first row. The different pixel locations
exhibit nearly identical spectra except for a difference in overall amplitude which
reflects different column densities. Panel (g) shows spectra taken at a VP intensity
similar to that of Ref. [76] which indeed are nearly identical [we plot averaged data
from Ref. [76] in panel (h)], highlighting the reproducibility of the vapor composition
for similar intensities and target shapes (the current target, however, is approximately
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2x thinner). The neighboring panels (b,l) show very similar spectra with only an
overall change in absorption, even though the VP intensity has changed 25x. Further
increasing the VP intensity leads to clear changes in the spectra, with panels (q,v)
depicting a decrease and, finally, the disappearance of the ‘broadband’ component
previously hypothesized76 to be caused by Mie scattering by nanoparticles.
To more clearly show the change in the broadband component, we invert Beer-
Lambert’s law to an equation for the cross section

𝜎(𝜈) = −
ln(1 − 𝐸(𝜈))

𝑛𝐿
. (3.2)

The absolute column density 𝑛𝐿 cannot be directly determined from the experiments
without a detailed model for the cross section 𝜎 which necessarily would need to
include physical effects such as power, collisional, and Stark broadening. Following
Ref. [76], we instead introduce a dimensionless parameter 𝑎 to describe a ‘relative
density,’ enabling the comparison of densities within a vapor and also between the
various vapors in the experiment. We note that this ‘relative density’ is a measure of
𝑛𝐿 and, thus, is a relative column density as it includes the path length 𝐿.
We obtain the values for 𝑎 via two complementary methods. The first method is to
compare the extinction of the broadband component, resulting in a value for 𝑎 defined
by the Mie scattering component from fitting the spectrum over every pixel to the
reference pixel

min
𝑎Mie∈R

|𝑎Mie[ln(1 − 𝐸Mie(𝜈))] − ln(1 − 𝐸ref
Mie(𝜈))|. (3.3)

Note that 𝑎Mie (and also 𝑎atom below) is a scalar independent of 𝜈. Having obtained
𝑎Mie, we can rewrite Eq. (3.2) with only known parameters

𝜎rel(𝜈) = −
ln(1 − 𝐸(𝜈))

𝑎
1

ln(1 − 𝐸̃)
, (3.4)

with a single normalization applied to all intensity cases at 𝐸̃ ≡ 𝐸ref(𝜈 = 42 000 cm−1)
from a single pixel [near the blue pixel indicated in Fig. 3.2(f)] in the 5 × 107 W/cm2
case enabling the direct comparison to Ref. [76]. The rewriting of the equation allows
us to show how the cross section changes over wavelength, regardless of the density-
length scale product. This evolution is especially important in Mie theory, where the
evolution of the cross section with wavelength is solely determined by the nanoparti-
cle size (together with the refractive index). The resulting relative cross section 𝜎rel is
shown in the third row of Fig. 3.2. The atomic resonances are filtered out to focus on
the broadband component of the spectrum. Again, the results of selected pixels (cf.
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FIGURE 3.2: Analysis of tin vapors at five laser vaporization intensities. Row 1 shows
shadowgrams of the relatively weak 254.73 nm atomic resonance (5s25p2 3P0, see Table 3.1),
showing detailed structures in the atomic vapor cloud and highlighting the shape change of
the vapor with VP intensity. Row 2 shows the extinction spectra for the four highlighted
locations in row 1. Row 3 shows the relative cross section (𝜎rel) for the four locations (the
atomic resonances are filtered out). We also indicate the spread over all the pixels (at 1 and 3
standard deviations; gray shading). Panel (h), which closely matches previously published
data (see the main text), also shows (gray dashed line) the previously published mean for all
pixels for comparison. Row 4 shows the relative, unitless, densities 𝑎atom determined using
the atomic resonances. Pixels where no value could be determined are colored dark blue.
Row 5 shows the temperature maps for each intensity.
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Fig. 3.2 row 1) are shown, along with two gray bounds (dark and light gray) indicating
the 1 and 3 sigma spread for all the pixels in the vapor, respectively. Panels (c,h,m)
show nearly identical curves, indicating that all pixels in the vapor have the same
nanoparticle size distribution underlying this broadband spectrum. The gray bounds
are very small, indicating a particular uniformity of the size distribution throughout
the vapor. We note that this uniformity holds over a 25x change in VP intensity. The
uniformity breaks down in Fig. 3.2(r) at 40 × 107 W/cm2. Although the same trend in
the broadband spectrum is still visible, the variation in vapor increases significantly,
as indicated by the much larger gray bound [cf. Figs. 3.2(m,r)]. Finally, for the highest
intensity case [Fig. 3.2(w)] the broadband component disappears completely. The
inset (z) presents a close-up view of panel (w) with the same data (10x zoom on the
𝑦-axis) and clearly shows that the broadband is negligible. Thus, it appears that the
nanoparticles deemed responsible for the background component have disappeared
completely.
Given that the broadband component is absent at the highest intensity, it is advanta-
geous to instead define 𝑎 via the atomic resonances, which are still very much present
in this highest intensity case. We sum over a full atomic resonance (to accommo-
date varying broadening effects due to varying density) to obtain an integrated line
strength. By comparing the line strengths for different pixels, we again obtain a value
for 𝑎 much like Eq. (3.3)

𝑎atom =

∑𝑛peaks ∑𝜈max
𝜈min ln(1 − 𝐸atom(𝜈))

∑𝑛peaks ∑𝜈max
𝜈min ln(1 − 𝐸refatom(𝜈))

, (3.5)

where 𝜈max and 𝜈min are 0.4 nm around each atomic resonance (cf. Fig. 3.1(c) for
example of the summation range). Previous work76 demonstrated that the two methods
to obtain a representative relative density 𝑎 provide very nearly identical values, with
the 𝑎Mie exhibiting a better signal-to-noise ratio and having the advantage of being
insensitive to complex atomic broadening dynamics. Hence, we use 𝑎Mie to collapse
𝜎rel in panels (c,h,m,r); for the highest intensity case (w) we resort to using 𝑎atom. The
values for 𝑎atom are of particular interest for a consistent interpretation of the spatial
changes in the relative density when varying the intensity of the VP in the following.

Imaging
Our spectroscopic imaging method enables us to spatially characterize the relative
densities for the various VP intensities used. The fourth row in Fig. 3.2 shows the
determined values of 𝑎atom for each pixel. Similarly to 𝜎rel, the relative density 𝑎atom
is normalized by its value for the same single pixel in the 5 × 107 W/cm2 case. This
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single normalization enables the direct comparison of the relative densities between
all the VP intensities used. In general, a trend to higher values for 𝑎atom is observed
as intensity increases. In part, this trend is explained by more vaporized mass as the
fluence increases with intensity. We note that the rim and center mass hold nearly as
much mass as the sheet itself for this target71 and continue to be a source of atoms.
Another factor in explaining the observed trend may be the redistribution of the vapor
mass constituents, as the broadband component due to nanoparticles disappears and
this mass shows up as free atoms. This mass redistribution is clearest in Fig. 3.2(x),
the highest intensity case, without a broadband component in the spectra, where the
values for 𝑎atom have risen to ∼ 8x the value of panel (i). The highest values for 𝑎atom
are near the edges of the vapor, likely originating from the thick rim, a source of
many atoms at high fluences.
We can also employ the Boltzmann plotting method for each pixel at each intensity.
The final row shows the resulting temperature maps. The first four intensities [panels
Fig. 3.2(e,j,o,t)] do not deviate significantly from a ∼3000 K temperature in the vapor,
near the boiling point of tin (at 2875 K). However, the temperature jumps to around
8000 K for the final intensity in panel (y). The hottest area seems to be around the
center. This could be explained by the presence of the center dot feature here, which
is the thickest and thus sustains a plasma the longest before vaporizing.

Scaling of key parameters
We leave behind the imaging and investigate key parameters of the vapor over the
two orders of magnitude change in VP intensity. In Fig. 3.3, we plot the mean and
spread over all pixels for the various parameters as a function of laser intensity.
First, we show the extracted temperature in Fig. 3.3(a) as it rises from the boiling
temperature towards 8000 K. The rather sudden temperature increase is observed
to coincide with the formation of plasma. In panel (a), the light gray background
represents the onset of plasma on the thicker parts of the target (being the rim and
center dot), while the dark gray area indicates the intensity region at which plasma
is seen to form everywhere on the sheet. These regions are also indicated in panels
(b,c,d). Next, we show the change in the relative density 𝑎atom in Fig. 3.3(b). Starting
around 1 (𝑎atom = 1 is defined for one pixel in the 5 × 107 W/cm2 case), the relative
density increases with the laser intensity. The large monoatomic vapors created with
high VP intensities could be excellent targets to effectively absorb a following (main)
laser pulse in EUV lithography, as such vapors offer a long path length of absorbers.
Next, we turn toward the broadband part of the spectrum, which is associated with
scattering from nanoparticles. Comparing Figs. 3.2(m,r,w), we observe a strong
reduction in this broadband part of the spectrum, indicating that the nanoparticles
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FIGURE 3.3: Key parameters over VP intensity. (a) The temperature of the vapor. The boiling
temperature (2875 K) is also indicated. The gray-shaded background indicates whether
plasma forms on the thin film. In the light gray area, the intensity is high enough to form
plasma on the ‘thick’ features of the target, such as the center dot and rim. In the dark gray
area, plasma forms on the entire thin film. We plot the mean and spread over all pixels as an
error bar. (b) The relative density of the atoms 𝑎atom. (c) The fitted nanoparticle radius. A fit
is performed per pixel. (d) The mass ratio of nanoparticles and atoms. This value is set to
three at 5 × 107 W/cm2 (matching previously published work).76
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disappear at the highest intensity. To quantify the change in the composition of the
vapor, we fit each spectrum per pixel (after filtering out the atomic resonances) with
the extinction curve predicted by Mie theory. We use a numerical code85 for Mie
theory and use as input the refractive index data from Cisneros et al.,89 extrapolated
to wavelengths below 310 nm using a Drude-model fit. This fit results in a column
density and a best-fit nanoparticle size for each pixel.
In Fig. 3.3(c), we show the result of these fits by showing the mean and spread of the
nanoparticle size. At low intensities, the nanoparticle radius obtained from the fit is
nearly constant, around 23 nm, in line with the finding of Ref. [76] that the radii are at,
or below, the 25 nm level. However, as plasma is formed at the highest intensity, the
fit fails (indicated by the vertical blue line) due to the negligible remaining signal in
the broadband curve. We note that the Mie theory fit carries significant uncertainties
due to the work function of tin being passed around 280 nm (thus allowing ionization
of clusters) and the fact that we extrapolate the refractive index below 310 nm.
We now focus on the column density of the nanoparticles. We obtain this value (in
nanoparticles per volume) from the same fit for each pixel and convert it into atoms
in nanoparticles per volume. Having obtained this value for each pixel, we now have
a value for the change in atomic density (our relative atomic density 𝑎atom) and a
value for the change in nanoparticle density. With both of these, we can determine
how the ratio of atoms contained in nanoparticles versus free atoms changes with VP
intensity and show the results in Fig. 3.3(d). We set the ratio of nanoparticles versus
atoms to 3 at the 5 × 107 W/cm2 intensity, using input from Ref. [76] as a reference
value. A clear downward trend of the ratio with increasing laser intensity is observed.
The uncertainty is dominated by the uncertainty in the nanoparticle size, but also
includes a measure of the spatial variation throughout the vapor.
We next confirm this trend in the ratio by introducing a second metric that has no
model dependence. Here, we compare the integral under the 235 nm atomic resonance
(see Table 3.1, this resonance has the highest broadband baseline) to its broadband
baseline, caused by the nanoparticles. Thus, by tracking how the ratio of the integral
of 𝐸atom and the baseline changes, we obtain a proxy for the bound-to-free-atom
ratio. These results are shown in Fig. 3.3(d) in red. Again, we fix the resulting
ratio to 3 at the 5 × 107 W/cm2 intensity. This independent, model-free approach
closely matches that of the Mie fit and enables us to conclude that the ratio strongly
decreases with the VP intensity to create a nearly pure atomic vapor at the highest
VP intensity, effectively transferring mass from bound to free atoms and increasing
atomic absorption cf. Fig. 3.2(i–x).
Overall, we have shown that the various vapors are quite similar, with respect to
their spectral and spatial aspects, over the intensity range 1–25 × 107 W/cm2. This
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similarity indicates that vaporization in this intensity range is governed by the same
physical processes as those identified by Schubert et al.141 given the partial overlap
on the lower end of the studied intensity range (0.2–4 × 107 W/cm2 in cf. Ref. [141]).
The dissimilarity of the vapor at the highest intensity, in particular the absence of
broadband absorption, indicates that a different physical process starts to contribute.
It remains an open question what is the exact process that causes the transition to
a nearly pure atomic vapor at the highest intensity, around the plasma threshold.
We hypothesize that plasma prevents the formation of clusters from the flux of free
atoms coming from the liquid surface.141 However, to prove this decisively versus an
alternative hypothesis such as plasma-induced atomization of clusters, further studies
are required.

Conclusion
In this work, we report on the spectroscopic imaging of pure metallic tin vapors
generated from thin liquid tin targets over a range of intensity of the vaporizing
laser pulse, from below to above the threshold of producing plasma. We show that
vapors created with laser intensities below 40 × 107 W/cm2 consist of a spatially
homogeneous atomic component, with a temperature around 3000 K, and a strong
broadband component due to nanoparticles. The vapor morphology and composition
change considerably as plasma forms at higher intensities, with the temperature
rising to 8000 K at the highest intensity. Here, the broadband component completely
disappears, indicating that the vapor is composed of free atoms only. With the current
studies, we demonstrate the applicability of the spectroscopic imaging method also
in the regime of plasma generation.
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Appendix
Atomic resonance overview
An overview of all measured atomic transitions is presented below.

TABLE 3.1: An overview of the measured atomic transitions for
neutral tin.77 Vacuum wavelengths are used.

𝜆 (nm) Einstein
coefficient
(1/s)

Transition Level energies
(cm−1)

235.56 1.70 × 108 5p2 3P1 − 5p5d 3D2 1692 − 44144
242.24 2.50 × 108 5p2 1D2 − 5p5d 1F3 8613 − 49893
243.02 1.50 × 108 5p2 3P2 − 5p5d 3F3 3428 − 44576
254.73 2.10 × 107 5p2 3P0 − 5p6s 1P1 0000 − 39257
257.24 4.50 × 107 5p2 1D2 − 5p5d 3D3 8613 − 47488
266.20 1.10 × 107 5p2 3P1 − 5p6s 1P1 1692 − 39257
270.73 6.60 × 107 5p2 3P1 − 5p6s 3P2 1692 − 38629
284.08 1.70 × 108 5p2 3P2 − 5p6s 3P2 3428 − 38629
286.42 5.40 × 107 5p2 3P0 − 5p6s 3P1 0000 − 34914
303.50 2.00 × 108 5p2 3P1 − 5p6s 3P0 1692 − 34641
317.60 1.00 × 108 5p2 3P2 − 5p6s 3P1 3428 − 34914
326.33 2.70 × 108 5p2 1D2 − 5p6s 1P1 8613 − 39257
380.21 2.80 × 107 5p2 1D2 − 5p6s 3P1 8613 − 34914
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Full Energy Partitioning in
2-µm-Wavelength Laser Driven
EUV Sources
Dion Engels⋆, Felix Kohlmeier⋆ , Yahia Mostafa, Edcel Salumbides, Bas Slotema,
Ronnie Hoekstra, John Sheil, Wim Ubachs, and Oscar Versolato.
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State-of-the-art nanolithography uses extreme ultraviolet (EUV) radiation at
13.5 nm emitted from tin laser-produced plasma (LPP), driven by a 10.6-µm-
wavelength CO2-gas laser, to create the smallest features on semiconductor
devices. Advances in solid-state laser technologies have led to the alternative
concept of a 2-µm-wavelength-driven LPP as a promising candidate for a more
efficient and more powerful EUV source. We present the complete energy
partitioning for a 2-µm-wavelength-driven LPP, reconstructing the full input
laser energy. With ∼70 %, most of the energy goes into photons, the largest part
of which is emitted in the 5–80 nm wavelength range. Plasma ions contribute
∼30 % of the energy, and, contrary to available theory and numerical simulations,
we find that this fraction decreases as a function of the laser intensity, a key
insight in finding pathways to optimize plasma for industrial application. Our
results offer insight into the energy partitioning of EUV-emitting plasmas for
research and industrial nanolithography alike, and provide a benchmark for
plasma light source development.

⋆ These authors contributed equally to this work. Dion was in charge for the experimental
campaign, analysis of the ions and neutrals, and writing. Felix was the main responsible for the laser
system and the EUV-related diagnostics.
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Introduction
Modern nanolithography machines use extreme ultraviolet (EUV) light to create the
most advanced semiconductor devices. To produce this EUV light, tin microdroplets
are first laser-shaped into disk targets35–37,111,142,143 which are subsequently illumi-
nated with 10.6-µm-wavelength pulsed laser light, generating plasma containing
highly charged, multiply excited tin ions.144–147 These ions emit EUV light in the de-
sired ±1 % ‘in-band’ region around 13.5 nm that is reflected by the Mo/Si multilayer
mirrors used.27,28,148,149 A key performance indicator of these laser-produced plasmas
(LPPs) is the conversion efficiency (CE): the ratio of laser energy to in-band EUV
energy emitted into the 2𝜋 hemisphere covered by a collector mirror. State-of-the-art
industrial EUV sources, driven by 10.6 µm CO2 gas laser technology, have CEs of
5–6 %,26,35,142 with ongoing developments to improve their total EUV output and,
with it, the wafer throughput of lithography machines.33

The concept of an LPP driven by 2-µm-wavelength laser light has gained traction as a
promising alternative candidate in the quest for even more efficient and more powerful
EUV sources.29,42,150–152 This activity has been fueled by the rapid development of
powerful 2 µm solid-state laser technology153–155 with the promise of wall-plug
efficiencies much higher than CO2 systems, and pioneering LPP experiments using
2 µm lasers.29,30,150,151,156 These experiments showed that competitive CE values of
up to ∼4.5 % can be achieved in a 2-µm-driven system when using a disk target.30
Radiation hydrodynamic simulations furthermore hinted at the viability of EUV
sources driven by 2 µm light without the need to first create a disk target,45 which
would strongly simplify the system when suitable long-pulse lasers would become
available.
Conversion efficiency, however, is only one figure of merit for EUV-emitting plasmas.
A holistic view of all relevant channels distributing the energy of an LPP (see Fig. 4.1)
is required to assess the applicability of new source concepts to EUV lithography.
Previous studies have investigated the anisotropy of EUV emission, key to obtaining
reliable CE values, specifically for plasmas driven by 2 µm lasers29,30,150–152,156,157
and other drive laser wavelengths.40,83,136,139,158–176 Many studies have focused on the
emission spectra of tin plasmas in general, identifying charge states and other features
prominent in radiative emissions to understand the origins of EUV emission28,177–191
or quantifying photon yields in a wide range of wavelength bands.56,192–199 The
kinetic energy, number, and anisotropy of ions emitted from the plasma121,200–212 and
their interaction with the plasma surroundings212–220 have also been studied in detail;
such studies are key to designing effective mitigation strategies (which typically
involve a H2 buffer gas) to avoid ion-induced damages.
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Yet, in spite of the importance of a holistic view, there are no experimental studies
available in the public literature that quantitatively combine all of the above channels.
In this work, we quantify the full energy partitioning for 2-µm-wavelength-driven
laser-produced plasmas. The independently measured total energy of the dissipation
channels matches the input laser energy over a wide range of drive laser intensities.
Thus, a complete picture of the output of an EUV-emitting plasma is obtained.

Results
The experiment is described in detail in Methods with the main elements summarized
here. We create a tin disk in a vacuum environment from a tin droplet using a laser
pre-pulse.36,37,39,70 This tin disk is illuminated with a 2-µm main pulse to create an
EUV-emitting plasma, cf. Fig. 4.1. The main pulse originates from a laser system51
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FIGURE 4.1: Schematic of an industrial laser-produced plasma EUV source and its energy
partitioning channels. A preformed tin disk is illuminated with a high energy ns-laser pulse
(red, can also transmit or reflect) to generate plasma. Photons and ions, each of a wide range
of energies, interact with the surrounding hydrogen buffer gas (blue) and, if not mitigated,
the collector mirror. Finally, neutral tin can also be left over after the plasma extinguishes.
The numbered processes indicate the various interaction channels (see the main text).
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producing high-energy pulses to enable exploratory lab scale experiments at 10 Hz
repetition rate, well below that of industrial levels at several 10 kHz. We further note
that our setup does not include buffer gas or a collector mirror. For homogeneous
heating of the plasma, optimizing CE, the main pulse has a temporal box-shape,
and its spatial flat top is imaged onto the disk target.30,45,156 The various types
of emission from the plasma are measured by absolutely calibrated in-band EUV
diodes, a spectrometer, and a set of ion diagnostics mounted to the vacuum chamber.
Additionally, we capture the experiment with shadowgraphic imaging and measure
the laser profile, reflection, and transmission with 2-µm-sensitive photodiodes.

Plasma photons
Emitted photons affect the surroundings of the plasma and interact in the EUV
lithography machine in different ways. The in-band radiation window used in EUV
lithography, (IB, 13.5 nm ±1 %) is set by the reflection bandwidth of the multilayer
mirror (Fig. 4.1 process 1). Since ≳30 % of these IB photons is absorbed by the
mirror,17 they may reduce the performance of the multilayer mirrors via heating or
deformation (process 2).221,222 The surrounding out-of-band EUV photons (OoB,
5–80 nm, excluding IB) interact with the H2 buffer gas, that embeds the LPP under
industrial operating conditions, via photoionization and photodissociation (processes
3 and 4)223 to form a secondary hydrogen plasma, which can affect nearby optics.224
Vacuum ultraviolet (VUV, 80–130 nm) radiation is absorbed by the H2 gas inducing
photodissociation (process 4) but has photon energies below the ionization threshold
of H2

223 and does not contribute to direct secondary plasma formation. Finally,
deep ultraviolet (DUV, 130–265 nm) can in fact be reflected by the multilayer optics
(process 1) towards the wafer and affect the contrast of the exposure in the nanolitho-
graphic process;145,198 the upper limit (265 nm) here is set by our spectrometer.
Figure 4.2(a) shows 5–265 nm emission spectra for three (of seven measured) main
pulse laser intensities: 2 × 1010 W/cm2, 6 × 1010 W/cm2, and 26 × 1010 W/cm2. Each
spectrum is normalized to the area under the curve to highlight the shift of the emission
spectrum to shorter wavelengths with increasing laser intensity. Figure 4.2(b) zooms
in on the 13.5 nm in-band region. It is immediately visible that in-band 13.5 nm
radiation is strongest for the 6 × 1010 W/cm2 intensity case. Three additional features
are noted [and are labeled accordingly in Fig. 4.2(b)]. First (1) are well-defined peak
structures between 7 and 10 nm for the two highest intensities. These structures
originate from highly charged tin ions of charge states 12+–15+.188,189 They become
more pronounced at the highest laser intensity shown, where additional line structures
(associated with charge states beyond 15+) also appear at the shortest wavelengths.
Second (2) is a shoulder to the main emission peak around 15 nm that is due to the
emission by Sn7+, and thus is only prominent until the laser intensity reaches the
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FIGURE 4.2: Photon energy partitioning. Panel (a) shows the full spectrum 5–265 nm for
three laser intensities. Each spectrum is normalized to have a constant area under the curve.
Panel (b) shows a zoom-in on the 13.5 nm in-band region for the same three laser intensities,
with three features highlighted (see main text). The in-band region is denoted in gray. Panel
(c) shows the anisotropic emission of the in-band EUV light as measured by EUV-sensitive
photodiodes with a cosine function for reference in black (laser incident from left). Panel
(d) shows the resulting photon energy partitioning, splitting the emissions into in-band EUV
(13.5 nm ±1 %), short OoB (5–13.4 nm), long OoB (13.6–80 nm), VUV (80–130 nm), and
DUV (130–265 nm), see the main text.
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optimum.187 Third (3) is a small peak at 17.5 nm that is associated with Sn6+ and is
only visible at very low drive laser intensities.171,191

We next quantitatively study the evolution of the charge states 𝑧 (the average of which
𝑧̄ scales with the plasma temperature 𝑇 as 𝑧̄ ∝ 𝑇 0.6 44,219,225) of the emitting Sn
ions as a function of the laser intensity. We do this by fitting individual emission
features in the 7–11 nm range using a method introduced by Torretti et al.,189 see
Methods. This approach to obtain a plasma temperature yields a power law scaling of
the plasma temperature 𝑇 with laser intensity as 𝑇 ∝ 𝐼0.3(1), somewhat weaker than
the 𝑇𝑒 ∝ 𝐼0.44−0.6 scaling found from modeling44,226,227 and more in line with Torretti
et al., who found 𝑇 ∝ 𝐼0.2 for a plasma driven by a CO2 laser. We hypothesize,
following Torretti et al., that the weaker-than-expected scaling may reflect the limited
validity of using a single temperature in describing a complex evolving plasma that
is not perfectly homogeneously heated. On the other hand, we also note that the
aforementioned models do not take into account the radiative loss fraction44 that
changes with the laser intensity. Regardless, the weak scaling supports a steady
performance in terms of the emission of in-band radiation over a wide range of
intensities.
The anisotropy of the in-band EUV emission is shown in Fig. 4.2(c). The data points
for the individual EUV diodes, and the results of a fit (see Methods) to the data,
are normalized to their respective maxima. The emission is strongly anisotropic,
relatively close to Lambert’s cosine law (which describes the angular emission of
a diffuse planar emitter), and this anisotropy does not change with the drive laser
intensity.
Fig. 4.2(d) shows the photon energy fractions emitted in the various wavelength
bands. The out-of-band is split into short (5–13.4 nm) and long OoB (13.6–80 nm).
For each intensity, the values are normalized to the total photon energy across the full
wavelength range, highlighting relative changes in emission. Thus, the photon energy
fractions sum to 100 %. The uncertainties (see Methods) on the energy fractions are
visualized with colored bands. The IB peaks at a laser intensity of 6 × 1010 W/cm2,
around the expected optimum intensity for CE,150 and slowly decreases for higher
drive laser intensities.30 The largest fraction of light is in the OoB range, accounting
for more than 80 % of the radiation. The fraction in short OoB increases from 10 %
to 40 % when the laser intensity is increased by an order of magnitude, reflecting a
higher plasma temperature and with it enhanced emission from the higher charge
states. Long OoB emission decreases steadily with increasing intensity, as expected
given that line radiation here comes from low charge states whose presence decreases
with laser intensity. VUV emission accounts for up to 6 % of the output at the lowest
intensity, but is typically around 3 %. DUV emission carries only ∼1 % of the total
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energy emitted in photons. Both VUV and DUV emission fractions reduce for
increasing laser intensity. This reduction could be beneficial for exploring pathways
that aim to minimize spurious DUV exposure of the wafer.

Plasma ions
Quantifying the ion emission of the plasma is important as ions, the debris of the
plasma, are a risk to surrounding diagnostics and optics, especially the collector
mirror, which focuses the EUV light and sends it further into the lithography machine.
The impact of keV ions would lead to sputtering or implantation (Fig. 4.1 process
5), degrading mirror performance.228 To avoid ion impact, the ions are stopped
by an H2 buffer gas. Ions interact with the buffer gas through inelastic (electron
capture, molecular fragmentation, process 6),217,218,220 and elastic (kinetic energy
loss, process 7) collisions.215

Figure 4.3 shows the kinetic energy distributions of plasma ions for laser intensities
ranging between 2–26 × 1010 W/cm2. Figure 4.3(a) shows the energy spectrum
recorded by the ion diagnostic (see Methods) set up at 64° for three different laser
intensities (cf. Fig. 4.2). A wide range of ion energies are present in the spectrum,
with a relatively constant contribution between 50–500 eV, followed by a drop. The
energy position of this drop increases with laser intensity in line with predictions
that the kinetic energy of plasma ions (𝐸kin) scales as 𝐸kin ∝ 𝑧̄𝑇 229 and thus as
𝐸kin ∝ 𝐼0.5(2) by inserting the previously found scalings. We note that the spectrum is
relatively smooth as in Refs. [166, 200, 206, 229] and does not feature any peaks such
as those prominently observed for 1 µm laser impact on a droplet.120,121 Differences in
wavelength, temporal pulse shape (from Gaussian to box-shaped), as well as geometry
of the system could underlie the presence or absence of the ion peak. In addition to
the changes in the ion energy distribution, the overall amplitude of the spectrum also
increases with laser energy. This follows the expectation since the mass ablation rate
(for tin planar targets) was found to scale as 𝑚̇ ∝ 𝐼0.6.230,231 The total number of ions
detected (integrating over all angles) in our experiment closely matches this scaling,
yielding 𝑁ion ∝ 𝐼0.6.
In addition to recording overall charge-energy 𝑑𝑄∕𝑑𝐸 spectra, our ion diagnostics
can be used to reconstruct the individual spectra of the contributing charge states (see
Methods). Such a reconstruction is required to be able to assess the total kinetic energy
carried by the plasma ions. Figure 4.3(b) depicts an example charge-state-resolved
spectrum for the 6 × 1010 W/cm2 case. The raw data (𝑑𝑄∕𝑑𝐸) and the reconstructed
total charge (with the individual charge states shown separately) agree well. Further
comparisons are shown in Fig. 4.3(a) where dashed lines depict the total charge from
the charge-state-resolved reconstructions. Overall, the reconstructed total charge
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FIGURE 4.3: Ion energy partitioning. Panel (a) shows the kinetic energy spectra at 64°
for three different laser intensities. The dashed lines are the result of our ion charge state
reconstruction. Panel (b) zooms in on the ion charge state reconstruction performed for
the 6 × 1010 W/cm2 case at 64° compared to the overall charge-energy 𝑑𝑄∕𝑑𝐸 spectrum
measured. Panel (c) shows the anisotropy of the ion emission as recorded by the seven ion
diagnostics and the interpolating curve. Panel (d) shows the resulting ion energy partitioning.
Four different components are shown: the first three are different charge state ranges, while
the fourth is the potential energy carried by the ions (sum of sequential ionization energies,
IP, see Methods).
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is in agreement with the raw data, highlighting the quality of the reconstruction of
the individual spectra. Charge states up to Sn7+ are shown; small amounts of up
to Sn10+ are included in the reconstruction. Higher charge states become dominant
with increasing ion energy.219 We note that while Sn15+ is present in the plasma
and its emission lines appear in the photon spectrum, these highly charged tin ions
recombine into lower charge states during plasma expansion.214,219,232 Thus, at the
long distances of the detectors from the plasma (∼1 m, while charge state freezing
already occurs at a distance of several 100 µm219), only lower charge states ≤ 10+
are detectable and only in the absence of any buffer gas217 as in the current case.
Figure 4.3(c) shows the anisotropy in the kinetic energy of the plasma ions, normalized
to the highest value. Curves interpolating the angularly resolved data are integrated
to obtain an angle-integrated kinetic energy of the plasma ions. A dominant fraction
of the ions is emitted in the hemisphere on the laser side, similar to the EUV emission
but in a much narrower cone – in line with models that predict ions to be emitted
predominantly along the surface normal.204,214 Only in the highest-intensity case is
a measurable but still small amount of ions emitted to the back side. This can be
explained by the finite thickness of the target, which, with a thickness of 1.5 µm, is
thick enough to sustain the plasma for the full duration of the laser pulse. At the
highest laser intensities, however, the plasma is close to using up all the tin in the
disk, and some ion emission starts appearing beyond a 90° angle relative to the laser.
Figure 4.3(d) presents the ion energy fractions (again summing to 100 %). Uncertain-
ties (see Methods) are represented by transparent bands. The main change in the ion
energy partitioning with laser intensity is the steady increase of the energy carried by
the highest charge states, ≥ 7+. As mentioned above, this can be explained by an in-
creased average charge state in the tin plasma, scaling as 𝑧̄ ∝ 𝐼0.2(1), while the kinetic
energy corresponding to this 𝑧̄ is known to scale as 𝐸kin ∝ 𝑧̄0.4.219 Thus, the energy
fraction carried by the higher charge states increases. In apparent contradiction, the
fraction of potential energy carried by the ions remains relatively constant and even
slightly decreases with intensity. This behavior can be understood by considering
that the number of ions emitted scales as 𝑁ion ∝ 𝐼0.6 230,231 and that the total energy
to ionize a tin atom to an average charge 𝑧̄ scales with 𝑧̄2.3.77 These scalings are
heuristically combined into a scaling of the value of the ionization potential in the
energy partitioning IP ∝ 𝑁ion𝑧̄2.3 ∝ 𝐼1.0(1) and thus lead to a constant fraction when
expressed as a ratio of the laser intensity (energy).

Power partitioning
Besides the ions and photons, there are three other small energy channels to be
considered: laser reflection, transmission, and kinetic energy carried in neutral
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tin. We measure laser reflection and transmission using high-speed photodiodes,
sensitive to the 2 µm laser wavelength. The experimental data, in accordance with
the simulations by Hemminga et al. and de Lange et al.,42,45 indicate that some
reflectance, at the percentage level, occurs at early times when the plasma is still in
the process of forming. However, accurately determining the absolute value of this
reflection is experimentally challenging. Therefore, since the signals show similar
evolution in experiments and simulations, we adopt a common 1.5 % reflection value
for all intensities, following prior simulation work.42,45 No laser transmission through
or around the target is observed. The final energy channel is that of the kinetic
energy carried by neutrals in the form of atomic or liquid debris [see Fig. 4.4(a)]. We
conservatively estimate (see Methods) that the neutrals carry at maximum 4 % of
the energy at the lower intensities, decreasing to less than 1 % with increasing laser
intensity mainly due to a higher ionization degree.
Figure 4.4(b) shows the full energy partitioning as a function of laser intensity. We
show the total photon emission [a sum of the contributions of all wavelength ranges
cf. Fig. 4.2(d)], total ion emission [a sum of all contributions cf. Fig. 4.3(d)], and the
total reconstruction, which also includes the minor contributions from neutrals and
reflection [cf. Fig. 4.4(a)]. For completeness, the in-band emission [part of the photon
yield in panel (b)] is separately shown together with the CE (2𝜋) in the zoom-in at
the bottom. These two curves are nearly identical because of the constant anisotropy
in the photon emission.
Adding all the contributions, we obtain an average total of 101(14) % with respect to
the input laser energy, demonstrating a full reconstruction of the input laser energy.
We observe two main trends. First, CE peaks at 6 × 1010 W/cm2, around the optimal
intensity for EUV generation, and follows the expected behavior throughout the entire
intensity range.150 Underheated plasma cases quickly underperform in terms of CE,
while the drop-off in CE with increasing laser intensity is slower. Our CE peaks at
3.5 %, somewhat lower than the ideal 4.5 %.30,156 However, this CE value is expected
for our beam with 66 % of its energy enclosed within the FWHM of the spatial beam
profile (cf. Ref. [30] where the concept of enclosed energy was introduced as a
beam quality metric of the top hat for the production of EUV). Second, the balance
of photon and ion emission changes as a function of laser intensity, resulting in
a decrease of ion emissions from approximately 40 to 25 % in the intensity range
studied.
Next, we compare the energy partitioning values with simulations of a 2-µm-driven
plasma by Hemminga et al.42 to validate the predictive power of these simulations
performed with a simpler case considering a spherical droplet instead of a disk. They
find that 68 % of the energy is converted to radiation and 27 % goes into kinetics
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FIGURE 4.4: Energy partitioning as a function of laser intensity. Panel (a) shows contributions
of laser reflection and neutrals being propelled by the plasma. Panel (b) shows the total energy
partitioning shown together with the two main energy channels: ions and photons cf. Figs. 4.2
and 4.3. Simulation data points from Hemminga et al.42 are also shown. The zoom-in
panel at the bottom shows the CE (2𝜋) as the typical parameter describing EUV-producing
laser-produced plasma performance together with the total 4𝜋 in-band emission.
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at the optimum intensity for CE, as also shown in Fig. 4.4. Other simulations also
find 70–90 % energy in radiation173,233,234 (a lower value of 30–45 % is reported in
Ref. [235]). Around the optimum intensity (6–7 × 1010 W/cm2 in Fig. 4.4), we find
that ∼65 % of laser energy is channeled into plasma photons, and ∼28 % in ions,
which matches the numerical results.
Hemminga et al. also studied the dependence of the energy partitioning on the drive
laser intensity (over a range similar to ours) considering a 1-µm-driven plasma. They
report an almost constant energy partitioning as a function of the laser intensity, in
apparent contradiction to our experimental results for a 2-µm-driven system. We can
resolve this contradiction when considering the weaker scaling of plasma temperature
𝑇 uncovered in the current work, which propagates in the expected scaling for
the kinetic energy flux density Ions ∝ 𝜌𝑠𝑐3𝑠 ∝ (𝑧̄𝑇 )3∕2 ∝ 𝐼−0.3(2) (with 𝜌𝑠 the
density at the sonic surface, here assumed constant, and the sound speed 𝑐𝑠 ∝
√

𝑧̄𝑇 42,236) consistent with our observations of a decreasing ion load with increasing
laser intensity.
The complete energy reconstruction demonstrated in the current work provides key
input toward industrializing a 2-µm wavelength EUV light source. Moreover, our
findings also lead to a consideration of using a laser intensity higher than that leading
to optimum CE: overheating the plasma at ∼3× the optimum would lead to a ∼30 %
reduction of the ion load and a ∼12 % reduction in tin mass consumption per in-band
photon at the expense of a reduction in CE of ∼25 %.

Conclusions
We quantify the energy dissipation channels for a 2-µm-driven EUV-emitting light
source. The energy of all channels adds up to the input laser energy at all drive laser
intensities, with an average deviation of just 1 %. The dominant energy channel is
the emission of out-of-band (5–80 nm) light, which carries ∼45–70 % of the input
energy, increasing with the laser intensity. With increasing light output, the number
of atoms required per emitted photon decreases. A weaker-than-expected scaling of
plasma temperature with laser intensity, uncovered in the current work, brings our
experiments in agreement with pre-existing scaling laws. The second in importance
is the fraction of energy channeled into plasma ions, which decreases from ∼40 to
25 % with laser intensity. This finding provides a path for limiting the energy in ions
and mass usage, with a relatively small impact on CE. Our findings demonstrate the
completeness of our efforts to reconstruct the energy partitioning of a 2 µm-laser-
driven plasma light source that is considered as a promising alternative candidate for
ever more powerful future EUV sources and provide key input toward industrializing
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a 2-µm wavelength EUV light source. Moreover, we provide a benchmark for current
and future plasma sources of EUV light and provide the required validated toolset
for full diagnosis thereof.
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Methods
Laser systems & Tin disk creation
We generate a stream of microdroplets by flowing liquid tin through a nozzle within a
vacuum chamber at ∼10−6 mbar, as seen in Fig. 4.5. The tin microdroplet is deformed
into a disk by a low energy 8 mJ 1 µm pre-pulse, visualized in the inset of Fig. 4.5.
A Spectra-Physics Quanta-Ray Pro-250 Nd:YAG laser produces the 10 ns FWHM
pre-pulse. We ensure that our energy partitioning measurements do not include
(percentage-level) contributions from the pre-pulse by also taking measurements that
include a pre-pulse but no main pulse, which are subsequently subtracted from the
data. After a set time (1 µs), the 2 µm main pulse generates an EUV-emitting plasma
from the tin disk. At this time delay, the disk is 245 µm in diameter and approximately
∼1.5 µm thick (on average),39 significantly larger than the 85 µm diameter (1/e2) of
the main pulse and thick enough to ensure that the plasma does not run out of tin for
the full duration of the main pulse.
We generate the plasma by illuminating a tin disk with a high-intensity master oscil-
lator power amplifier (MOPA) 2 µm main pulse laser.51 The 2 µm main pulse laser
operates at 10 Hz and emits a signal beam with a wavelength of 2080 nm (the idler
output is not used).51 The laser temporal profile is a uniform box-shape, shaped using
a series of Pockels cells. We additionally optimize the spatial profile to be a top
hat, which is imaged and demagnified into the vacuum chamber. The energy and
intensity 𝐼 of the main pulse can be changed by a combination of a half-wave plate
and a thin-film polarizer. For this work, the pulse length of the laser is kept at 27 ns,
where the highest energies, up to 300 mJ, can be produced from the laser system. The
energy enclosed within the full width half maximum, 𝐸encl, a metric for the quality
of the top hat, of the beam is 66 % (cf. [30]) typical for the current system.

Diagnostics
A wide range of diagnostics are used to study the generated plasma, as visualized
in Fig. 4.5. Emissions may be anisotropic with the angle 𝛼 to the laser axis but are
rotationally symmetric around the laser axis given the system’s symmetry; thus, a
single angle (𝛼) describes the location of the various detectors w.r.t. the plasma. We
typically capture 100 laser shots for each data point to improve signal-to-noise ratio.
The uncertainty in the total reconstructed energy from its components is calculated
based on the quadratic sum of the different components given by each diagnostic.
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FIGURE 4.5: Schematic view of the experimental setup. At 0°, the imaged main pulse
2 µm-wavelength laser enters and hits the expanded tin disk. We use a pre-pulse to expand
the droplet into a disk over time, as shown in the inset. The six EUV-sensitive diodes are
shown at the top, with their respective angles to the laser indicated. The inset shows their
working principle, with a multi-layer mirror (MLM) reflecting the in-band EUV light onto a
photodiode that sits behind a filter. The diode is reverse-biased for faster charge collection.
The bottom shows the seven retarding field analyzers (RFAs). Their working principle is
shown in an inset as well. The RFAs use four grids: a ground grid, two retarding grids,
and a suppressor grid stop the desired ions before the charge is collected in a Faraday Cup.
After amplification, the signal is saved and processed. Clustering the detectors on one side is
for visualization purposes; they are evenly distributed over both sides and all angles in the
actual experiment. The 5–25 nm and 5–265 nm transmission grating spectrometer is at 60°.
Finally, the shadowgraphy setup images the experiment using UV light, at 90°, to track the
liquid before the main pulse and the liquid and vapor remains after the main pulse. The fast
2-µm-sensitive photodiodes are not shown.
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In-band EUV
First, six absolutely calibrated custom in-band-EUV-sensitive photodiodes are placed
at angles 𝛼=30°, 41°, 64°, 90°, 114°, and 150° to the laser axis. The diode angles,
together with their working principle, are also shown in Fig. 4.5. The diodes are
cross-calibrated to a synchrotron-calibrated diode not used in the experiments to
avoid any degradation. The EUV in-band emission is calculated separately per diode
for each laser shot. The anisotropy function of 𝐸IB(𝛼) = 𝑎 + 𝑏 cos(𝛼∕2)𝑐 is fit to the
measured EUV values from the photodiodes to obtain the total emission of EUV
light, following Schupp et al..151 This is converted to a shot-by-shot conversion
efficiency (CE) by dividing it by the exact energy for that laser shot. The main source
of uncertainty in the in-band EUV measurement comes from the calibration of the
EUV diodes. They are calibrated before the experiment, but they degrade slightly
in their response (on a percentage level) during the experimental campaign. The
total uncertainty in the in-band EUV measurement ranges 5–10 % as visible for the
individual diodes in Fig. 4.2(c).

Full emission spectrum
Second, we study the emission spectrum of the plasma using a transmission grating
spectrometer,198 placed at 60° to the laser axis. The transmission grating spectrometer
has two modes of operation, a high resolution mode (0.11 nm resolution at 13.5 nm)
to investigate the 5–25 nm range using a 10 000 lines/mm grating and a wide-range
mode to study 5–265 nm using a 1000 lines/mm grating (with 0.8 nm resolution at
13.5 nm).198 Exposures with various filters (Al, Si, MgF2, LiF, Zr, UVFS, and 4B
SiC), with exposure times varying between 1–500 s, are used to mitigate higher
diffraction orders in the measured spectrum. The measured spectra for the different
grating and filter combinations are stitched into one full spectrum after correction for
filter transmission, diffraction efficiency, and CCD quantum efficiency (cf. Bouza et
al.198). The spectra of the two diffraction gratings are combined into a single spectrum
by first normalizing them to each other with the emissions in their overlapping range.
Absolute emission values are obtained by normalizing the single obtained spectrum
to the average in-band EUV emission during its ∼30 min capture. In calculating
the total radiative energy, we assume that the spectrum does not change with the
emission angle. Comparing this emission energy to the mean laser energy during the
measurement gives a single value for the energy partitioning.
Several sources of uncertainty exist for the full emission spectrum. First, there is
uncertainty in the stitching198 of spectra from various combinations of filters and
gratings into one spectrum, which is mitigated by having overlapping regions when
stitching. The uncertainty band is estimated from the difference between the spectra
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in the overlapping regions. Second, uncertainties arise from the quantum efficiency of
the CCD, the efficiency of the grating, and the transmissions of the filters as discussed
in Bouza et al.198 Statistical noise is also factored into the uncertainty calculation,
but is typically negligible. Third, an uncertainty arises from the assumption that
the emission spectrum does not change with the angle to the laser axis. Explorative
RALEF-2D simulations similar to those of Ref. [120] show that this assumption may
lead to an error of by 5–10 % (relative) on the total reconstructed photon emission.
Future work could incorporate multiple spectrometers, or multiple photodiodes sensi-
tive to different wavelength bands, to study how the relative emission of wavelengths
varies over angle. Combining this uncertainty with the other uncertainties mentioned
above yields the error bars as presented in Fig. 4.2(d).

Plasma temperature
To obtain a plasma temperature, separate known spectra of charge states 9+–15+ are
fit to the measured emission spectrum in the range to 7–11 nm where the contributions
of the individual charge states can be clearly resolved, following Torretti et al.189 An
example of the result of this fit to the data is shown in Fig. 4.6(a). In this case and in
the others, the model fit captures well over 90 % of the emission. As discussed by
Torretti et al., this fitting routine is a robust method to obtain radiation contributions
for each charge state. We apply the method to cases with a laser intensity between
4 × 1010 W/cm2 and 7 × 1010 W/cm2, which is the intensity regime in which emission
lines from 9+–15+ are dominant. The resulting relative contributions are shown
in Fig. 4.6(b). The dependence of the plasma temperature on the laser intensity is
deduced, following the methods of Torretti et al., by taking the ratio of the 12+∕13+
contributions and comparing it with calculations from FLYCHK.237 The result of this
method is shown in Fig. 4.6(c) and shows a monotonically increasing temperature
in this intensity range. The resulting scaling of the temperature with laser intensity
at 𝑇 ∝ 𝐼0.3(1) is weaker than the values in the literature of 0.44227 and 0.5044 more
in line (but still above) the weak 𝑇 ∝ 𝐼0.2 scaling found by Torretti et al. for a
CO2 laser-driven plasma.189 Several explanations that can affect the relatively weak
temperature scaling are discussed in the main text.

Plasma ions
The third set of diagnostics comprises seven retarding field analyzers (RFAs, Kimball
Physics FC73) ion diagnostics. These RFAs are placed at 𝛼=30°, 41°, 64°, 90°,
120°, 139°, and 150° to the laser axis, at a distance of ∼1 m from the plasma. Their
working principle, including the grids used to stop the ions, is shown in Fig. 4.5.
We incrementally vary the retarding voltage on the RFAs for a total of 60 voltage
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FIGURE 4.6: Temperature scaling of the plasma. Panel (a) shows an example of the fit of
the charge-state specific emission peaks to the experimental spectrum at a laser intensity
of 6 × 1010 W/cm2. The underlying charge-state spectra contributing to the fit as well as
the constant pedestal are additionally plotted. Panel (b) shows the evolution of the different
charge states as the laser intensity is increased. Panel (c) shows the resulting estimated plasma
temperature, together with a power law fit 𝑇 ∝ 𝐼0.3(1) with the transparent region indicating
the uncertainty interval.
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values, capturing 150 shots for each voltage. These 150 shots are averaged to improve
signal-to-noise before the ‘bottom-up analysis’ is performed to obtain a charge-state-
resolved energy spectrum (𝑑𝑁∕𝑑𝐸) at each angle (cf. Poirier et al.209). These
𝑑𝑁∕𝑑𝐸 spectra are integrated to obtain the energy (or momentum/mass) carried by
the individual charge state and by all charge states combined. An anisotropy-corrected
absolute energy of ion emission is derived from the combined set of seven RFAs
by interpolating between the individual RFAs. Additionally, the ionization energy
required to create these ions from neutral tin is calculated by summing over all charge
states 𝑧, i.e. ∑

𝑧=1
IP𝑧𝑁𝑧, where IP𝑧 is the total energy needed to ionize from neutral

tin to that charge state, and 𝑁𝑧 is the total number of ions with that charge state.77,208
While the ions will have had significantly higher charge states within the plasma, any
recombination (dominated by the dielectronic recombination process238) within the
core of the plasma will emit light and thus will be captured by our photon emission
diagnostics. Outside of the center 200 µm of the plasma, the charge state is frozen and
thus the ionization energy measured at the RFA in our high-vacuum setup is a metric
for the total energy in ionization that has not produced light afterward.120,214,219,232
Electrons are also emitted by the plasma. However, since the electron and ion (kinetic)
temperatures are not so different (nearly thermal) in the plasma,211 around 30 eV, and
the ions are 200.000 times more massive, these do not carry any significant kinetic
energy. Finally, the obtained values are divided by the mean laser energy during the
measurement. This gives a single value for the energy partitioning, just like for the
obtained spectra, making the RFA somewhat more sensitive to long-term drifts in
laser energy.
The uncertainty in the values obtained by the RFAs originates from four sources. The
first uncertainty is due to the transmission of the gridded RFAs. For each RFA, the
geometric transmission [averaging at 0.39(4)] is determined via optical inspection
of the alignment of the four grids. In addition to geometric transmission, the trans-
mission of the RFA depends on the retarding field applied239 and may vary on the
order of 10 %. Second, the bottom-up209 reconstruction method introduces potential
errors and necessarily relies on simplifications. Some of the uncertainty caused by the
bottom-up method is inherent to the method, such as the fact that the multiple isotopes
of tin cannot be separated, which reduces the effective resolution. Furthermore, as can
be seen in Fig. 4.3(a), some reconstruction cases deviate from the Faraday Cup-like
data (that is, RFA data obtained at 0 V retarding voltage). Such deviations may be
explained by drifts in laser energy or small changes in laser-to-droplet alignment,
visible from the changing RFA reconstruction for RFAs on different sides of the
vacuum chamber. Finally, the interpolation over angle, especially the interpolation
below 30°, adds uncertainty to the total error bar for ion energies. In total, a 20 %
error bar is used as a conservative estimate for any values determined from the ions.
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FIGURE 4.7: Reconstructed ion energy fraction into ion kinetics from two methods. First,
the method as shown in Fig. 4.3. Second, a method based using the power law scaling (see
the main text).

We employ a second method to determine the kinetic energies of the ions to validate
the bottom-up RFA reconstruction. This second method is based on a finding by Sheil
et al.219 on a power law scaling for the average charge state as a function of kinetic
energy 𝑧̄(𝐸), independent of the drive laser intensity. The number of ions 𝑁 at each
energy can be calculated by 𝑑𝑁∕𝑑𝐸 = 𝑑𝑄∕(𝑑𝐸𝑒𝑧̄(𝐸)), where 𝑒 is the elementary
charge. Following Sheil et al.,219 we define 𝑧̄(𝐸) = 0.3𝐸0.4, resulting in a simple
equation 𝑑𝑁∕𝑑𝐸 = 2.1 × 1019𝑑𝑄∕𝑑𝐸 × 𝐸−0.4. This equation shows the advantage
of the second method: The obtained 𝑑𝑁∕𝑑𝐸 only depends on the 𝑑𝑄∕𝑑𝐸 measured
at 0 V retarding voltage (Faraday Cup-like). Thus, it is not dependent on the bottom-
up reconstruction method nor is it impacted by drifts during the 30 minute RFA
scan. However, a similar conservative uncertainty of 20 % is still invoked given the
common dependence on the RFA transmission function and the uncertainties related
to applying the power law. Figure 4.7 compares the ion kinetics as calculated by the
RFA method with the 𝑧̄(𝐸) power law calculation. The methods show good overall
agreement, both qualitatively (showing a decrease over intensity) and quantitatively
(in absolute value). The power-law method is consistently slightly below the RFA
method, but the difference remains well within the uncertainty estimates.

Neutrals
A fourth diagnostic is spectroscopic shadowgraphic imaging using UV (UV shadowg-
raphy), which images the tin (before and after the main pulse) at a 90° angle, as can be
seen in Fig. 4.5. We use wavelengths around the 284.08 nm 5p2 3P2−5p6s 3P2 neutral
tin atomic resonance (cf. Engels et al.76) which has the highest possible absorption
by neutral tin vapor and enables tracking low-density neutrals leaving the plasma in
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addition to tracking the liquid before and after the main pulse. The light is generated
by a Continuum Horizon OPO and imaged via a single-lens imaging system onto a
PCO.ultraviolet camera. Typical velocities of the vapor expansion after laser impact
can be observed directly from the shadowgraphy images. This velocity is around
4000 m/s, and the fast neutrals mostly propagate along the laser axis (𝑧). Following
Poirier et al. who showed that the neutrals balance the momentum carried by ions for
pre-pulse cases,121 we impose that the neutrals post-main pulse should also balance
the momentum of the detected ions. Thus, we can combine this momentum obtained
with the typical velocity to obtain an estimate of the kinetic energy carried by the
neutrals. The results of this method are shown in Fig. 4.4.

Laser energy, reflection & transmission
We use two 2 µm-sensitive high-speed EOT InGaAs ET-5000 photodiodes to measure
laser reflection and transmission. A photodiode at 21° measures reflection from the
tin disk, while a photodiode at 180° measures transmitted laser light.
The input laser energy is measured by a calibrated power meter for 2 µm laser light.
Such devices carry around 5 % calibration uncertainty. The input laser energy mea-
sured in the lab is decreased by the transmission of the final window into the vacuum
chamber, which is continuously coated with tin and thus varies during the measure-
ment campaign. This decrease in transmission is carefully quantified, and the input
laser energy is corrected for it, without additional significant uncertainty. The quality
of the top hat spatial profile of the beam ensures that every position in the beam has
sufficient intensity to spark plasma and contribute to the plasma and its emission.
Thus, we can state that our input laser energy is not a large source of uncertainty in
our energy partitioning, except for the aforementioned 5 % uncertainty due to the
externally calibrated power meters.
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Conclusion & Outlook
In the four Chapters of this Thesis, we have seen novel applications of solid-state
lasers related to EUV sources, taking inspiration from developments surrounding
the EUV lithography machines that are indispensable for our electronic devices. We
investigated the vaporization of tin using a solid-state laser by studying the resulting
vapor with a novel diagnostic method and by studying the liquid tin during the
vaporization process itself. We also analyzed the impact of laser intensity on the
vaporization of tin. Finally, we have taken this intensity to the extreme and examined
solid-state 2-µm-driven EUV sources. Next, we review the research questions from
the Introduction and discuss how each of the chapters has helped answer the questions
posed and which questions remain open. Finally, a short Outlook will discuss the
possible directions of future research for both UV shadowgraphy and 2 µm-driven
EUV sources.
In the Introduction, we asked several questions related to the vaporization of liquid
tin using a 1 µm solid-state laser, culminating in the research question: 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? In Chapter 1, we started by
introducing the novel ‘UV shadowgraphy’ diagnostic (later also patented240) to mea-
sure the composition of the tin vapor, inspired by the rarefication pulse in industrial
nanolithography machines. We created tin vapors by vaporizing a 20–50 nm thick tin
sheet using a laser pulse with a length of 6 ns and an intensity of 108 W/cm2 and then
studied the resulting vapor 100 ns later. We revealed that such a tin vapor consists
of small nanoparticles (radius <30 nm) and free atoms with a temperature around
3000 K, near the boiling temperature of tin. Moreover, we found that the vapor is
spatially homogeneous; the composition is the same for every position in the vapor,
with only the density varying.
To explain what set this composition, we investigated the dynamics of the vaporization
in Chapter 2. We found that liquid tin sheets gradually thin during the vaporization
pulse, with a linear relationship between the thinning rate and the intensity of the
vaporization pulse (which is varied between 0.2–4 × 107 W/cm2). We developed
and introduced a numerical 1D heating and vaporization model to explain our find-
ings. We found excellent agreement between the simulations and the experimental
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data, showing that the vaporization of sheets of liquid tin, with a thickness between
30–300 nm, using a laser pulse with an intensity between 0.2–4 × 107 W/cm2 is gov-
erned by the Hertz-Knudsen equation. Thus, we can now use scaling laws to predict
many aspects of the vaporization. Additionally, because Hertz-Knudsen evaporation
results in a vapor of free atoms only, this finding also led to the conclusion that the
nanoparticles must be formed after the initial vaporization.
In Chapter 3, we found that the key parameter determining the vapor composition is
the intensity of the vaporization pulse. We demonstrated this by making a tin sheet
with a thickness of 10–25 nm, around half the thickness of the sheet in Chapter 1.
The vapors created from such a sheet using a laser intensity below 40 × 107 W/cm2
again show strong spatial homogeneity, a broadband component due to nanoparticles,
and free atoms with a temperature around 3000 K. The spectra obtained for these
vapors match the spectra from Chapter 1 very well, even though the sheet is thinner.
However, when we increase the intensity of the vaporization pulse to exceed the
plasma threshold (roughly 20–40 × 107 W/cm2), the composition changes. The ho-
mogeneous vapor of nanoparticles and atoms transitions to a atom-only vapor with a
temperature of 8000 K (close to the critical temperature of tin) at a vaporization pulse
intensity of 130 × 107 W/cm2, showing that the intensity of the vaporization pulse
is a key parameter for the resulting vapor. The disappearance of the nanoparticles
when plasma forms during the vaporization again hints at a two-stage process in
the formation of the nanoparticles: initial vaporization as free atoms followed by
clustering, the latter of which seems to be inhibited by the plasma formation.
Taken together, Chapters 1–3 constitute a significant step in understanding the ns-
vaporization of tens of nm-thick tin disks. We now know what the composition is of
liquid tin vaporized by a solid-state laser, which process governs that vaporization,
and also which main parameter impacts the composition. As shown by the patent
resulting from the UV shadowgraphy diagnostic, this knowledge has already found
application and will continue to contribute to the development of EUV sources such
as in the area of the rarefication pulse.
For the highest intensity regime, the EUV-emitting plasmas induced by a 2 µm
laser, we formulated a set of different questions in the introduction, resulting in an
overarching research question of: What physics would allow the scaling of 2-µm-
driven EUV-emitting plasma sources from laboratory to industrial application? In
recent years, such 2-µm-driven EUV sources have attracted attention as a promising
concept in the quest for even more efficient and more powerful EUV sources. This
development has been fueled by the rapid development of powerful 2 µm solid-state
lasers,153–155 which promise higher wall-plug efficiency than the current CO2 laser
system. However, more pioneering experiments are required to show that 2 µm-driven
EUV sources can also achieve industrially relevant performance levels. That is why,
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in another work, we showed that 2-µm-driven EUV sources can reach industrially
relevant conversion efficiency (CE) values of ∼4.5 % (see List of Publications).30
(Conversion efficiency, CE, defines the efficiency of creating EUV in the 1 % ‘in-band’
around 13.5 nm by dividing the total EUV energy by the input laser energy.) To add
to this, in Chapter 4, we showed that we understand, in detail, where the input laser
energy goes in such a plasma, offering a holistic view of the emission of ions, photons,
and neutrals. This was achieved by combining a wide range of diagnostics developed
over nearly a decade, including UV shadowgraphy. We showed that most of the laser
energy, up to 70 %, in a 2-µm-driven EUV-emitting plasma goes to photons. Of these
photons, only a small fraction is in-band photons, but a dominant fraction (40 % of
the total energy) is in the 13.6–80 nm long out-of-band range. Short out-of-band
(5–13.4 nm) photons are also emitted in large amounts, carrying between 5–30 % of
all energy depending on the laser intensity. Another large contribution is the emission
of ions, which decreases from an initially large 40 % to 25 % of the total energy with
increasing laser intensity. We also showed that the ion kinetic energy spectrum from a
2-µm-driven EUV-emitting plasma lacks the characteristic peak seen in 1-µm-driven
cases.209 Vacuum UV (80–130 nm), deep UV (130–265.5 nm), laser reflection, and
left-over neutral tin add percentage-level contributions to the power partitioning.
Thus, we have shown that we have a complete overview of what is emitted from a
2-µm-driven plasma and that we have an excellent understanding of such a plasma.
We have also studied the ion emission for 2-µm-driven plasmas and shown that
‘overheating,’ using a laser intensity above the optimal value for CE, is a way to
increase total EUV power. Increasing the laser pulse length and overheating would
be the primary ways to scale up 2 µm technology to industrial levels by increasing
in-band EUV dose per droplet and reducing the ion load. Although this answers our
original research question, we have not yet determined what is the best ‘target’ for
2-µm-driven EUV sources. This will become even more important as the laser energy
and pulse length increases, as the sheet targets of Chapter 4 will start to run out of
tin, resulting in ‘burnthrough.’ Thus, more work is needed in this area of research. A
small amount of this will be discussed hereafter in the Outlook.

Outlook: what is next for UV shadowgraphy?
This Thesis introduced UV shadowgraphy as a diagnostic for tin vapors, an area
of research relevant to the industrial application of the rarefication pulse. We have
shown that its current configuration, using the Continuum Horizon OPO laser, which
allowed us to scan a wide wavelength range spanning 230–400 nm, is extremely
useful as a diagnostic for a wide range of tin vapors. However, the wide scan range of
the Horizon OPO comes at the cost of spectral resolution, which is determined by the
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5 cm−1 spectral linewidth of the laser. This spectral linewidth is larger than the width
of the atomic resonances, as seen in Chapters 1 and 3. Thus, to study the resonances
in more detail, for example, to probe atomic physics or determine absolute densities,
a laser with a more narrow spectral width is needed.
A dye laser, a Lioptec Liopstar using Rhodamine 6G in this case, gives the desired
narrow spectral width.241 This dye laser outputs 560–575 nm light when pumped by a
532 nm Nd:YAG laser. By doubling the output green light, we can obtain UV light in
between 280–287 nm. Compared to the Horizon OPO, the scan range is significantly
reduced; however, the spectral linewidth is also significantly smaller, at ∼0.1 cm−1.
The dye laser using Rhodamine 6G also fits perfectly into our experimental setup due
to its requirement to be pumped with 532 nm light. That is because the Continuum
Surelite EX, the pump laser for the Horizon OPO, outputs 355 nm, 532 nm, and
1064 nm, of which the 355 nm and 1064 nm are used to run the Horizon OPO. This
leaves the 532 nm light free to pump the dye laser, allowing for ‘hot-swapping’
between the Horizon OPO and Lioptec dye laser as the backlighting for the UV
shadowgraphy diagnostic.
Figure 6(a,b) show a comparison of UV shadowgraphy images, taken with the Horizon
OPO (panel a) and the Lioptec dye laser (panel b), both on the 5p2 3P2 − 5p6s 3P2
neutral tin atomic resonance at 284.08 nm. Two differences are immediately clear.
First, the dye laser has significantly higher extinction when probing the same target,
and thus same density, because of its narrower spectral linewidth, causing all photons
to interact with the atomic transition. In comparison, in the OPO case, some photons
will have a wavelength that does not match the transition and thus transmit unimpeded.
Second, the ‘speckle,’ a coherent light effect due to the self-interference of the laser
light, is stronger for the dye laser, again due to its more narrow spectral width. Since
this speckle causes uncertainty in the extinction value (since it changes the 100 %
transmission value), this speckle has to be reduced by optimizing the in-coupling
optics or averaging it out.
In addition to its higher sensitivity, the dye laser offers two advantages over the OPO
due to its ability to study the resonances in more detail: it can be used to obtain
absolute densities and it can observe the broadening mechanisms of the resonances,
such as temperature-induced Doppler broadening or density-induced collisional
broadening.242 The broadening mechanisms can be observed since the spectral line
width of the dye laser is, as we will see, narrower than the width of the underlying
cross section 𝜎. The density of the vapor can be directly obtained from the observed
extinction when the laser is much narrower than the resonance cross section, which
is the case for the dye laser. In this case, we can rewrite the Beer-Lambert law, with
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the assumption of monochromatic light
𝐸(𝜈) = 1 − exp(−𝑛𝜎(𝜈)𝐿), (3)

to a value linear with the cross section 𝜎

− ln(1 − 𝐸(𝜈)) = 𝑛𝜎(𝜈)𝐿, (4)
where 𝑛 is the density of the absorber, 𝐿 the path length through the absorber, and
𝐸(𝜈) the extinction measured at a certain wavelength (or wavenumber 𝜈). The density
of the absorber is the gas density 𝑛0 multiplied by the occupation of the state 𝑏(𝑇 )
(which is a temperature-dependent Boltzmann distribution). We can combine this
with an expansion of the cross section term to get

− ln(1 − 𝐸(𝜈)) = 𝑛0𝑏(𝑇 )𝐿𝜒(𝜈)𝜎0. (5)
Here, 𝜒(𝜈) is the broadening term, normalized and dependent on temperature and
density. 𝜎0 is the known base resonance strength.77 From this equation, it is also
immediately visible that the spectral width of the experimental variable − ln(1−𝐸(𝜈))
can now be directly linked to the broadening width 𝜒(𝜈). Since the broadening term
𝜒(𝜈) is normalized, it will drop out when integrating a scan over a complete resonance
(but only when the laser linewidth does not play a role). Then, by integrating the
experimentally observed value (− ln(1 − 𝐸(𝜈))), one can directly obtain a density
value if the path length and temperature are known (∫ 𝜒(𝜈) ≡ 1 and thus drops out)

𝑛0 =
∫ − ln(1 − 𝐸(𝜈))𝑑𝜈

𝑏(𝑇 )𝐿𝜎0
=

𝑔𝑘8𝜋𝜈2

𝑔𝑖𝑐2𝐴𝑘𝑖

∫ − ln(1 − 𝐸(𝜈))𝑑𝜈
𝑏(𝑇 )𝐿

. (6)

Thus, from a single atomic resonance scan with the dye laser, we can obtain the
absolute density and the cross section full-width at half-maximum (FWHM) at that
density. In addition to this, there are atomic resonances from three different energy
levels within the 280–287 nm range, and thus the dye laser could theoretically also
be used to obtain a temperature, both by using a Boltzmann plot like the OPO, or by
verifying 𝑏(𝑇 ) by ensuring that the densities obtained using Eq. (6) from different
transitions match.
In the preliminary experiment that was performed, the results of which are shown
in Fig. 6, only the 284.08 nm 5p2 3P2 − 5p6s 3P2 neutral tin atomic resonance was
scanned using the dye laser. Similarly to Chapter 1, a line VP was used, in this case
a line with a small spatial width of 10 µm, necessitated by the high sensitivity of
the dye laser. The UV shadowgraphy imaging technique allows us to probe a wide
range of densities from a single vapor by applying Eq. (6) to each pixel. We also
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apply a Voigt fit to the data underlying each pixel to obtain Lorentzian broadening
(together with Doppler-induced Gaussian broadening, the value of which is fixed
by assuming a thermal velocity related to the known 3000 K temperature), which
allows us to make a graph of broadening versus density, as can be seen in Fig. 6(b).
This curve shows a nearly straight line for an order of magnitude in density. Typical
broadening values in the experiment are 0.1–1 cm−1. Here, the lower limit is set
by the minimum signal-to-noise ratio of extinction versus speckle required. The
lower limit could be decreased by using longer path lengths, which will give more
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FIGURE 6: Dye-laser-based UV shadowgraphy. Panel (a) shows a OPO-based UV shadowg-
raphy image, which can be directly compared to the dye-based-based UV shadowgraphy of
the same vapor in panel (b). Note the increased absorption in the dye laser case, but also the
increased ‘speckle’ in the background. Panel (c) shows the density and linewidth extraction
for the dye laser case for each pixel in the image of panel (b), probing the underlying physics of
the atomic resonances. Panel (d) shows the same data but corrected for saturation broadening
effects.
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extinction at similar densities, and thus at similar broadening values. A straight-line
fit results in a broadening of 0.02 cm−1 per 1021 m−3 of atomic density. This behavior
of a spectral width that increases linearly with density and the fact that the width
is higher than the Doppler broadening (0.1 cm−1 at 3000 K) confirm that collisional
broadening is the main source of broadening in tin vapor such as the one in this
experiment.
The straight line fit results in a non-zero y-intercept, which cannot be explained by
the collisional broadening alone, especially since we show the Lorentzian width,
which is not influenced by the aforementioned Gaussian Doppler component. This
can be explained by saturation broadening, which can become an important effect
due to the complete spectral overlap of the dye laser with the resonance. In saturation
broadening, the excitation rates (from absorption of the laser in the lower state) and
deexcitation rates (from relaxation of the upper state) become similar, resulting in
broadening because of a reduced amount of atoms available in the lower state to
absorb.242 Whether saturation broadening is important is described by the saturation
parameter 𝑆

𝑆 =
2𝜎(𝜈)𝐼
ℎ𝜈𝐴𝑘𝑖

, (7)
where 𝜎(𝜈) is the atomic resonance cross section at a specific wavenumber, 𝐼 the
laser intensity, ℎ𝜈 the photon energy, and 𝐴𝑘𝑖 the Einstein coefficient of the transition.
The spectral width of the resonance will scale up with √

1 + 𝑆, so a value of 𝑆 of at
least unity is required for significant increases in the observed line width. The peak
value of 𝜎(𝜈) depends on the density in that location, since additional collisional
broadening will reduce the peak value (since 𝜒(𝜈) is normalized). Thus, the 𝑆 value
is different per pixel, but since the intensity of the dye laser pulse in this experiment
was ∼2 × 103 W/cm2, it is typically around ∼10. Correcting the observed linewidth
of saturation broadening results in Fig. 6(c). It is immediately visible that the small
deviations from a straight line have been reduced due to the increased effect of
saturation broadening on lower density cases. Additionally, the offset at the y-axis
intercept has completely disappeared. The straight-line fit of this curve results in a
broadening of 0.006 cm−1 per 1021 m−3 of atomic density, roughly three times lower
than the uncorrected fit. Considering that self-broadening parameters typically scale
with the polarizability of the element,243 our determined value for tin, between the
values for Xe/He/H2

84 and Na/Cs244,245 is in line with the literature.241,246

With that, this preliminary experiment has shown two things previously unknown
when using UV shadowgraphy with Horizon OPO backlighting. First, it has shown
that typical densities in our vapor are in 5–30 × 1021 m−3. Second, it has shown
that the self-broadening parameter for tin-tin collisions in the vapor is the dominant
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broadening mechanism, broadening the resonances by 0.006–0.02 cm−1 per 1021 m−3
of atomic density. These broadening parameters are higher than the values used in the
model of Chapter 1, which used the order of magnitude lower values for Xe/He/H2.84
If correct, the higher broadening parameter would decrease the estimated density
of free atoms in Chapter 1 by more than an order of magnitude. However, the
central conclusions of Chapter 1, such as the homogeneity of the composition, are
independent of this density and remain valid. In conclusion, although these numbers
still carry significant uncertainty, due to the saturation broadening effects and the
large speckle in the dye laser images (which can be improved as shown in Ref. [241]),
this first experiment clearly shows that the dye laser, with its extreme sensitivity, is
an excellent tool for future research on absolute densities in the vapor.

Outlook: future research into 2-µm-driven EUV sources
In Chapter 4 and earlier in the Conclusion, we made a case for 2-µm-driven EUV
sources as promising candidates for future EUV sources. We showed that competitive
CE values can be obtained using a 2 µm main pulse and a pre-deformed target.30
Furthermore, we showed that we have a detailed understanding of such 2-µm-driven
EUV sources, having quantified the full power partitioning. In these works, we also
discuss ways to scale up 2-µm-driven sources: by using longer laser pulses, or by
using more laser energy, more than the optimum for CE, since the total in-band
emissions will continue to increase. In parallel, simulations of 2 µm-driven EUV
sources have been performed,42,45,247 supporting the potential of 2-µm-driven sources.
But one question remained open in the Conclusion. What target (droplet, sheet, or
vapor) should we use for a 2-µm-driven EUV source with industrially relevant in-band
EUV doses per droplet (using long pulses, potentially overheated)?
A concept for 2 µm that has shown promise in simulations45,247 but has not yet been
experimentally investigated is that of a single laser slowly (over >100 ns long) ablating
a full droplet without any pre-pulse. As shown in simulations by de Lange et al.,45
such a concept could result in large amount of EUV in-band per pulse, with around
50 mJ in-band EUV being extracted from a 40 µm droplet. An additional advantage
would be that this concept using the 2 µm wavelength would not require complex
target shaping procedures that are required for the case of 10.6 um CO2.42

Experimentally studying such an alternative concept is challenging, since lasers
producing >100 ns long pulses of 2 µm light are not commercially available at the
pulse energies required. Still, that does not stop us from testing what happens when
we do not use a pre-pulse. So, in an exploratory experiment, we took the pre-pulse
and main pulse setup as described in Chapter 4, and simply turned off the pre-pulse.
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FIGURE 7: Comparison of a 27 ns main pulse with (blue) and without pre-pulse (orange).
Panel (a) shows the emission spectrum, normalized to the area under the curve. Panel (b)
shows the EUV emission, normalized to the peak. The pre-pulse case emits 3.8 mJ of in-band,
for a CE of 3.8 %, while the main pulse only case emits 3.5 mJ of in-band for a CE of 2.4 %.
Panel (c) shows a UV shadowgram (using the OPO, at 284.08 nm) of the remaining tin mass
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energy spectrum.
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Figure 7 shows the result of that experiment, compared to a similar case with a pre-
pulse. Figure 7(a) shows the plasma emission spectrum between 5–265 nm captured
at a 60° angle with respect to the laser. The case without pre-pulse has a higher
spectral purity, with more emissions in the in-band 13.5 nm region and less in the
long-wavelength vacuum UV (VUV, 80–130 nm) and deep UV (DUV, 130–265 nm)
regions. This difference may be contributed to the fact that the droplet is smaller
than the laser beam spatial top-hat in the no PP case, while the post-pre-pulse sheet
is significantly larger than the laser beam larger. The sheet could allow for larger
parts of plasma with a lower temperature, and thus more long-wavelength emission;
however, the spectral behavior of the single-pulse case will have to be studied in
more detail to prove conclusively. Figure 7(b) shows the EUV emitted at different
angles with respect to the laser. It shows how the anisotropic emission is very similar
between the sheet and droplet cases.
The total EUV emission for the single-pulse case is 3.5 mJ, for a CE of 2.4 %. Lower,
but not far off from the 3.6 % CE with a pre-pulse. Much of this difference can be
attributed to the main pulse beam being larger than the droplet and thus exiting the
vacuum chamber on the other side without contributing to plasma heating. Further-
more, as the shadowgram in Fig. 7 shows, a significant amount of tin mass is still
available at the end of the main pulse, due to its limited 27 ns pulse length. Thus, it
is easy to see how the no PP concept could be optimized for large EUV doses above
>10 mJ by matching the spatial beam profile to the droplet size and increasing pulse
length to use up the available tin mass.
An aspect that changes significantly when the pre-pulse is removed is the energy
spectrum of the emitted ions, as shown in Fig. 7(d), detected at an angle of 30° with
respect to the laser. Instead of a broadband spectrum with a small hump at 1 keV,
a single, large peak at 5 keV forms for the no PP case, increasing the number of
high-energy ions compared to that of a pre-pulse case. Simulations247 also show this
peak, hypothesizing that it is caused by the nature of the no PP concept: a long pulse
at constant intensity keeps emitting ions at the same kinetic energy. The behavior of
this single large peak in the ion energy spectrum deserves more study.
So what is next? Our laser system, previously described by Behnke et al.,51 was
historically limited to a pulse length of 27 ns, as is the case for the data shown above.
However, through a set of improvements (more uniform seed, higher damage threshold
optics), this pulse length has been extended to 37 ns. Additionally, by using both the
signal and idler output beams of the laser system and delaying the idler by 37 ns, we
have created a 2 µm laser with a pulse length of 74 ns. (The laser system outputs a
signal at 2080 nm and idler at 2180 nm to conserve the energy of the 1064 nm pump
photons. The signal is typically more well behaved and was historically the only one
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used.) Such a laser, with its spatial profile optimized to match the droplet size, should
allow for the scaling of EUV in-band per droplet into the >10 mJ regime. However,
proving that lies in the future. At that point, we will finally be able to answer the
last question we posed related to 2 µm: “What is the best ‘target,’ such as a sheet or
vapor, for 2-µm-driven EUV sources?” Maybe the answer will not be sheet or vapor
but rather simply a droplet.
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S

Samenvatting
Onze afhankelijkheid van druppels tin
In EUV nanolithografie machines worden 50.000 druppels tin per seconde opgeblazen,
elk uur van elke dag. Waarom is dat zo? Wat is een EUV nanolithografie machine
eigenlijk? Hoezo zouden we allemaal afhankelijk zijn van deze machines? In dit
hoofdstuk leg ik uit wat deze EUV nanolithografie machines precies doen en waarom
ze zo belangrijk zijn. Ook zal ik uitleggen hoe mijn proefschrift daarbij aansluit,
inclusief een korte beschrijving van de belangrijkste resultaten in mijn jaren bij
ARCNL.
In totaal komen er in een EUV nanolithografie machine 1,6 biljoen druppels per jaar
tot hun eind∗. Bij elke explosie van een tin druppel komt er een klein beetje licht vrij,
en niet zomaar licht, maar extreem ultraviolet (EUV) licht. Dit EUV licht wordt in
de machine gebruikt om computerchips te ‘printen’.
Computerchips zitten tegenwoordig niet alleen maar in computers, maar ze zijn overal
te vinden. Zo zitten ze in je vaatwassen, stofzuiger, auto, maar ook in je telefoon,
tablet, TV en natuurlijk in alle servers die je niet ziet maar nodig zijn voor YouTube,
Instagram, Google, ChatGPT of de ‘cloud’. Om deze producten te verbeteren is er
een continue vraag naar snellere en betere chips. Het is dus niet gek dat sommige
van de meest waardevolle bedrijven werken aan computerchips.1–3

Laten we in wat meer detail kijken naar de chipindustrie voordat we in detail gaan
over hoe één chip gemaakt wordt. In de chipindustrie zijn extreem bekende bedrijven
actief, zoals Microsoft en Apple, die producten maken voor consumenten met gebruik
van computerchips. Andere voorbeelden in dit veld zijn ‘tech’ bedrijven zoals Google,
Meta (Facebook), of OpenAI (van ChatGPT). Maar ook bedrijven zoals BMW, NXP,
Bosch of Texas Instruments (van de rekenmachines) zijn significante gebruikers van
computerchips. Al deze bedrijven staan onderaan de piramide van de chipindustrie,
zoals te zien in Figuur 1: zij maken producten met computerchips.

∗1,6 biljoen druppels zijn er heel veel, maar de druppels zijn zo klein dat het maar net boven 100 kg
aan tin is.
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FIGUUR 1: De piramide van (een sec-
tor van) de chipindustrie. Hoewel er
veel bedrijven zijn die computerchips
gebruiken of ontwerpen, zijn er maar
een paar die de capaciteiten hebben
om ze te maken (de middelste laag,
de ‘foundries’), en nog minder die de
benodigde machines (‘tools’) kunnen
maken. Als we focussen op één zo’n
tool, de nanolithografie machine, dan
staat ASML alleen aan de top van de
piramide.

Het daadwerkelijk maken van computerchips
wordt gedaan door een selecte groep bedrijven
genaamd ‘foundries’ wegens de complexiteit en
kosten hiervan. De grootste foundry is TSMC.4
TSMC maakt bijvoorbeeld de chips van Apple en
controleert ongeveer 60 % van de gehele markt.8
TSMC is niet heel bekend, maar toch extreem
belangrijk. Zo belangrijk dat het regelmatig ge-
noemd wordt als het gaat over de autonomie van
Taiwan.5,6 Om de schaal van dit bedrijf te schet-
sen: TSMC gebruikt 8 % van alle elektriciteit in
Taiwan, een getal wat verwacht wordt te stijgen
naar 20 % in 2030.7
Hoewel er maar een paar bedrijven zijn die mo-
derne chips kunnen maken op een grote schaal,
zijn er nog minder bedrijven die de machines,
‘tools,’ kunnen maken die hiervoor nodig zijn.
Eén van de machines die je nodig hebt om chips te maken is een nanolithografie
machine∗. De nanolithografie machine is belangrijk omdat deze niet alleen de duurste
machine is die je nodig hebt, maar ook de machine is die bepaalt hoe klein je kunt
‘printen’ op de chip, wat bepalend is voor hoe efficiënt en snel die chips zullen zijn.
Tijdens zijn productieproces gaat één chip talloze keren door lithografie machines,
maar ook door veel andere machines. Maar aangezien dit proefschrift te maken heeft
met nanolithografie, laten we deze andere complexiteiten even buiten beschouwing†.
Kort samengevat: nanolithografie machines zijn onmisbaar voor computerchips, die
weer onmisbaar zijn voor vele aspecten van onze levens. En hoewel de oudere nanoli-
thografie machines op verschillende plekken te krijgen zijn, is de nieuwste generatie,
die met tin druppels werkt, alleen te krijgen bij één bedrijf: ASML.

Een korte geschiedenis van ’s werelds meest complexe machine
Moderne lithografie machines zijn complexe machines, zo groot als een klein huis,
en kosten meer dan 200 miljoen euro per stuk.10 Ze zijn, volgens ASML zelf,9 de
meest complexe machines in de wereld. Het gehele proces om een chip te ‘printen’ is
uitermate complex en bevat veel scheikunde, natuurkunde en complexe technologie,

∗Ook wel eens ‘gewoon’ lithografie machine. De ‘nano’ wordt toegevoegd om de schaal, in de
nanometers, een miljardste van een meter, aan te geven.

†Zo zijn er nog allerlei andere onderdelen van de chipindustrie waar je een ‘piramide’ voor zou
kunnen tekenen, zoals bedrijven gerelateerd aan het extreem pure silicium dat je nodig hebt als grondstof,
de machines die je nodig hebt om je chip te meten en testen, of andere stappen in dit proces zoals etsen.
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maar voor dit proefschrift focussen we op een deel van de machine: de lichtbron. De
naam zegt het al: in dit deel van de machine wordt het licht gegenereerd dat in de
rest van de machine gebruikt wordt voor het printen.
Je kunt je wel voorstellen dat dit geen simpel lampje is. Voor lithografie moet je
uitermate veel controle hebben over je licht, omdat je natuurlijk precies het patroon
wilt kunnen printen dat gevraagd wordt door de klant. Als je dat niet doet, werkt de
chip misschien niet, en dat kost geld. Daarom wil je bijvoorbeeld nauwbandig licht
hebben, licht van één kleur, zoals een laser pointer. Als je meerdere kleuren hebt,
dan zul je een vervagend effect krijgen, en zullen minder van je chips het goed doen.
De vorige generatie machines gebruikte een laser die licht genereerde met een kleur
diep in het UV (𝜆=193 nm). Maar dat was niet meer goed genoeg voor de meest
complexe moderne chips; er moesten kleinere kenmerken op de chips zodat ze nog
sneller konden worden. Deze eis wordt beschreven door een van de fundamentele
limieten van de optica, het Abbe limiet:

CD = 𝑘1
𝜆

NA . (8)

Het Abbe limiet zegt dat de kritische dimensie (CD, van het Engelse ‘critical dimen-
sion’), oftewel het kleinste kenmerk dat je kan maken, afhangt van drie dingen: 𝜆, de
golflengte (kleur) van het licht waarmee je werkt, de parameter 𝑘1, die afhankelijk is
van allerlei procesoptimalisaties, en de numerieke apertuur (NA) van het systeem.
De numerieke apertuur kan voorgesteld worden als een bol rondom een punt: hoe
meer je lens van de bol vult, hoe beter. Dus je wilt graag een kleine bol (de lens zit
dichtbij) of een grote lens die meer van de bol vult. Aangezien de NA en 𝑘1 limieten
hebben, moet je op den duur naar een kortere golflengte, naar een ‘blauwere’ kleur.
Op die manier kan je kleiner printen en dus een snellere chip maken.
Om deze reden werd er al meer dan 30 jaar geleden onderzoek gestart naar een
nieuwe generatie machines die met kortere golflengtes zou gaan werken.11–14 Dit
werd uiteindelijk de moderne extreme ultraviolet (EUV) nanolithografie machine.
Maar hoe zijn we uitgekomen bij een machine die tin druppels opblaast?
Het eerste deel van de puzzel is te vinden bij de spiegels die in de machine zitten.
Deze spiegels worden gebruikt om het licht te verzamelen, te verplaatsen, en om uit-
eindelijk de chip mee te belichten. Je kunt geen lenzen gebruiken, want deze extreem
korte golflengtes worden geabsorbeerd door bijna alle materialen∗. De oplossing is
om speciale (gebogen) meerlaagse spiegels te gebruiken.

∗Ook lucht absorbeert EUV licht, er is dus een vacuüm in de machines.
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Deze meerlaagse spiegels bestaan uit tientallen lagen van twee afwisselende mate-
rialen. Het kernprincipe is dat een kleine deel van het licht gereflecteerd wordt op
elke even laag (de reflector) terwijl al het licht doorgelaten wordt door de oneven
lagen (de spacer). Als je dan de afstand tussen de opvolgende reflecterende lagen
exact afstemt aan de golflengte van het licht, krijg je constructieve interferentie∗ en
dus reflectie van het licht. Dit is het ‘Bragg effect’ en is geïllustreerd in Figuur 2.
Aangezien de reflecterende lagen afgestemd moeten worden op de golflengte van het
licht, werkt dit alleen voor een heel nauw bereik aan golflengtes. Stel je voor dat je
een spiegel gemaakt hebt voor 532 nm licht (groen), en er valt 580 nm licht op (geel).
In deze situatie zal de constructieve interferentie niet voorkomen en krijg je dus niet
de reflectie die je wilt. Als je dit toepast op de extreem korte golflengtes van EUV
lithografie (tientallen nanometers), loop je tegen allerlei uitdagingen aan zoals de
benodigdheden van lagen die slechts 5 nm dik zijn,15 wat natuurlijk uitermate lastig
te produceren is. Er moet dus een keuze gemaakt worden voor één enkele golflengte
om mee te werken.
De beste keuze is dan een spiegel gemaakt van molybdeen en silicium. Deze spiegels
kunnen een reflectie halen van ongeveer 70 % van al het licht binnen 1 % van 13.5 nm
(dus 13.3–13.7 nm).16 Het record staat zelfs op 71.2 % voor spiegels gemaakt door
de Universiteit van Twente!17 Aangezien je ongeveer tien spiegels nodig hebt per
machine, is elke procent aan extra reflectie belangrijk. Bijvoorbeeld, een verbetering
van 65 % naar 70 % reflectie per spiegel zorgt ervoor dat je twee keer zo veel licht
overhoudt na tien spiegels! Dat is waarom EUV lithografie dus met 13.5 nm werkt:
het is de golflengte waar de beste spiegels voor bestaan bij deze extreme golflengtes.
Nu moeten we nog zo veel mogelijk licht in de 1 % rondom 13.5 nm krijgen, hoe doen
we dat? (Dit is de zogenaamde ‘in-band’ EUV, omdat het binnen het reflectie bereik
van de spiegel valt.) Je kunt niet simpelweg weer een laser gebruiken, aangezien er
geen lasers zijn die licht van deze extreem korte golflengtes produceren. Daar komt
bovenop dat we ook meer dan 100 W aan in-band EUV licht willen hebben, typische
waardes voor industriële nanolithografie.15,18 Er blijft dan eigenlijk maar één manier
over om dit licht te krijgen: een plasma.
Een plasma is een warm gas waarbij elektronen vrijkomen van hun atomen, waardoor
je een gas krijgt van vrije elektronen en ionen (atomen met te weinig elektronen
waardoor ze een positieve lading hebben). In de natuur komen plasma’s voor onder
hoge temperaturen (zoals de zon en elke andere ster) of bij hoge voltages (denk aan
lassen of bliksem).24 Er komt licht vrij uit een plasma, bijvoorbeeld als een elektron
terugkomt bij een ion, of als een elektron springt van de ene energiestaat naar de
andere. In het lab maken we simpelweg plasma’s door iets op te blazen met een

∗Denk aan twee golven die één grotere golf vormen.
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laser∗.

Mo
Si

FIGUUR 2: Een schematische weer-
geving van het Bragg effect. Een
lichtgolf komt in en reflecteert op een
grens tussen de materialen. Bij het
geval links is de golflengte precies
afgestemd op de materiaaldikte en
zijn de golfen gesynchroniseerd, geïl-
lustreerd door de afwisselende kleur
van de lijn. Rechts is de golflengte
niet goed afgestemd, is de afwisse-
lende kleur niet gesynchroniseerd, en
zal de reflectie laag zijn.

Je kunt niet zomaar elke laser gebruiken om een
plasma te maken, je hebt immers een bepaalde
intensiteit nodig. De meest bekende lasers uit het
dagelijks leven zijn continue lasers zoals laser
pointers, afstandsbedieningen, of sierverlichting
bij grote feesten. Deze kunnen gevaarlijk zijn als
je ze bijvoorbeeld recht in je oog schijnt, maar
zullen niet snel een plasma maken. De lasers
in ons lab maken daarentegen extreem intense
korte pulsen (van maximaal ∼100 ns, 100 mil-
jardste van een seconde) om vervolgens een tijd
weer uit te staan. Ter illustratie, de intensitei-
ten van de gepulste laser in dit proefschrift zijn
tussen 107 W/cm2 en 1011 W/cm2. Dat is tus-
sen 10 miljoen W/cm2 en 100 miljard W/cm2.
Dit kunnen we vergelijken met een intense hitte-
bron in het huis: het sterkste pitje op een kook-
plaat, waar ongeveer 2000 W aan warmte ge-
produceerd wordt in een typische diameter van
20 cm. Dat betekent dus een oppervlakte van 314 cm2 en een vermogensdichtheid
van 2000∕314= 6 W/cm2 †. De laser pulsen in dit proefschrift zijn minimaal een
miljoen keer intenser dan objecten die je in huis zou kunnen vinden.
Bovendien zijn gepulste lasers industrieel beschikbaar met vermogens van meer dan
20 kW25 en hoef je dan dus maar 0.5 % van dat vermogen om te zetten naar in-band
EUV licht en dan heb je 100 W in-band EUV. Dat klinkt haalbaar, maar dat roept wel
de vraag op: welk materiaal moet je gebruiken voor je plasma om zo veel mogelijk
EUV te krijgen?
Tin is de perfecte keuze. Door een schitterend toeval in de natuurkunde zendt tin
heel graag 13.5 nm licht uit. De eerste stap is om 10–14 elektronen vrij te maken van
een tin atoom, om dus Sn10+ tot Sn14+ te maken. Als je dat voor elkaar krijgt, dan zal
een groot deel van het licht dat vrijkomt van het tin plasma rond 13.5 nm zitten.27,28
Zo kan je het voor elkaar krijgen dat bijna 20 % van al het licht dat uit een tin plasma
komt binnen de 1 % rondom 13.5 nm, de ‘in-band’ EUV, te krijgen.29 Op die manier
is het dus ook gelukt om conversie efficiëntie (CE) van laser licht naar EUV licht te

∗In het Engels een ‘laser-produced plasma,’ oftewel LPP.
†De laser pointer van eerder met een vermogen van ∼100 mW komt ook niet in de buurt aangezien

de lichtbron vaak ∼5 mm in diameter is en dus nog niet eens boven een W/cm2 uitkomt.
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krijgen van bijna 5 %,30 waardoor >100 W EUV lichtbronnen niet alleen meer een
droom zijn.

Een moderne EUV lichtbron
En zo geschiedde het. Met meer dan 20 jaar aan continue ontwikkeling achter de rug
heeft ASML inmiddels een commerciële EUV lichtbron die meer dan 500 W kan
produceren.32,33 En alleen ASML kan die lichtbron maken∗, en dus ook alleen zij
kunnen een EUV lithografie machine maken.

∗Via hun afdeling in San Diego, VS. Vandaar het extra geopolitieke spel tussen de VS en Nederland
hierover.

13.5 nm
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IF

Collector mirror

TIME (μs)

PP

RP

MP

~30 μm

~400 μm

FIGUUR 3: Een schematische weergave van een moderne EUV lichtbron met zijn meerdere
laser pulsen. De tin druppels worden vervormd door de pre-puls (PP), om vervolgens verdampt
te worden (RP). De laatste stap is om de druppels op te blazen met de hoofdpuls (MP) om
het EUV licht te produceren. Links is de spiegel die het EUV licht verzameld en via de
‘intermediate focus’ (IF) naar de rest van de machine stuurt.
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Maar hoe werkt een moderne EUV lichtbron dan? Figuur 3 laat een schematisch
overzicht zien van de belangrijke onderdelen van een moderne EUV lichtbron. Als
eerste: de ‘verzamel’ spiegel. Deze heeft als taak om zo veel mogelijk van het EUV
licht dat uit het plasma komt de rest van de machine in te sturen via de ‘tussen focus’
(‘intermediate focus’ (IF) in het Engels) zodat het daar gebruikt kan worden. Als
tweede zit er waterstofgas rondom het plasma. Dit gas moet ervoor zorgen dat er
geen tin om de spiegel komt en zo de spiegel onbruikbaar maakt. Aangezien het tin
met kilometers per seconde wegvliegt∗, is dit gas onmisbaar. De druppelgenerator
zorgt ervoor dat er daadwerkelijk tin is om het EUV licht mee te maken. Deze
druppelgenerator schiet 50.000 tin druppels per seconde af; elke druppel zal in de
machine opgeblazen worden om een flits van EUV licht mee te maken.
Bovendien komt één tin druppel niet één maar drie lasers tegen in een moderne EUV
lichtbron. Alle drie zijn ze geoptimaliseerd om zoveel mogelijk licht uit een druppel
te krijgen. De eerste laser, de ‘pre-puls’ (PP), vervormt het tin van een druppel naar
een ‘pannenkoek’ vorm.36,37 In deze stap rekt de druppel meer dan 10x uit, van een
diameter van tientallen micrometer naar bijna een halve millimeter met een dikte
tussen 0.05–2 µm. Deze pannenkoek is dus >200x breder dan dik; een hele dunne
pannenkoek. Het voordeel hiervan is dat het gemakkelijker is om efficiënt EUV
licht te maken van een dunne en brede pannenkoek dan een heel dikke druppel.35
Een nadeel is dat er wat tin verloren gaat via kleine fragmenten39 in dit hele proces
van de druppel omzetten naar een pannenkoek; deze tin doet niet meer mee later
in het proces. De tweede laser is de verdampingspuls (in het Engels: ‘rarefication
pulse’, vandaar RP). Deze puls komt een paar microseconden later33 en verdampt de
pannenkoek om er zo een grote tin damp van te maken. Het voordeel van deze puls
is dat een damp efficiëntere absorptie geeft voor de laatste laser puls.35,40 De laatste
puls, de hoofdpuls (Engels: ‘main pulse,’ MP), is de puls die het plasma maakt dat
EUV uitzendt. In moderne systemen is dit een CO2 gas laser met een golflengte diep
in het infrarood (10.6 µm). Deze CO2 laser produceert 50.000 pulsen per seconde26,41
met een totaal vermogen van >20 kW,33,35 ideaal om een hoog vermogen EUV te
krijgen.

De rol van ARCNL in onderzoek naar EUV lichtbronnen
Natuurlijk staat de ontwikkeling van de EUV lichtbron niet stil, ook al bestaan er nu
bronnen met een vermogen van 500 W. Deze ontwikkeling gebeurt niet alleen bij
ASML, waar al meer dan 40.000 mensen werken, maar ook bij verschillende andere
locaties, zoals ARCNL†. Dus wat is het verschil tussen ARCNL en ASML?

∗Het is gewoon een explosie waar een beetje nuttig licht bij vrijkomt.
†Naar mijn mening uitgesproken als arc-NL.
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Het bedrijf ASML zit in Veldhoven en ontwikkelt, bouwt en verkoopt de nanolitho-
grafie machines die gebruikt worden voor de productie van computerchips. Het werk
bij ASML is gerelateerd aan deze machines, zowel de huidige modellen, om deze
te onderhouden of verbeteren, of de volgende modellen. Er is echter maar een klein
deel van het bedrijf dat onderzoek doet naar nieuwe ontwikkelingen die in de verdere
toekomst gebruikt kunnen worden in de machines, zonder directe toepassing op een
van deze modellen.
Dat is geheel anders bij ARCNL, waar academisch onderzoek gedaan wordt. ARCNL
een samenwerking tussen ASML, NWO (onderzoek vanuit de Nederlandse staat), de
Vrije Universiteit Amsterdam (VU), de Universiteit van Amsterdam (UvA), en de
Rijksuniversiteit Groningen. Een zogenaamde ‘public-private partnership’ (samen-
werking tussen privé en publiek).
Daarom is al het onderzoek bij ARCNL in de richting van ASML-gerelateerde onder-
werpen, zoals de lichtbron, maar ook andere onderwerpen zoals materiaalkunde. Het
doel is dus om kennis op te doen over de complexe natuurkunde of scheikunde die
achter de machines van ASML schuilt, maar je werkt bij ARCNL niet direct aan de
verschillende modellen van de machine. De onderzoekers bij ARCNL werken vaak
ook aan hun proefschrift, zoals deze, en dit is waar de universiteiten komen kijken:
alleen bij een universiteit kun je promoveren. In het werk dat je doet onderzoek je
dus natuurkunde of scheikunde gerelateerd aan een deel van de ASML-machine,
onderzoek dat je uiteindelijk samenvat in een proefschrift. En op die manier kom
je terecht in een complexe situatie als de mijne, waar ik promoveer aan de Vrije
Universiteit Amsterdam (dat is niet voor iedereen bij ARCNL zo), ook al heb ik al
het onderzoek uitgevoerd op locatie bij ARCNL, onderzoek dat gerelateerd is aan
ASML. Ik snap dat het soms verwarrend is.

Onderzoeksvragen en overzicht van dit proefschrift
Zoals hierboven al naar gehint werd, zijn er nog veel open vragen gerelateerd aan de
EUV lichtbron. Sommige van deze open vragen zijn redelijk fundamentele natuur-
kunde, andere vrij direct toepasbaar op de huidige machines, maar het idee is dat ze
allen, uiteindelijk, leiden naar meer EUV licht uit de bron.
Zo is ruimte voor optimalisatie rondom de verdampingspuls gigantisch. Je kunt je
bijvoorbeeld afvragen: "Wat voor compositie heeft mijn ideale damp?" Aanpassingen
aan de verdampingspuls zouden vrij gemakkelijk toegepast kunnen worden in een
moderne EUV lichtbron, aangezien deze al zo’n puls heeft. Maar niks houdt ons
tegen om te denken over grotere veranderingen. Waarom zou je deze huidige drie
pulsen moeten gebruiken? Waarom niet meer pulsen, of een van de pulsen vervan-
gen? Een van de opties in dit gebied is om de hoofdpuls die momenteel opgewekt
wordt met behulp van CO2 gas te vervangen met een vastestoflaser, waar speciale
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kristallen gebruikt worden, die 2 µm infrarood licht uitzenden. Vastestoflasers worden
al gebruikt voor de pre-puls en de verdampingspuls omdat ze hoge efficiëntie van
elektriciteit naar laser vermogen bieden in een compacte vorm. Echter, door een
aantal technologische limieten zijn vastestoflasers tot nu toe nog nooit een bedreiging
geweest voor de CO2 gas laser als hoofdpuls. Dit is nu aan het veranderen met recente
ontwikkelingen rondom EUV lichtbronnen met 2 µm vastestoflasers als hoofdpuls,
die de hoge efficiëntie van vastestoflasers combineren met goede efficiëntie om EUV
licht op te wekken.
Dit maakt het voor dit proefschrift dus uitermate interessant om de interactie van
vastestoflasers en tin te onderzoeken. We onderzoeken nieuwe toepassingen van
vastestoflasers, gerelateerd door EUV lichtbronnen en geïnspireerd door de verdam-
pingspuls en de hoofdpuls. De vraag is simpelweg: "Wat gebeurt er al een lichtpuls,
geproduceerd door een vastestoflaser, interacteert met tin?"
Deze vraag kunnen we nog opsplitsen gebaseerd op de intensiteit van de lichtpuls.
Het eerste intensiteitsbereik is het lage bereik, waar de lichtpuls van de vastestoflaser
verdamping zal veroorzaken. Hier gebruiken we een vastestoflaser die licht genereert
met een golflengte van 1 µm, net als de verdampingspuls.33 In dit bereik hebben we een
drietal vragen die we willen beantwoorden: "Wat is de compositie van een tin damp
gemaakt door de verdamping van een tin pannenkoek door een vastestoflaser?", "Welk
proces beschrijft deze verdamping?" en "Welke laserparameters hebben invloed op de
resulterende damp?" Bij compositie verwijzen we naar het feit dat damp ook kleine
deeltjes of kleine druppels in zich kan hebben, zoals ook het geval is in waterdamp
na het douchen. Dit kan bij tin ook het geval zijn, en wil je dat dan? Dus, als we
specifieker zijn: "Wil je kleine druppels of deeltjes in je damp of niet?"
In het hogere intensiteitsbereik gaat het om plasma’s die EUV licht uitzenden. In dit
gebied gebruiken we nog steeds vastestoflasers, maar dan met een golflengte van 2 µm,
aangezien dit de veelbelovende golflengte is voor toekomstige EUV lichtbronnen.30
Hier stellen we ons de vragen: "Wat is het gedrag van de ionen die weg vliegen
uit een plasma gegenereerd door een 2 µm vastestoflaser?", "Hoe kunnen we EUV
lichtbronnen gebaseerd op 2 µm vastestoflasers opschalen tot industriële niveaus?" en
"Wat is het beste doelwit, zoals de tin pannenkoek of damp, voor een EUV lichtbron
met een 2 µm vastestoflaser?"
Deze onderzoeksvragen hebben geleid tot vier hoofdstukken, waar elk hoofdstuk
een of meerdere van deze vragen probeert te beantwoorden. Hoofdstukken 1–3 zijn
gerelateerd aan de verdamping van tin, terwijl Hoofdstuk 4 ons werk gerelateerd
aan EUV lichtbronnen met 2 µm vastestoflasers laat zien. Hieronder volgt een korte
beschrijving van elk van deze hoofdstukken. Deze samenvatting zal afsluiten met
een terugblik ("Hebben we de vragen beantwoord?") en een vooruitblik ("Wat nu?").
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Hoofdstuk 1 gaat over de damp die vrijkomt bij het verdampen van een dunne
pannenkoek van tin. De vraag is simpel: "Wat zijn de eigenschappen van deze damp
precies?" Om die vraag te kunnen beantwoorden presenteren we in dit werk een
nieuwe diagnostiek om de damp te onderzoeken. De kern van de diagnostiek is dat
we foto’s maken van de tin damp met een veel verschillende kleuren, ongeveer 600,
allemaal in het UV (tussen 235 en 400 nm)∗. Voor elke kleur maken we een foto van
de schaduw van de damp; het licht gaat dus door de damp, en we zien hoeveel van het
licht opgenomen wordt door de damp. Door dit te onderzoeken voor verschillende
kleuren, spectroscopisch, kan je veel zeggen over de damp, zoals de dichtheid en
temperatuur van de damp, maar ook of er hele kleine nanodruppels van tin aanwezig
zijn (denk aan kleine druppels water na het douchen, maar dan veel kleiner). Het
speciale aan onze diagnostiek is dat we foto’s maken met verschillende kleuren, dus
we kunnen per locatie in de damp bepalen wat de dichtheid en temperatuur is, met
een resolutie van 10 µm (een honderdste van een mm). Met behulp van de nieuwe
diagnostiek laten we zien dat in deze specifieke tin damp inderdaad nanodruppels
aanwezig zijn, zwevend in een gas van vrije atomen. Bovendien laten we zien dat
elke locatie in de damp hetzelfde is: elke locatie heeft nanodruppels en dezelfde
temperatuur (rondom de kooktemperatuur van tin), alleen de hoeveelheid damp
verschilt per plek.
Hoofdstuk 2 duikt in de verdamping zelf, hoe werkt dat nu als je iets verdampt in
een paar nanoseconden (miljardste van een seconde)? Om dat te doen gebruiken we
een lange verdampingspuls van 100 ns†, waardoor we foto’s kunnen maken tijdens de
verdamping. Deze foto’s maken we deze keer met groen licht, omdat we juist niet de
damp willen zien, maar naar de pannenkoek zelf willen kijken. Je kunt er namelijk
een beetje doorheen kijken, omdat hij zo dun is. Door dan op verschillende momenten
tijdens de verdamping te kijken, zien we dat de pannenkoek geleidelijk dunner wordt
tijdens de verdampingspuls. Dit wijst naar Hertz-Knudsen verdamping. Om dat te
bewijzen, ontwikkelen we een computermodel gebaseerd op de formules die Hertz-
Knudsen verdamping beschrijven. Dit model reproduceert onze experimentele data
heel goed. Op die manier hebben we bewezen hoe de tin pannenkoek verdampt; het is
simpelweg dezelfde manier waarop een plas water buiten verdampt na een regenbui,
maar dan een miljard keer sneller.
In Hoofdstuk 3 zetten we de verdampingspuls op steroïden door zijn intensiteit
tot ∼100x te verhogen. We doen dit omdat we willen weten hoe je de damp kan
veranderen. Leuk dat een damp kan maken met nanodruppels, maar wat als ik

∗Al deze foto’s worden na elkaar gemaakt, met 50 foto’s per kleur, wat kan omdat het proces om de
tin damp te maken heel herhaalbaar is. Dit noem je stroboscopisch, denk aan een flitsende lamp in de
nachtclub. Typisch duurt het maken van al deze foto’s dus een paar uur.

†Alles is relatief.
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dat niet wil? Welke parameter rondom de verdamping moet ik dan veranderen?
Daarom onderzoeken we hoe de damp die vrijkomt afhangt van de intensiteit van de
verdampingspuls. Je kunt dit vergelijken met water koken: Als je het fornuis harder
zet en het water sneller kookt, verandert de waterdamp dan? We gebruiken een groot
bereik aan intensiteiten van de verdampingspuls en we gaan ook zo ook zo hoog dat
we ook plasma maken tijdens de verdamping. Wat we vinden is dat als je plasma
maakt tijdens de verdamping, dat de damp flink verandert. Niet alleen krijg het een
andere vorm (omdat het plasma een druk uitoefent op de damp), maar ook wordt de
damp veel warmer. (Eerder was het ∼2500 °C, rond de verdampingstemperatuur van
tin, nu schiet het omhoog naar ∼8000 °C.) Ook verdwijnen de nanodruppels en blijft
alleen het gas van vrije atomen over. Zo hebben we laten zien dat de intensiteit van
de verdampingspuls kritisch is voor de damp die vrijkomt.
Ten slot, maken we eindelijk EUV licht en bespreken we de andere toepassing van
vastestoflasers in Hoofdstuk 4. Specifiek kijken we naar hoe je EUV licht kan maken
met een 2 µm-golflengte vastestoflaser, in plaats van de industriële standaard 10.6 µm
CO2-gas laser. Waarom zou je dat doen? Omdat een CO2-gas laser extreem veel
stroom gebruikt voor het vermogen aan licht dat hij uitzendt, terwijl een vastestoflasers
veel efficiënter is. Dus als je een vergelijkbare, of zelfs iets mindere, laserlicht
naar EUV licht efficiëntie kan krijgen met een 2 µm vastestoflaser, dan zal je totale
elektriciteit naar EUV licht efficiëntie beter zijn. Er is daarom dus ook al veel
onderzoek gedaan naar EUV productie met 2 µm lasers, ook buiten het werk in dit
proefschrift. Maar het complete plaatje miste: er waren onderzoeken gedaan naar
welke kleuren licht vrijkomen van het plasma, de ionen, hoeveel EUV licht, etc., maar
geen studie die dit allemaal bijeenbrengt in één geheel. Wij brengen al deze dingen
in een geheel en laten zien dat we een volledige reconstructie van de energie in het
plasma kunnen doen. Dus we balanceren de inkomende energie, de laser, met de
uitgaande energie, het licht, de ionen, het restant van de tin pannenkoek, en reflectie
of transmissie van de laser. Het merendeel, ∼65 % van de energie komt vrij als licht,
maar dat is licht met allerlei golflengtes, niet alleen de gewenste 13.5 nm (dat is maar
∼4 %). We bestuderen ook het gedrag van ionen, het ‘afval’ van het plasma, en laten
zien hoe je de hoeveelheid ionen kunt minimaliseren. Dit unieke inzicht in deze
energiebalans is het resultaat van jaren aan ontwikkeling van de opstelling binnen
onze groep en kan gebruikt worden door anderen als een maatstaaf. Ook benadrukken
we nogmaals de unieke mogelijkheden die EUV productie met 2 µm vastestoflasers
biedt.
Dus waar brengt dat ons nu? Als we terugkijken naar de vragen die we gesteld
hebben rondom verdamping, zijn ze allemaal beantwoord. Met behulp van onze
nieuwe diagnostiek (Hoofdstuk 1) weten we de compositie van een tin damp. Ook
hebben we in Hoofdstuk 2 bewezen dat Hertz-Knudsen onze verdamping beschrijft.
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En als laatste hebben we ook laten zien welke laserparameter de belangrijkste is voor
de resulterende damp: de intensiteit van de verdampingspuls.
Rondom EUV-productie met behulp van 2 µm vastestoflasers hebben we ook grote
stappen gezet. Zo hebben we in Hoofdstuk 4 het gedrag van ionen in detail bestudeerd,
en ook laten zien hoe je ze kunt minimaliseren. In Hoofdstuk 4 hebben we ook laten
zien hoe je de lichtproductie op kan schalen naar industriële niveaus. Echter hebben
we nog niet laten zien wat het beste doelwit is voor een EUV-lichtbron met een 2 µm
vastestoflaser.

Toch kunnen we stellen dat we veel geleerd hebben over de interactie van tin met
lichtpulsen geproduceerd door vastestoflasers. Wat komt hierna dan? In twee korte
vooruitblikkende stukken doe ik al het tipje van de sluier omhoog. Zo laten we
zien dat de nieuwe diagnostiek met UV kleuren, zoals geïntroduceerd in Hoofdstuk
1, maar dan nu met behulp van een andere laser, ook gebruikt kan worden om
atoomfysica te onderzoeken. Het tweede vooruitblikkende stuk zet een eerste stap
naar het beantwoorden van de laatste open vraag rondom 2 µm: waar moet je op
schieten? Blijven we op tin pannenkoeken schieten of gaan we weer terug naar direct
op de tin druppel schieten? Deze vragen zijn echter maar een paar van de vragen
waar nu nog aan gewerkt wordt bij ARCNL. Genoeg voor mijn collega’s om nog
allerlei proefschriften over te vullen...
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