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Chapter 1

Introduction

1.1 Accelerating technological revolutions

Ray Kurzweil!

“Technological change is exponential, contrary to the common sense 'in-
tuitive linear” view.”

Technological revolutions have consistently accelerated human progress, with
each new era building upon the last at an increasingly rapid pace. Ray
Kurzweil’s Law of Accelerating Returns [1] describes this phenomenon, high-
lighting how technological breakthroughs occur exponentially faster over
time. For a logarithmic representation of the major human revolutions, see
Fig. 1.1.

Around ~2.5 million years ago, multiple early human species emerged, with
Homo habilis commonly recognized as one of the earliest known represen-
tatives [2]. Anatomically modern humans (Homo sapiens) evolved approxi-
mately 200.000 to 300.000 years ago in Africa [3]. The Cognitive Revolution,
hypothesized to have occurred around 70.000 years ago, is associated with
the emergence of complex language, enabling advanced knowledge trans-
fer [4-6]. This development laid the foundation for the Agricultural Revo-
lution (around 12.000 years ago), which introduced farming, permanent set-
tlements, and specialized labor. The Scientific Revolution (~ 500 years ago)
marked a shift toward systematic observation and experimentation, laying
the groundwork for modern science. It was followed by the Industrial Rev-
olution (~ 250 years ago), which brought mechanized production, steam
engines, and factory systems. From the late 20th century onward, particu-
larly during the 1990s, the Information and Digital Revolution introduced
advances in semiconductors, computers, and the Internet. Today, we are
witnessing the Biotechnological & AI Revolution, characterized by break-
throughs in genetic engineering and artificial intelligence (AI).

A critical force behind the Biotechnological & AI Revolution is exponential
growth in computing power, often described by Moore’s law. It is an ob-
servational statement that the number of transistors on a microchip tends to
double approximately every two years [7]. From timeframes that span thou-
sands of years to changes unfolding in just a few seconds, each technological

'Ray Kurzweil, The Singularity Is Near: When Humans Transcend Biology (Viking Press,
2005).
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revolution has accelerated innovation and reshaped civilization faster than
ever before.

O He
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FIGURE 1.1: Illustration of major human, societal, and technological revolutions on
a logarithmic timescale, from occurrence of early Homo species to the Biotechnical &
Al Revolution. Based on a draft by the author, improved by Iliya Cerjak (AMOLF).

1.2 Semiconductor scaling

Photolithography is a first step in semiconductor manufacturing [7, 8] as it
determines how densely electronic components, such as transistors, resistors,
and capacitors, can be packed onto microchips. Reducing the size of these
components directly increases computational power, efficiency, and device
miniaturization. Photolithography uses light to transfer nanoscale patterns
onto a light-sensitive resist coated on a substrate using a mask. These pat-
terns determine the placement of electronic components, such as transistors,
resistors, and capacitors, on microchips. The closer arrangement of these
components results in faster, smaller, and more energy-efficient chips [7].

The wavelength of light (1) directly determines the smallest detail that a pho-
tolithography system can reliably print on a chip and therefore limits how
small transistors can be. The Abbe resolution limit describes this limitation:
A
=R oA

where kj is a parameter correlated with the process of lithography, d is the
minimum feature size, A is the wavelength of light, and NA (Numerical aper-
ture) represents the system’s ability to collect and focus light. The semicon-
ductor industry has continuously reduced A and increased N A to enable the
production of smaller and more densely packed transistors.
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Photolithography, which used wavelengths of 248 nm and later 193 nm, along
with immersion lithography, enabled the fabrication of submicrometer tran-
sistors [9]. In late 2018, extreme-ultraviolet (EUV) nanolithography at 13.5nm
enabled the production of sub-7nm chips [9, 10], with high-NA EUV ex-
pected to push transistor scaling toward atomic dimensions [11].

As transistor miniaturization approaches its physical limits, innovations such
as chiplet architectures, 3-D stacking, and quantum computing are being ex-
plored as new paradigms to sustain computational progress [12].

John Archibald Wheeler

“In the middle of difficulty lies opportunity.”

The Biotechnological & Al revolution faces challenges that go beyond the
limits of silicon-based scaling. Even if physical limitations can be bypassed
by leveraging current Al capabilities to tackle key problems, three main hur-
dles remain: limited availability of training data, energy consumption, and
tinancial cost. Limited training data: Techniques such as Al-supervised learn-
ing and synthetic data generation have reduced dependence on large la-
beled datasets [13], yet the demand for high-quality data persists. Energy
consumption: Despite advances in computational efficiency and sustainable
infrastructure [14], the growing energy demands of Al remain a critical con-
cern. Financial costs: Although the cost per transistor continues to decrease,
Moore’s second law indicates that semiconductor manufacturing costs dou-
ble approximately every four years [15], posing a significant economic bar-
rier. These challenges also act as catalysts for innovation and the emergence
of new paradigms in global collaboration and technological progress.

Neil deGrasse Tyson?
“The explorer wants to understand it; the soldier wants to dominate it.”

However, technological progress is not dictated by science alone. History
shows that governance, economic interests, and geopolitical tensions play
a decisive role in shaping innovation trajectories. Weak regulations, power
struggles, and fragmented global cooperation can slow or even derail ad-
vances [16]. Understanding these global dynamics is crucial, as they influ-
ence not only the pace of technological breakthroughs but also their ethical
and societal implications.

Within this broader context, EUV nanolithography has emerged as a key
enabler of continued transistor scaling. However, as EUV technology ap-
proaches its physical and engineering limits, questions arise: How much fur-
ther can it be pushed, and what innovations are needed to sustain progress?

This thesis contributes to answering these questions by exploring the laser-
induced dynamics of liquid tin in state-of-the-art EUV nanolithography ma-
chines. These processes are fundamental to the generation of EUV light and

2From Cosmos: A Spacetime Odyssey, Episode 12: "The World Set Free" (2014).
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directly impact the efficiency and scalability of the technology. By deepen-
ing our understanding of these dynamics, we aim to support the continued
advancement of semiconductor manufacturing.

1.3 Microdroplet-tin LPP source for EUV nanolithog-
raphy

State-of-the-art EUV nanolithography machines utilize 13.5nm light, gen-
erated through laser-produced plasma (LPP). This is achieved by directing
a high-power CO; laser onto a precisely delivered liquid tin microdroplet,
converting it into a plasma that emits the required radiation for advanced
semiconductor fabrication.

X Tin Time
droplet / ~ls >
stream

PP

MP
Laser

~30um l :
‘ __IF

\ ~500um /

FIGURE 1.2: Simplified schematic of the laser-droplet interaction in a typical indus-
trial EUV light source module. Side-view shadowgraphs showing the transforma-
tion of a liquid tin microdroplet (tens of pm in diameter) by a prepulse (PP) into a
thin disk, which serves as the target for the main pulse (MP) that generates EUV-
emitting plasma, collected and focused toward the intermediate focus (IF). Adapted
from [17].

Multilayer
mirror

l.
|

A stream of liquid tin microdroplets, typically several 10 um in diameter, is
first irradiated by a prepulse laser at t = 0. For a nanosecond-long prepulse,
the droplet deforms into an axisymmetric sheet, as visualized by side- and
front-view shadowgraphy images.

The tin plasma emission is collected and directed toward the lithography
scanner by a collector mirror, which is a specialized multilayer mirror typi-
cally positioned near the laser-droplet interaction region [17]. The CO, laser
is chosen for its commercial availability at the required high output power
and high conversion efficiency (CE). CE is defined as the fraction of in-band
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EUV light, emitted within a 2% bandwidth centered at 13.5nm, that is cap-
tured within the half-sphere covered by the collector mirror, relative to the
input energy of the drive laser.

1.3.1 Prepulse-induced droplet dynamics

To achieve sufficient in-band EUV power at CE a separate laser pulse, known
as the prepulse (PP), was introduced. This laser pulse interacts with the tin
droplet prior to the arrival of the main pulse (MP).

The operating principle of this two-step scheme is illustrated in Fig. 1.2. The
PP modifies the target geometry, expanding its lateral size and altering its
morphology and tin distribution to create a more favorable interaction with
the main pulse, thus improving the EUV yield [17-19]. The target geometry
is influenced by the PP laser parameters such as the intensity, temporal, and
spatial profile [20, 21]. Industrial implementations currently derive the PP
from the same CO, laser system as the main pulse. However, employing
a separate Nd:YAG (1064 nm) solid-state laser as the PP source would offer
comparable capabilities while providing improved control over both spatial
and temporal pulse shaping.

When a liquid tin microdroplet is irradiated with a nanosecond-long PP, a
plasma cloud forms on the droplet’s surface facing the incident laser beam.
The rapid expansion of this plasma cloud generates a nearly instantaneous
recoil pressure of the order of 100kbar on the droplet surface within the
timescale of the PP duration. This sudden force causes the droplet to undergo
an impulsive acceleration (a ~ 10! ms72), leading to its radial expansion to
a diameter of the order of 100 um and its transformation into a thin axisym-
metric sheet with a thickness on the order of 100 nm, featuring a micrometer
thick central region and an extended rim. [22-26]. This radial expansion,
at a velocity on the order of 100m s}, results in a target diameter of sev-
eral hundred micrometers within a few microseconds, optimally matching
the MP’s beam size. At these ps timescales, the redistribution of liquid tin is
driven by hydrodynamic motion arising from the interplay between inertial
and surface tension forces.

Various hydrodynamic instabilities, i.e., disturbances in the fluid flow that
grow over time, can develop on such rapidly expanding liquid sheets. These
instabilities play a critical role in determining how the sheet breaks up into
droplets, which directly impacts the efficiency of EUV light generation. Un-
controlled breakup can reduce EUV yield and produce excess tin debris,
which poses challenges for both optical performance and machine cleanli-
ness [21].

Fast-moving debris not only reduces the available tin mass for EUV genera-
tion, but also contaminates the collector mirror, impacting system efficiency
and longevity. Thus, accurate characterization of sheet instabilities is essen-
tial for improving debris mitigation strategies and extending the operational
lifetime of EUV lithography sources.
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1.3.2 Advanced target shaping

Previous studies have shown that advanced target-shaping approaches can
enhance the conversion efficiency of MP laser photons to EUV photons in
laser-produced plasma (LPP) [17]. One such approach involves reducing the
volumetric density of tin in liquid tin sheets or generating a preplasma in
front of them [17, 27, 28]. These techniques can be implemented by combin-
ing a nanosecond prepulse (PP) with a successive low-fluence vaporization
pulse (VP), which disperses the tin material over a larger volume, potentially
optimizing plasma conditions for EUV generation.

This thesis explores the interaction between the VP and liquid tin sheets, pro-
duced by irradiating liquid tin droplets with a PP. Furthermore, it focuses on
surface phenomena that occur during droplet deformation.

1.4 Thesis Outline & Summary

In this thesis, we address fundamental questions arising from experiments on
laser-propelled tin, motivated by advancements in extreme-ultraviolet (EUV)
nanolithography. Driven by scientific curiosity, our investigations have led
to the identification of two critical research questions, represented in Fig. 1.3.

(@) ey (D) (c) (d)

7

r

|
B

FIGURE 1.3: Sequential snapshots of liquid tin sheets under various laser conditions:
(a) vaporization induced by low-intensity VP irradiation, (b) plasma formation
under high-intensity VP irradiation, (c) reflection-mode imaging following a low-
intensity prepulse (PP), and (d) reflection-mode imaging following high-intensity
PP. Note that the small bright circular spots in panels (a) and (b) originate from PP-
induced plasma captured during imaging.
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Research Question 1: What are the governing mechanisms in the interac-
tion between a nanosecond laser pulse and a free-flying liquid tin sheet?

Understanding this interaction is essential for developing precise target--
shaping techniques in which laser pulses form liquid tin into optimal targets
for the subsequent main pulse irradiation.

¢ In Chapter 2, we investigate the scaling behavior of laser-induced rar-
efaction of a liquid tin sheet under varying intensities. A representative
shadowgraph that captures a rarefaction state is shown in Fig. 1.3(a).

¢ In Chapter 3, we study the dynamics of plasma formation on liquid
tin sheets at higher laser intensities. The analysis provides insight into
the transition from vaporization to plasma formation. An illustrative
shadowgraph is shown in Fig. 1.3(b).

Research Question 2: What causes the surface modulations observed on
expanding free-flying liquid tin sheets?

Unraveling the origin of these modulations improves our understanding of
instability-driven sheet dynamics and supports control over target morphol-
ogy in laser-driven applications.

¢ In Chapter 4, we report experimental observations of axisymmetric
(concentric) surface modulations that reproducibly appear under rel-
atively low prepulse laser intensities on expanding liquid tin sheets.
This behavior is illustrated in Fig. 1.3(c).

¢ In Chapter 5, we explore the evolution of these patterns with increas-
ing prepulse laser intensity. At higher intensities, azimuthal modula-
tions emerge on top of the concentric surface modulations, as shown in
Fig. 1.3(d).

We conclude the thesis with Chapter 6, where we reflect on the answers to the
above research questions and present an outlook that includes preliminary
simulation results addressing open questions.






Chapter 2

Scaling Relations in Laser-Induced
Vaporization of Thin Free-Flying
Liquid Metal Sheets

H. K. Schubert*, D. J. Engels*, R. A. Meijer, B. Liu, O. O. Versolato
Phys. Rev. Research 6, 023182 (2024)

We experimentally study the vaporization of free-flying liquid tin sheets
when exposed to a 100ns laser pulse with an intensity ranging from 0.2
to 4.0 x10” Wem ™2, a case inspired by current developments around ‘ad-
vanced target shaping’ in industrial laser-produced plasma sources for ex-
treme ultraviolet (EUV) nanolithography machines. Our findings reveal
a gradual vaporization and a linear relationship between the average va-

porization rate and laser pulse intensity (N 1.0(3)10 7 ms~1/ Wcm_2>, for

various targets ranging 20 to 200 nm in thickness. We introduce a numerical
1-D heating and vaporization model based on Hertz-Knudsen evaporation
and find excellent agreement between simulations 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 appli-
cations in future development of EUV sources.

2.1 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 microdroplets with a double laser pulse scheme [17-19]. First, thin
liquid tin sheets (‘targets’) are produced from droplets using a ns laser “pre-
pulse’” (PP) [21-23, 25, 29-31]. Picosecond prepulses have also been explored
in this context previously [18, 19, 32]. This first step enhances EUV light
generation in a second step where an energetic ‘main pulse’ (MP) produces a
plasma [17, 19]. Further efficiency gains in the conversion of main pulse laser
photons into relevant EUV photons in laser-produced plasma could poten-
tially be obtained by using ‘advanced’ target shaping approaches [17]. Such

* Shared first authorship: Karl Schubert led the experimental measurements and data
analysis, whereas Dion Engels developed the Hertz-Knudsen evaporation model in Python.
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approaches may include using, e.g., a laser-generated ‘pre-plasma’ as sug-
gested in Refs. [27, 28].

Inspired by such concepts, Liu et al. [24] and Engels et al. [33] investigated ns
laser-vaporization of tin sheet targets with some direct relevance to the in-
dustrial use case. More specifically, Liu et al. [24] used laser-induced vapor-
ization to uncover previously invisible but important features of the target,
such as the center mass and the rim bounding the sheet [21], 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 re-
lations. 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 [34-37]. Normal boiling
(heterogeneous nucleation), perhaps the most intuitive and well-known re-
sponse of a hot liquid, can be ruled out because of the (us) long time scales
involved in the diffusion of vapor bubbles to the surface [35, 36], leaving only
vaporization (described by the Hertz-Knudsen equation) and phase explo-
sion (also known as explosive boiling or homogeneous nucleation) as viable
options. The work of Engels et al. [33] focused on spectroscopic analysis of va-
por 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 2875K boiling point to tin) may fit a grad-
ual Hertz-Knudsen-type vaporization mechanism and could tentatively be
interpreted to rule out phase explosion as a mechanism [33]. However, the
authors indicated that the presence of nanoparticles could in fact perhaps
best be explained by explosive boiling, thus leaving the vaporization mecha-
nism as an open question.

The prior recent works by Liu et al. [24] and Engels et al. [33] provide a strong
basis but leave significant gaps in the understanding of the vaporization dy-
namics in qualitative (i.e. the vaporization mechanism) and quantitative (i.e.
the scaling relations) terms. Addressing these gaps will benefit and steer
ongoing developments in improving laser-produced plasma EUV sources.
In this study, we address these gaps in understanding by employing two
distinct methods to quantify the vaporization process initiated by an auxil-
iary laser pulse following a PP, for a range of intensities (0.2 x 10 Wem ™2 to
4 x10” Wem™2) and a range of target types and thicknesses (20 nm to 200 nm).
Our approach involves using a long (100ns) auxiliary vaporization pulse
(VP) with a temporal and spatial box pulse profile. We image the vapor-
ization during this long pulse stroboscopically using a ‘shadowgraphy’ tech-
nique with 5 ns temporal resolution. The obtained data is employed to demon-
strate that the sheet gradually vaporizes (following Hertz-Knudsen evapora-
tion) and to quantitatively study scaling relations to enable predictive mod-
eling of the dynamics.
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2.2 Experimental setup

Our experimental setup has previously been described in detail [22, 24, 38].
Here, we present a summary. In the experiment (Fig.2.1) a kHz train of lig-
uid tin droplets (temperature 270 °C in the current experiments) set to a di-
ameter Dy ~ 27 or 35pum is vertically dispensed in a vacuum environment
(10~7 mbar) by a droplet generator. These droplets pass with a speed of the
order of 10m/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. Sub-
sequently, 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 prepulse [A = 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 10ns at full
width at half-maximum (FWHM). The PP is focused to a Gaussian spot size
of approximately 100 um (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 [22, 31]. 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 Ry at = 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 [22, 23, 39]. 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 (ps) [22, 23].

Following Klein et al. [26] and Liu et al. [25] we obtain the initial radial expan-
sion speed Ry 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 Ry, hence
less time is required to obtain a certain sheet size Ds [25].

Inspired by previous work [24], 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 following [25] for a 25m] PP on a
27 pm diameter droplet) and refer to it as target By consistent with Ref. [24]
(for more information about the targets used see Tab.2.1). Note that the vari-
ation in sheet size is very small, with the relative standard deviation of the
By 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 ps prior to the target Byy and call it for consistency B;. This target By carries
more mass than By given the continuous mass loss during expansion [25,
40]. It also exhibits a stronger thickness gradient along the radial coordinate
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Side view PP . (a)|[ side view vP . (b)|
—_—
[ ) [ )
1064 nm 1064 nm

Top view Shadowgraphy

FIGURE 2.1: (a-d) Illustration of the laser pulse schemes with their irradiation ge-
ometries. (a) Side-view schematic of the prepulse (PP) including the tin droplet dy-
namics 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 illu-
mination pulses. Arrows indicate the viewing angle. (d) Laser pulse scheme in time,
starting with the PP that is followed by the VP after At. At time t = 0 the PP initi-
ates the droplet deformation process. The time typ = 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 (By, see Tab.2.1) during irra-
diation by the VP for different typ with a VP energy Eyp = 2.5m]. 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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compared to By, providing a thickness range between 20-50 nm [25]. By in-
creasing the PP energy (Epp = 56 m]) we extend our study to a thicker target,
achieving a similar Dy but thicker target at even earlier times (At = 1.2ps).
This target is labeled target A [24] with a 50nm to 150 nm thickness range.
Lastly, we shoot a significantly stronger PP (Epp = 100 m]) at a larger 35 um
diameter droplet and thus create a target ‘C” with an approximate 70-250 nm
thickness range [25]. Tab. 2.1 also provides non-dimensional times At/t; us-

ing the capillary time t. = /(pD3)/(60) which sets the typical time scale
for expansion and subsequent retraction, with as input p from Tab. 2.2 and
o = 0.54N/m. The non-dimensional apex time for liquid tin droplets is ap-
proximately At/t. ~ 0.4 [39]. This means that only target Byy has passed its

expansion apex.

Target | Do[um] | Epp[m]] Ro[m/s]| At[us] | At/t, | Ds[um]
A 27 56 227 1.2 0.19 | 396
B 27 25 171 2 0.31 382
Bn 27 25 171 3 046 | 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 Dy, prepulse energy Epp, initial expansion speed Ry, time in expan-
sion trajectory At, non-dimensional time At/t. (see the main text), and the column
for their sheet diameter D.

In summary, we create different targets to access profiles of different thick-
nesses (see Tab.2.1 above, and Fig.2.7 in the Appendix for more details) en-
abling 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
100ns [A = 1064 nm, circularly polarized, see Fig. 2.1(b)]. The VP is produced
by a laser system with arbitrary sub-nanosecond pulse shaping capabilities
[41]. The VP laser system generates temporal box-shape pulses of approx-
imately 100ns and is imaged to a spatial top-hat shape at the center of the
vacuum chamber with a size of approximately 820 um x 820 um. We use pho-
todiodes (PDs, DET025AL /M) to monitor the VP before entering the mea-
surement 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. [38]. 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 5pm.
The illumination source produces pulses with a duration of 5ns (FWHM) and
a spectral bandwidth of 12 nm (FWHM) at 560 nm. We use two synchronous
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shadowgraphy pulses (SP) for backlight illumination 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 (typ = 0 marks the start
of the VP); the VP itself impacts at a time At after PP. During each delay
step, we record 20 frames in a stroboscopic manner, each representing a dif-
ferent 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 shad-
owgraphs during VP-induced vaporization with Eyp = 2.5 m], at various typ.
The shadowgraphs clearly show the presence of the sheet’s main features:
center mass, bounding rim, ligaments, and fragments [25]. We observe grad-
ual mass removal from the sheet with increasing typ through the increase
in transparency of the sheet to shadowgraphy backlight illumination (see
Ref. [24]). Fig.2.1(f) shows the side-view shadowgraphy of the same target
before VP impact at typ = 0.

2.3 Results

First, we investigate the vaporization dynamics of the thinnest target By us-
ing its partial transparency to the green shadowgraphy backlighting (Section
2.3.1). We introduce a 1-D vaporization model based on the Hertz-Knudsen
equation. Next, we characterize also the thicker targets (Section 2.3.2). Lastly,
we combine and generalize observations of all targets (Section 2.3.3).

2.3.1 Partial transparency

FIGURE 2.2: (a) Heatmap of background light transmission constructed from verti-
cal lineouts through the center of the liquid tin target By from front-view shadow-
graphs, as a function of typ using Eyp = 2.5m]. (b) Front-view shadowgraph with
digitally enhanced contrast at typ = 36ns. (c) Average target transmission values
T (on a logarithmic scale) during the vaporization of the target Byfor energies Eyp
= 1.2 (blue data), 2.5 (green), 4.2 (red), and 8.2m] (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
(1373.15K [42]) and an extrapolated refractive index for the expected temperature
for each energy case, respectively. (d) Average target thickness values /i during the
vaporization, obtained by applying the transmissivity method to the average trans-
mission values shown in the upper graph. The bold lines show the simulation re-
sults. Inset (e) shows average vaporization rates 1 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 / as a function of deposited fluence.
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In Figure 2.2(a), a heat map is presented that shows the transmission of back-
ground light through the target By for Eyp = 2.5 m]. This heat map illustrates
the variation in transmissivity as a function of typ, here taken along a vertical
lineout passing through the center of the target [cf. Fig.2.2(b)]. These line-
outs are aligned and averaged per delay step. The heatmap shows that as typ
increases, the target gradually becomes more transparent, indicating a grad-
ual 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. [21, 25]) appears to remain unvaporized. The halo-like, high transmis-
sivity region observed around the center suggests that the connecting sheet
part is particularly thin between the sheet and the central mass feature. Fig-
ure 2.2(b) displays a front-view shadowgraph, shown with artificially en-
hanced contrast, taken at typ = 36ns. 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 typ
for various Eyp. These curves provide a quantitative representation of how
transmission values evolve with typ across the dynamic range of our 12-bit
acquisition. To obtain these values, we average transmission values between
100 and 155 pm radius on both sides of the vertically centered sheet lineout.
This selected radial range deliberately excludes the center mass and rim fea-
tures, focusing on regions of this target with approximately uniform thick-
ness (cf. Ref.[25]). 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 pre-
viously outlined by Vernay [43], further developed for liquid tin targets by
Liu et al. [25]. We employ the tmm[44] Python package to establish a connec-
tion 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 [25, 45], but does not lead
to significant numerical differences. We extract, pixel-wise, raw optical target
transmission values, denoted Pj with i and j representing pixel indices. Be-
fore linking the local transmission with thickness, we preprocess the shadow-
graphs to account for backlight intensity fluctuations and ‘dark” value. The
parameter P\ characterizes this overall dark value, including imaging glare
sources such as PP plasma, VP scattering, target emission, SP, and electrical
noise, all of which contribute to camera exposure. We employ the formula
Ty = (Pyj — Py)/(Pp — Pg), with Py, as the mean background value deter-
mined from the shadowgraph bin count. To determine Py, 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 [21]. We separately obtain P values for each VP energy, us-
ing frames where the SP arrives before the VP, thus enabling accounting for
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any potential scattering of the VP onto the imaging system. After establish-
ing the relationship between Tj and thickness & (using the tmm package), we
correct for the 30° acquisition angle via i = h3g - cos(30°). In Fig.2.2(d), av-
erage 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 typ. 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 de-
termination [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 cur-
rent method to sheet thicknesses below approximately 25nm. As a conse-
quence, a different quantification method is required for studying thicker
sheets. The gradual reduction in sheet thickness over time due to vapor-
ization, 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 vaporiza-
tion. To calculate the vaporization rates, we determine the time required for
the sheet to reduce from its original thickness to approximately 2nm, using
the data from Figure 2.2(d).

Figure 2.2(e) presents the resulting vaporization rates for the various VP in-
tensities. The data reveal a linear dependence of vaporization rate on VP in-
tensity, in line with the claims of Liu et al. [24]. By applying a linear fit to these
vaporization rates for all intensities, we determine a proportionality factor
dh/dIyp of 1.2(2) 1077 ms~!/Wem ™2, linking vaporization rate to VP inten-
sity. This scaling factor enables us to predict average 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 typ X Iyp, 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 pH/M (J/m3), where p 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 al (J/m?s), where a is the absorptivity of the
metal, and [ is the intensity of the laser. Balancing these energy terms out
gives a rate (ms 1)
- al
- pH/M

Filling in typical values (see Appendix 2.4 for these values) and assuming
20 % absorptivity (typical for ~25nm thick tin films according to multilayer
optical calculations [44]) gives a predicted dependency of i on intensity of
121077 ms™!/Wem ™2,

(2.1)

Inspired by the close match of the simple energy balance argument with the
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experimental observation, we create a numerical 1-D heat diffusion and va-
porization 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 calcu-
lated based on Hertz-Knudsen evaporation [46] for the front and back sur-
faces. For the pressure, the vapor pressure following the Antoine equation is
used, resulting in

A—|B/(T+C

po WA M 22)

V2rtMRT P
where T is the surface temperature, M the molar mass, and R the gas con-
stant. The parameters A, B, and C are 6.60, 16 867, and 15.47 respectively [47,
48]. A cell 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 re-
maining 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)

H
Ax vAt, (2.3)
p

cpAxAT = HoAt — AT =
where ¢, is the molar heat capacity (with units [J/(molK)]), Ax the cell size,
and AT 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 re-
cession speed, multiplied with At, 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 reduc-
tion ‘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 absorptiv-
ity of the laser light is continuously updated based on the current remaining
thickness of the tin. The absorptivity is calculated using the tmm[44] Python
package. The refractive index used is the highest temperature data available
for tin[42]. Thus, an energy balance for the laser heating, where absorbed
energy is equated to a change in temperature, can be used to obtain a tem-
perature change of the front cell

IAt

alAt = (CP/M)pAXAT — AT = EIW.

(2.4)
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(iv) The heat is diffused through the active cells. Fourier’s law is discretized
using a forward Euler method, resulting in

1 1 At

LU=T Ax? (T — 2T} + Tia), (2.5)
where i indicates the different cells, and « is the thermal diffusivity. The pre-
factor needs to satisfy aAt/Ax? < 0.5 to ensure stability of the forward Euler
method and sets the maximum time step to typically 10fs 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 and saves this in output files. Appendix 2.4 includes some de-
tail 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 18 defined as the moment when only 2nm of lig-
uid tin is left, just as in the experiment. A  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 pack-
age. We also account for the change in the refractive index of tin as it heats
and the 30 deg observation angle of incidence when calculating the transmis-
sion via the 1-D model.

Fig.2.3 shows detailed outputs from the code for the Eyp = 2.5m] 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 [33], 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

At =~ —, (2.6)

where a is the thermal diffusivity. Taking a conservative value of a = 16.5mm? /s
at alow temperature of 505 K [49] and a typical & = 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 ex-
perimentally 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
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FIGURE 2.3: Example time-resolved output from the 1-D numerical code (aligning
with the Eyp = 2.5m] 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.

laser input, stabilizing the temperature of the liquid. The absorbed energy
peaks when the 1-D slice is around 4nm 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 vapor-
ization process.

The resulting thicknesses, as a function of typ, 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 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 800K based on radiation hydrodynamic simulations [50,
51]) could be too low, increasing the heating period in the simulation. How-
ever, 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
transmission 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
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curves (solid and dotted) in Fig.2.2(c) that we obtain by applying the (in-
verse) transmissivity method to the thickness 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, 11373 15x = 3.93 4+ 7.87] [42], and the dotted line us-
ing a linear extrapolation of the literature data to the actual temperature (as
predicted by the 1-D simulations). The results show that the observed trans-
mission 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 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 [52]. We speculate that the va-
por surrounding the liquid (which absorbs a small amount of light and thus
skews the transmissivity measured) obstructs the observation, or that the fi-
nite 5ns 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 Herz-Knudsen, rather
than as violent explosive boiling.
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2.3.2 Edge tracking

After gaining an understanding of the vaporization mechanism for the thinnest
sheet in our studies (approximately 25nm for Byj), we now extend our stud-
ies to much thicker targets, reaching up to approximately 200 nm in thick-
ness. 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 de-
fine and track the edge of the vaporizing sheet, which effectively represents
anearly 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 track-
ing’. We explain the method in detail in Appendix 2.4. This method relies on
PD data of the VP exiting the vacuum chamber.

FIGURE 2.4: (a) Side- and front-view shadowgraphs of target By, 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
typ for Eyp = 8.4m]. (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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Fig.2.4(a) displays shadowgraphs of the liquid tin target By, 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 tar-
get A for three times typ for an Eyp = 8.4m)J, 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 re-
gions, leaving behind an identifiable inner remaining sheet. This inner radius
Rinner(tvp) is tracked, following the edge-tracking method introduced above.
At typ = 60 ns, Fig. 2.4(b) shows that the rim, ligaments, fragments, and center
mass do not fully vaporize. This can be understood from their considerably
larger, micrometer-scale thickness [21]. 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 By, A, and C, respectively. Fig.2.4(c), shows that the in-
ner sheet radii decrease as typ 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 By [Fig.2.4(c)] with time highlights certain differences in target mor-
phology 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 Rjpner slows down sig-
nificantly for radii below 50 pm. 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 pym 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 at-
tributable to compressible flow effects, specifically to a collapsed cavity gen-
erated by the PP [21]. 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 study-
ing the local vaporization rates, we next employ the semi-empirical thick-
ness model introduced by Liu et al. [25] 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. [53]. It assumes an inviscid radially outward flow in the ex-
panding 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 form [53]

h*t*Z = f(:—*), (27)
with the self-similar variables denoted as r* = r/Dy, t* = Ryt/Dyp, and

h* = h/Dy. Any actual (dimensional) thickness profiles h(r,t, Ry, Dy) can
be collapsed onto a single self-similar curve y = f(x). Conversely, given any
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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. [25] as

1
pu— 2’
ag +a1x + arx

f(x)

(2.8)

with a9 = 1.65(2), a1 = 6.9(3), and a; = —2.4(8) as parameters that were
determined by fitting the proposed f(x) to the available experimental data
[25], thus yielding a semi-empirical thickness model

D3
agR3t2 + a1 Rotr + apr?’

h(r,t, Ro, Do) = (2.9)

Here, Ry is input from the measured initial droplet expansion speed (follow-
ing Ref. [24] in contrast with the choice of using propulsion U of the original
Ref. [25]), Dy is the initial droplet diameter, and ¢, 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 pe-
culiar 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 overes-
timated. We first seek to correct target C for the additional mass loss chan-
nels. According to findings from Ref. [21], 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 ad-
ditional 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. [21], 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 Section2.3.1. The
model requires as input /, 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 / for each Rinner as input, the simu-
lation results in a tyap, 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 simu-
lations and experimental data, well within the uncertainty estimates. The
agreement is most striking for target B; aside from the lowest energy case
(2.6m]). This minor discrepancy may in part be attributed to uncertainty in
the energy calibration. Target A also shows good agreement but a systematic
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offset towards later typ 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 feature here if less strongly than for target C. Target C
shows the same systematic offset towards later typ which may indicate that
the applied compressible flow (or ablation) correction still underestimates
the true value. Still, there is full agreement between simulation and experi-
mental data within the stated uncertainty estimates over both approximately
an order of magnitude in thickness and vaporization laser intensity.

To enable 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, /. This parameter is obtained
by minimizing the difference between (k,r) and (hityp, r) curves with 1 a free
fit factor, a method that is inspired by the approach of Liu et al.[24]. We
perform the fit in the region of the sheet, well away from the rim and center
mass features. The values (h, r) are obtained from Eq. (2.9) at Ripner at t = At
[cf. Table2.1].

Fig.2.5 depicts a linear correlation between the thus obtained vaporization
rates (1) and VP intensity for all targets within the investigated vaporization
laser intensity range of approximately 1W/cm? to 5 x 107 W/cm?.
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FIGURE 2.5: Average vaporization rates of the targets By, By, 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 By are directly taken from Fig. 2.2(e). For all other
targets (By, A, C), the vaporization rates (h) are the result of the comparison
between typ and the thickness prediction obtained from the semi-empirical
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thickness model as explained above (cf. Fig.2.7). For target By, the uncer-
tainty arising from the initial target thickness was taken into consideration
with &+ 15 % (from the dark value correction), and for all other targets (By, A,
(), 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 con-
stant delay step size when scanning the SP over the VP, for all measure-
ments, 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 dii/dIyp of 1.0(3) 1077 ms~! /Wem ™2, in agreement with and ex-
tending the linear scaling of Section 2.3.1 over an order of magnitude in both
thickness and laser intensity. The vaporization rate is thus observed to lin-
early scale with intensity, independently from both initial and instantaneous
thickness; the time tyap required to vaporize a sheet of thickness / will scale

as tyap & hIgI} with the & at every instant scaling as / « Iyp.

We note that a previous study [24] reported a vaporization rate of 4.4m/s
for a ~0.7]/cm? fluence laser pulse, 50ns in duration (yielding an intensity
of approximately 1.4x107 Wem™2) which is a faster rate than would be ex-
pected from our observations. However, the authors of Ref.[24] acknowl-
edge an error in a double correction of the vacuum window transmissivity
(upscaling the input Iyp). Additionally, we have improved the edge track-
ing method by benchmarking it to the photodiode data, which also causes
a slightly different result. Accounting for both differences brings the previ-
ous data again in agreement (at ~3m/s at 2.2 x 10" Wem~2) with the present
more accurate observations.

2.3.3 Self-similarities and generalization

We next revisit all experimental data and further study two key findings of
this work, namely that tyap hIgI} and 11 « Iyp which can be transformed
into each other i & i/tyap o Iyp. Fig.2.6(a) shows the result of multiplying
the typ time axis by the VP intensity Iyp to arrive at a local fluence typ x Iyp
previously presented only as an Ansatz in Ref. [24]. It demonstrates that the
vaporization of liquid tin targets in the investigated laser intensity range
0.4 x10” Wem ™2 to 4 x 107 Wem ™2 is solely a function of the deposited flu-
ence, across all individual targets. This underpins the first key finding that

—1
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FIGURE 2.6: (a) ‘Collapse’ of the edge-tracking data for Rinnerfor targets By, A, and C
[cf. Fig.2.4(c-e)] when plotted as a function of fluence typ x Iyp. (b) Global collapse
of the edge-tracking data (targets B;, A, and C) and Byidata (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. [25].
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Fig.2.6(b) presents all experimental data (including that of target By obtained
using the transmission method) in non-dimensional units (h*t*2,7*/t*; cf.
Section 2.3.2), with h = typ - Iyp - dh/dIyp taking

dh/dIyp =1.0(3) 107" ms~1/Wem™2. All data is found to collapse on a sin-
gle curve, which underlines the validity of our approach in invoking the
self-similar model in Section 2.3.2 and in the mutual agreement of the (trans-
mission 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
tigure. 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 * /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 ap-
pear 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.

2.4 Conclusion

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 stro-
boscopic acquisitions using an illumination pulse enabling 5ns time resolu-
tion and 5pm spatial resolution while scanning systematically throughout
the 100 ns laser pulse. For thin (~25nm) and flat sheets, the absolute thick-
ness can be obtained from the finite transmission of the backlighting through
the sheet, following Liu et al. [25]. Our findings reveal gradual vaporization
characteristics and a linear relationship between the average vaporization
rate with the laser pulse intensity, i.e. i « Iyp. 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 [33], orig-
inate from post-vaporization clustering of atomic species. We next extend
our investigations to thicker (up to approximately ~200 nm) targets, improv-
ing on an edge-tracking method previously established by Liu et al. [24] in
tandem with a semi-empirical sheet thickness model [25] 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 channels. By combining the vaporization rate data from all experiments,
we confirm the linearity /1 o Iyp with a prefactor of 1.0(3) 107 ms~!/Wcm 2
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over the full investigated intensity range (0.2 x10” Wem ™2 to 4 x 107 Wem™2).
We furthermore demonstrate that the amount of vaporization of liquid tin
targets in the investigated laser intensity range is governed solely by the de-
posited fluence, across all individual targets and that the time required for
vaporization follows tyap & hI\H}, validating the Ansatz proposed in Liu et
al. [24]. Lastly, we collapse all suitably non-dimensionalized data onto the
self-similar solution proposed in Ref. [25].

We thus identify the mechanism of laser-induced vaporization (as agradual
vaporization governed by the Hertz-Knudsen equation) at low intensities as
may be found in future advanced target preparation schemes for more ef-
ticient 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 10 Wem 2, which is shown to hold for
all target thicknesses in a range of approximately 20 nm to 200 nm. Our work
may guide and find application in the development of future EUV sources.
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Appendix A: Expected target thickness profiles
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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.2.7 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 tar-
get C thus shows a mass correction of the target by 40 % (see the main text).

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

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 signif-
icantly 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. [21].
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Appendix 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 af-
ter the end of the laser pulse in RALEF-2D radiation hydrodynamic simula-
tions such as performed by Poirier et al.[51]. A sensitivity study of the model
predictions is performed for all input parameters. It is found that fyap 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 [54].

Parameter Value Source

Refractive index 3.93 + 7.87j Highest T value of [42]

Conductivity (k) 43.6 W/(mK) | Highest T value of [55]

Initial T 800 K RALEF simulations

Density 6787 kg/m3 Density at 800K according to
[56]

Molar mass 0.118 71 kg /mol| [48]

Molar heat capacity | 27.2]/(molK) | Value at highest T available

(cp) [57, 58]

Latent heat 301 x 10% J/mol| [54]

Diffusivity («) 28.0mm?/s Calculated from m

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

The next strongest sensitivity of ty,p is density, and thus also initial tempera-
ture, which influences the density. Again, this can be seen in the energy bal-
ance in the main text. The uncertainty on p itself is only ~1 % according to a
review of thirteen papers[56]. Thus, the initial temperature, and its indirect
effect on p gives the largest uncertainty on ty,p. We estimate the uncertainty
in the initial temperature to be approximately ~100K due to uncertainties
in the influence of the prepulse, 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 predicted tyap may consid-
ered 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 p 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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Appendix 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. [33]). 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 Rjnner) 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 (Py,;) and
width (Pyigin). We determine the benchmarked threshold using the relation
T = P4 — Bievel - Pwidth Where we subtract a value Bigye - Pywigin from Py, that
is proportional to the background distribution width with prefactor (Bjeyei).
This approach enables us to effectively deal with intensity-induced speckle
broadening in the illumination. Subsequently, we iteratively adjust the pa-
rameter Bjee] and, consequently, the threshold T. With each adjustment, we
obtain a threshold-specific inner sheet Rinner(tvp). The optimal value for Bieye
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

Laser-Induced Plasma Formation
on Free-Flying Liquid Tin Sheets

H. K. Schubert, R. A. Meijer, B. Liu, D. ]. Engels, O. O. Versolato
Submitted.

We investigate the spatial and temporal dynamics of plasma formed on
liquid tin sheets when irradiated with a 5ns laser pulse at an intensity |
of several 10 W/cm?. From temporally integrated shadowgraph images of
plasma emission, we deduce that there must be an intensity-specific mini-
mum thickness at which plasma formation still occurs. Time-resolved de-
tection of the laser light transmitted through and along the sheet reveals
fast dynamics in the competition between vaporization and plasma forma-
tion. The overall dynamics are well captured in models combining preex-
isting scaling laws for the time to full vaporization (~ [~!) and the time
to plasma onset (~ [~2). These findings are particularly relevant for target
preparation and metrology in plasma light sources utilizing tin targets to
produce extreme-ultraviolet (EUV) light for nanolithography applications,
including metrology.

3.1 Introduction

Laser-induced plasma plays a key role in applications such as thin-film depo-
sition and spectroscopic analysis. In pulsed laser deposition (PLD) [59, 60],
high-energy laser pulses ablate a target material, generating a plasma plume
that enables precise thin-film growth, critical for electronic and optical de-
vices. Laser-induced breakdown spectroscopy (LIBS) provides real-time el-
emental analysis in fields ranging from geochemistry and space exploration
to industrial quality control [61]. Recent advances in plasma monitoring,
dual pulse laser techniques, and Al-driven diagnostics continue to refine the
capabilities of laser-induced plasma technologies [62, 63]. This study inves-
tigates the plasma-formation threshold and spatial plasma dynamics on lig-
uid tin sheets under nanosecond laser irradiation, contributing to the devel-
opment of extreme ultraviolet (EUV) light sources for nanolithography. In
these sources, mass-limited tin droplets serve as targets in a multipulse laser
scheme [17, 18, 64, 65]. First, a nanosecond-duration prepulse (PP) acceler-
ates the droplet to a center-of-mass speed U on the order of 100m/s. It si-
multaneously initiates a radial expansion of the droplet, forming a thin sheet
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with a radius on the order of 100 pm that improves the overall coupling with
the following main pulse, which generates the EUV-emitting plasma.

In this work, we focus on the interaction between a vaporization pulse (VP)
and the liquid tin sheets for laser intensities Iyp > 1 X 10” Wem 2. Previ-
ous studies have examined laser-induced vaporization of liquid tin sheets
at lower laser intensities (~ 5 x 107 W/cm?), below the plasma formation
threshold. Such controlled laser-induced vaporization of liquid tin sheets
has been shown to facilitate the formation of a low-density vapor while si-
multaneously revealing key features of the evolving sheet, such as a charac-
teristic center mass and a bounding rim [24, 66, 67]. In this regime, the evap-
oration process is dominated by gradual Hertz-Knudsen evaporation [24,
66, 67], and the resulting low-density vapor primarily consists of atomic tin
at approximately 3000 K, accompanied by nanoparticles [66]. With increas-
ing laser intensity, plasma formation first emerges on the thicker regions
of the sheet, causing a sharp increase in vapor temperature to as high as
8000K [68]. Here, plasma formation is hypothesized to suppress nanopar-
ticle formation, resulting in a vapor composed entirely of free atoms [68].
In addition, previous work on liquid tin microdroplets has revealed an in-
verse square dependence of the plasma onset time on laser intensity, when
irradiated with nanosecond laser pulses for laser intensities spanning from
4 x 107 to 4 x 108W/cm? [69]. This behavior has been attributed to one-
dimensional heat diffusion during the irradiation process relevant for a bulk
medium. No study has specifically investigated the laser-induced plasma-
onset time and the spatiotemporal dynamics of plasma formation using thin
sheets, where vaporization and plasma phases may coexist. This is especially
interesting given that (liquid) thin sheets serve as targets for laser-produced
plasma that generates EUV light in state-of-the-art nanolithography. Exper-
imental studies on vapor-plasma phase transitions are essential for refining
laser-droplet interaction models, with direct relevance to EUV source devel-
opment in droplet shaping, debris mitigation, and metrology.

We investigate the spatial and temporal dynamics of plasma formation on
liquid tin sheets by irradiating them during the droplet deformation process
with a 5ns laser pulse at intensities near the threshold of plasma formation.
We employ an imaging system (combining bright field with shadowgraphy)
to detect plasma emission and photodiodes to measure laser pulse transmis-
sion. From the imaging we observe that the extent of the sheet plasma does
not continuously follow the sheet boundary throughout the deformation pro-
cess, but instead reflects an intensity-specific thickness at which plasma for-
mation occurs, before vaporization of the sheet (see Sec. 3.3.1). Photodiode
traces reveal that the laser transmission exhibits a reproducible inflection
point in time, dependent on laser pulse intensity and droplet deformation
time (see Sec. 3.3.2). We attribute the observed inflection point to the moment
when the vapor and plasma phases intersect, at a threshold thickness thatis a
function of laser intensity. Finally, we produce a vapor-plasma phase map us-
ing all experimental inflection time and thickness data and show agreement
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with a model that combines pre-existing vaporization and plasma onset scal-
ing laws.

3.2 Experimental methods

Our experimental setup, previously described in [24, 67], employs a droplet
generator to produce a kHz stream of liquid tin microdroplets traveling at
a temperature of 270 °C in a vacuum environment at a base pressure of 1 X
10~7 mbar with approximately 10ms~! through a HeNe laser light sheet.
The scattered HeNe signal, detected via a photomultiplier tube and down-
sampled to 10 Hz, triggers the experiment and synchronizes all lasers. Fig-
ure 3.1(a-c) illustrates the laser pulse scheme. We utilize a pre-pulse [PP,
A = 1064 nm, circularly polarized] to generate plasma upon interaction with
the initial microdroplet, inducing an impulsive acceleration of approximately
10'%m/s2. This rapid acceleration launches the droplet to velocities of sev-
eral 100ms, initiating a strong radial expansion and leading to the forma-
tion of a thin sheet [70]. The initial radial expansion velocity (R,, measured
over the first three frames where R stands for droplet radius) decreases over

the capillary timescale 7. = \/pD3/60 due to surface tension driven sheet

contraction, while the propulsion velocity (U) remains constant [22, 23, 39].
Here, p = 7000kg/m> and ¢ = 0.55Nm™! represent the density and sur-
face tension of the liquid tin, respectively, while Dy is the initial droplet di-
ameter. The vaporization pulse [VP, A = 1064 nm, circularly polarized], as
shown in Fig. 3.1(a), is a 5ns Nd:YAG pulse imaged to a top-hat spot with a
FWHM of 822 um, which vaporizes the sheet and initiates plasma formation
at intensities of the order 108 W/cm?. We tune Lyp by means of a half-wave
plate followed by a polarization beam-splitting cube, positioned in front of
the chamber. Spatially, the VP beam profile exhibits a standard deviation
of approximately 6 % across its cross-sectional area. Temporally, the beam
intensity varies with a standard deviation of less than 3 % over the pulse du-
ration typ. The VP is larger than the sheets we probe at any time /7. during
droplet deformation, allowing us to analyze the VP transmission signal us-
ing photodiodes (DET025AL /M), which we installed at the entrance and exit
of our measurement setup. For spectroscopic imaging, we use a dye-based
illumination source (5ns, 560nm, temporally and spatially incoherent) in
combination with CCD cameras (Manta G-145B NIR PoE) and long-distance
microscopes, providing a spatial resolution of 5um in both front and back
views [Fig. 3.1(b)]. Both cameras are equipped with a 560 nm narrow-band
filter. The illumination is fixed at 100ns after the VP [Fig. 3.1(c)] to allow
some separation between the imaging of the VP-induced plasma and the lig-
uid remnant while limiting hydrodynamic evolution (including fragmenta-
tion). Both the laser-induced plasma emission and the liquid tin remnants are
captured because the camera exposure time is significantly longer (on the or-
der of ps) than the 100 ns separation between VP and SP. The VP is scanned
in At = 60ns steps with respect to the PP. At each delay step, 20 frames
are captured using stroboscopic imaging. We attribute visible light emission
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Side view

FIGURE 3.1: (a-c) Schematic of the experiments, laser pulse schemes with irradiation geometries and timings shown. (a) Side-view schematic of
the vaporization pulse (VP) irradiating the liquid tin sheet. (b) Top-view schematic of the illumination setup. (c) Timing of the shadowgraphy
pulse (SP). The VP is scanned in time after At, with the SP follows the VP at 100ns. (d) Series of shadowgraphs showing alternating views
of sheet residue and laser-induced plasma emission in front-view (left) and side-view (right) at various times ¢/ 7. during droplet deformation
following VP irradiation with Iyp = 4.7 x 10 Wem 2. The small bright spot on the left side of the front-view image, especially visible at
t/t. = 0.45, originates from PP plasma emission.
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as the primary indicator for plasma formation, consistent with prior studies
[69], and refer to it in the following simply as plasma.

To quantify the radial extent of the sheet plasma, we define a threshold to
binarize the image accordingly. A plasma pixel is defined as a pixel within
the top percentile of all pixel values between the maximum pixel value and
the mean of the background. The threshold is individually set for each Iyp
scan to best capture the sheet plasma extent during the expansion phase,
which closely follows the evolution of the liquid sheet. In addition, we ap-
ply image-processing techniques to distinctively track the radius of sheet
plasma and not the rim plasma (see Measurements). The shadowgraphs,
shown alternately in front and side-views [Fig. 3.1(d)], capture the sheet and
its plasma at various stages of droplet deformation. The front-view shadow-
graphs highlight that minor (aforementioned 6 % standard deviation) spatial
imperfections in the beam profile translate to visible differences in plasma
light emission, highlighting the non-linear behavior at plasma threshold. In
contrast, side-view shadowgraphs are less sensitive to beam profile imper-
fections as a result of their line-of-sight integration over a larger portion of
the beam. For radial quantification, we exclusively use side-view shadow-
graphs, which offer longer plasma columns and higher brightness compared
to the front view; the corresponding results are discussed in Sec. 3.3.1. Fur-
thermore, we measure VP transmission using photodiodes, which provide a
radially integrated signal that is largely insensitive to minor beam inhomo-
geneities; these results are presented in Sect. 3.3.2.

3.3 Measurements

3.3.1 Imaging of plasma emission

From the shadowgraphs in Fig. 3.1(d), we observe that the laser-induced
sheet does not always form over the full sheet during the target deforma-
tion process. We note that the sheet expansion has been studied in detail
previously (e.g. see Refs. [23, 25, 53]), and in the current work we solely fo-
cus on the plasma produced from the sheets. For the given Iyp, the radial
extent of the sheet plasma initially follows the sheet’s expansion, as seen for
t/1. < 0.31. In this early phase, plasma spans the entire sheet, which we
define as the bulk regime. Here, the sheet is sufficiently thick that irradia-
tion by the VP leads to plasma formation, consistent with observations in
previous laser-droplet interaction studies [69]. At later times (t/ 1. = 0.64),
plasma formation becomes confined to the sheet’s thicker center and rim of
the sheets, whereas the remainder of the sheet vaporizes without produc-
ing visible laser-produced plasma. We refer to this condition as the thin
film regime, as studied in Ref. [24, 67]. Between these two regimes, there
is the intermediate regime, illustrated by the shadowgraph at t/7. = 0.44 in
Fig. 3.1(d). In this regime, plasma emission is partially observed around the
sheet center and the rim of the sheet, whereas the outer, thinner sheet regions
atomize without contributing to plasma formation.
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FIGURE 3.2: Vaporization time typ « I,p (Eq. 3.1), for different initial local thick-
nesses (indicated by the color bar). The plasma onset time ton  Iyp (Eq. 3.2) is
shown in red. The shaded yellow region highlights the experimental measurement
range.

It is important to note that the shadowgraphy observations of the sheet plasma
are time-integrated over the VP duration (5ns), as the camera exposure time
is significantly longer (us). The shadowgraphs therefore show only the inte-
grated result of the emission. At any stage of the droplet deformation pro-
cess, the sheet exhibits a radially decreasing thickness profile and progres-
sively thins over time [25]. We observe that the sheet-plasma radius initially
follows the sheet expansion (bulk regime) but at some point decreases rapidly
(intermediate regime). This suggests the existence of an intensity-dependent
minimum sheet thickness required for plasma formation, as we argue in the
following.

From previous studies, the time required for vaporization of a thin film is
known to scale as
h(r)

typ = ,
vP AXIVP

where /i(r) denotes the local sheet thickness, A = 1.0(3) x 107" ms~!/Wcem 2
is a proportionality constant obtained by fitting, and Iyp is the laser inten-
sity [67]. Physically, A reflects the balance between the laser energy deposited
and the energy required for vaporization, and may be estimated by evalu-
ating the energy required to vaporize a unit volume of tin pH/M, where
p is the density, H is the latent heat and M is the molar mass. Assuming

(3.1)
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a 20 % absorption coefficient, Schubert et al. [67] estimated the prefactor
1.2 x 1077 ms~'/Wem 2 close to the original fit result [67]. Figure 3.2 illus-
trates how the time to full (local) vaporization typ scales with intensity Iyp
with a prefactor set by the initial (local) thickness.

In contrast, the onset of plasma formation in a bulk medium is known to
follow
ton = B x I3, (3.2)

where B = 3.4(5) x 1078sW?/cm* is a proportionality constant obtained
from fitting [69]. Physically, B represents 1-D laser heat diffusion following
energy deposition within the thermal absorption layer, and may be estimated
(see Ref. [69] for details) from evaluating the energy required to reach a pulse
length dependent threshold fluence pH+/x7/M, where « is the thermal dif-
fusivity and 7 the laser pulse length. Assuming a 16 % absorption coefficient,
Meijer et. al [71] estimated a prefactor B = 4.4 x 1078 sW?2/cm* in reasonable
agreement with the original fit result [69]. Figure 3.2 illustrates how the time
to plasma onset t,, scales with intensity Iyp with a prefactor that is indepen-
dent of the local thickness.

In the intermediate regime, both vaporization and plasma coexist, depending
on the local thickness (cf. Fig. 3.1(d) at t/7. = 0.44). For a given Iyp both
models intersect when typ = ton at a thickness

A X B
pr= 228 (3.3)
Iyp

Beyond this thickness, gradual vaporization transitions into plasma forma-
tion. However, we emphasize that this intersection point Eq. 3.3 serves only
as an upper limit given that, as the sheet thins, the surface temperature will
rise faster than in the bulk case and t,, will shift to earlier times. Conse-
quently, Eq. 3.3 should also be interpreted as an upper bound, and the inten-
sity scaling exponent « of t,n, will deviate from the value &« = —2 (ranging
—2 < a < —1 with —1 returning the thin sheet limit).

Returning to the shadowgraphs in Fig. 3.1(d), we find two further distinct
features that exhibit plasma formation. The first feature is the rim (and as-
sociated ligaments and ligament-fragments), which bounds the sheet [25].
Hydrodynamic arguments predict that its diameter is on the order of 1 um
in diameter [25]. The second feature is the center mass [72], also with a
thickness of a few yum. These regions are significantly thicker than the sheet
and exceed the necessary threshold /*. We also observe that the fragments
ejected by the rim ligaments appear larger at later times (100 ns) due to the
combined effects of fragment size increasing with time [72] and partial va-
porization leading to expanded dense, partially opaque vapor surrounding
the fragments. From hereon, we focus our studies on the central sheet that
presents a window on the intermediate regime, and track the lateral plasma
size (cf. §3.2) over time.

In Fig. 3.3(a), we plot AR, = Rp — Rexp, Wwhere ARy, is the difference between
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FIGURE 3.3: (a) Difference plasma radius ARy, for various Iyp. (b) Sheet thickness at
the plasma emission radius Ry, during expansion for various Iyp. (c) Minimum sheet
thickness identified in (b) as a function of Iyp; the red line presents the threshold
thickness h* (see Eq. 3.3).

the lateral extent of the plasma R, and the radius of the liquid sheet Rexp. We
observe that the VP-induced sheet plasma radius initially closely follows the
sheet expansion trajectory (that is, ARy ~ 0) before deviating at an intensity-
dependent time. For higher Iyp, the contraction of AR}, occurs later and more
abruptly. In Fig. 3.3(b), we present the sheet thickness at Ry, using the semi-
empirical model by Liu et al. [25], developed for laser-shaped tin targets. This
model was inspired by the self-similar solution by Wang et al. [53] for the
case of water-pillar impact. Using this model of Liu et al. [25] to calculate the
sheet thickness leads to the observation that, for each Iyp, there is a minimum
thickness below which the sheet plasma is no longer observed. In both panels
Fig. 3.3(a,b), the error bars on ARy and h(Rp) represent uncertainties from
radial sheet plasma tracking (£10%) in (a) and an additional uncertainty
from thickness estimation due to the input parameter Ry (+5 %) in (b), see
Ref. [25]. In Fig. 3.3(c), we plot the minimum thickness hyin at which plasma
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is observed as a function of Iyp and find that it decreases with increasing Iyp
in line with expectation cf. Eq. (3.3).

The hpmin in Fig. 3.3(c) extracted from (b) follows a somewhat steeper slope
than predicted with Eq. 3.3 for h*, and lies systematically below it.

Overall, we observe reasonable agreement between the experiment and our
model without performing any fit. This agreement is in fact surprising given
the experimental limitations and the strongly simplified model, even more
so given the fact that R}, is here determined from shadowgraph images that
necessarily integrate the plasma emission over the full VP duration and thus
is blind to any dynamics on the VP time scale.

3.3.2 Time-resolved laser transmission

To gain deeper insight, we next examine the temporal dynamics of the in-
teraction between the VP and the liquid tin sheets using photodiode (PD)
measurements of the VP beam that is transmitted past the tin sheet (cf. §3.2).
To process the transmission PD data, we first apply an offset correction to all
traces, then average the traces for each delay t/ 7., and finally normalize all
data. For the normalization we use, for each measurement independently,
an early-time reference PD trace measured prior to the PP-droplet interac-
tion. These reference traces correspond to negative time values, where there
is only negligible (~ 0.1%) geometrical overlap between the VP and the un-
expanded droplet. Fig. 3.4 shows a heatmap of the measured VP transmis-
sion (z-axis) as a function of the droplet deformation time /7. (x-axis) and
VP duration typ (y-axis) for Iyp = 4.7 X 10? Wem 2. For better visibility,
the color scale is limited to the range 65 to 100 %. This range is appropriate
because the VP beam (diameter 822 um) always partially bypasses the ex-
panding sheet, resulting in an offset in the transmission dynamics. The PD
signal at t/7. = 0, when the VP impacts the droplet simultaneously with the
PP, shows a noticeable dip compared to one earlier and one later timestep,
highlighting the effect from PP-induced plasma formation on the droplet,
which causes absorption of the VP (via inverse Bremsstrahlung). Next, for
0 < t/7. < 0.1, the PD signal gradually decreases in amplitude but remains
approximately constant over the duration of the VP. We attribute the gradual
decrease in VP transmission (at any typ) with t/7. to the liquid tin sheet’s
expansion: as the sheet expands, it spans a larger cross-sectional area within
the VP beam, thereby reducing the transmitted signal.

Focusing next on typ = 0.5, the gradual decrease with increasing t/ 7. is fully
explained by this increasing geometrical liquid-sheet cross section. At larger
typ, the same holds up to the white line that visually highlights (as a visual
guide) the shrinking of the geometrical liquid-sheet cross section due to va-
porization. This white line moves to higher typ for decreasing t/7. as for
thicker sheets (earlier times t/1.) shrinking starts later in the VP given more
vaporization is required. We plot the white line up to typ ~ 1.5ns (indicated
by the transparent band that takes into account the timing uncertainty in-
herent to the measurements), where the bulk plasma threshold is reached cf.
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FIGURE 3.4: Heatmap of photodiode transmission (color axis) during the 5-ns long
VP irradiation, for a fixed intensity (Iyp = 4.7 X 108 W/cm?), plotted over normal-
ized droplet deformation time t/ 7. (x-axis) and VP duration typ (y-axis). The hori-
zontal dashed line marks the onset of plasma formation based on Eq. 3.2 and is ac-
companied by a shaded band indicating the £150 ps systematic uncertainty in t. The
hollow markers denote the transmission maxima for selected t/1.. The red dashed
vertical line marks the last timestep at which plasma is observed via shadowgra-
phy. The region above the white line 1 corresponds to increased transmission due
to vaporization of the sheets’ thinner outer regions. The region outlined by the red
solid line § highlights a sharp drop in transmission, attributed to plasma formation.
Colored arrows along the bottom denote time line-outs used in Fig. 3.5. Regions la-
beled “Region of sheet plasma” and “No plasma” summarize plasma presence as
inferred from photodiode data (vertical axis) and shadowgraphy (horizontal axis,
cf. Fig. 3.1), respectively.
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Eq.3.2. We attribute the drop in transmission for larger typ > 1.5ns (specif-
ically in the region enclosed by the red solid line, again as a visual guide) to
plasma formation, decreasing transmission. We mark the moment of trans-
mission drop in the photodiode (PD) signal at intermediate values ¢/ 7. (open
purple markers). We note that the observed transmission drop due to plasma
formation could result from inverse Bremsstrahlung absorption of VP, and,
in part, from lensing by plasma gradients. In addition to geometric blockage
by plasma formation, dense fragment clouds could contribute to attenuation,
particularly at later times ¢ /7. > 0.5, when the number of droplets within the
vaporization pulse (VP) beam, as well as the diameter and size of the frag-
ment rim, increases with t /7. [72]. The plasma formation region enclosed by
the red solid line is bounded on the right by t/7. ~ 0.45 at which point the
entire sheet is too thin to support plasma formation. The region is limited
on the left by the merging of the red and white vaporization lines; however,
at this point, the signal-to-noise ratio no longer supports identifying a maxi-
mum in transmission.

Importantly, we observe a distinct inflection point in the photodiode (PD)
signal only when plasma light emission is visible at the sheet position in
the shadowgraph images. We therefore label the regions “Region of sheet
plasma” and “No plasma” to indicate the inferred presence of plasma, based
on photodiode data (vertical axis) and shadowgraphy observations (horizon-
tal axis; see Fig. 3.1),

To make a quantitative connection with the shadowgraph frames (and the
data in Fig.3.3), we extract a plasma radius R, by converting the transmis-
sion signal to a blocking radius Rg. This heuristic conversion is based on the
simple Ansatz of a circular top-hat beam and a circular blocking element of
radius Rp that geometrically blocks the light from reaching the PD. The con-
version is based on the linear relation between the PD signal and the beam
area transmitted At, which is given by At = PD X Apeam. The correspond-
ing blocked beam area Ap is then Ag = Apeam — AT. From this, we determine
the blocking radius Rg as

Rp = \/% = \/Reeam x (1 - PD) (3.4)

and, in line with the previous section, we focus on the difference radius
ARp = Rp — Rexp. Figure 3.5(a) shows ARp as a function of typ for selected
droplet deformation times ¢/ 7. [cf. vertical arrows in Fig. 3.4]. The shaded
region indicates the uncertainty in Rp, resulting from an estimated uncer-
tainty 5 % in determining Rpeam. We find that Rp follows the shadowgraph-
inferred sheet radius during early times of typ aside from overestimating the
sheet radius by up to 15% at the early times (< 1ns), which we attribute
to the exclusion of fine structures and ligaments in the shadowgraph analy-
sis (where we track the rim), features that contribute to geometric blocking
and Rp. Thus, the interpretation of Rg should be made with care, given that
the Ansatz of a single circular blocking element represents a strong simpli-
fication. To avoid bandwidth limitations and other electronic artifacts, our
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FIGURE 3.5: (a) Difference blocking radius ARp as a function of typ for selected time
steps t/ 1. for Iyp = 4.7 x 107 Wem 2. (b) Sheet thickness at Rp as a function of fyp.
Only R < Rgheet can yield physically relevant values for the thickness; non-physical
regions Rp > Rgpeet are faded.

quantitative PD analysis is restricted to the interval between 0.5 and 4.5ns.
Soon after the onset of VP, ARp shrinks to an inflection point, after which it
increases again. This dynamic becomes more pronounced for later time ¢/ 7.
We observe that ARg levels off at positive values at the end of the VP, indi-
cating Rp > Rgpeet- The observation of the PD data in terms of ARg makes
clear that the time-integrated plasma emission shadowgraphs hide a rich fast
dynamic [compare Fig.3.3(a) and 3.5(a)]: gradual vaporization reduces ARp
until the plasma sparks on thicker regions underlying the increase in ARp. In
our interpretation of a blocking radius, the fast dynamics of the increase in
ARg corresponds to an expansion speed of several tens to 100 um/ns. Such
high speeds have been predicted by simulations [73] on ionization waves
propagating through subcritical tin vapor. Laser-induced ionization waves
in gases such as air and argon have been experimentally observed to propa-
gate at similarly high supersonic speeds (10 —30 pm/ns) [74].
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FIGURE 3.6: (a) Difference blocking radius ARgp as a function of the VP timescale
typ at t/ 1. = 0.3 for multiple Iyp. (b) Sheet thickness & at the blocking radius Rp at
t/t. = 0.3. (c) Thickness at inflection point as a function of Iyp (open circles); data
from Fig. 3.3(c) is also shown for comparison (closed circles) and the red line is the
threshold thickness h* see Eq.3.3. (d) Time of inflection as a function of Iyp with the

plasma onset time f,, see Eq. 3.2.
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We attribute the observed inflection points in Fig.3.6(a) [cf. open circles in
Fig.3.5] to the moments when the vapor and plasma phases intersect at a
threshold thickness h*. Given that the sheet thins over time ¢/ 1., h* is found
at ever larger ARg.

In Fig. 3.5(b), we next present the thickness calculated at the blocking radius
as a function of typ for the same selected droplet deformation times t/ ..
The shaded region indicates the uncertainty in hg, arising from an estimated
10 % uncertainty in the radial expansion speed Ry and a 5 % uncertainty in
Rp. Note that nonphysical thicknesses corresponding to values Rp larger
than the liquid tin sheet are faded but remain calculable from the thickness
model [25]. We observe that the thickness at the inflection point progres-
sively decreases between 0.2 and 0.6 t / 7. from approximately 120 to 30 nm at
which point it appears to level out: no significant change in thickness (at the
inflection point) is observed for ¢/ 7. > 0.3-0.4. We interpret this "converged"
thickness, far away from nonphysical interpretation near the sheet edge, as
the relevant estimator for h*.

We next extract the difference blocking radius ARp and the corresponding
thickness at Rg at a common time ¢t/7. = 0.3 for all measured Iyp, as pre-
sented in Fig. 3.6 (we refer to Fig. 3.8 in the Appendix for the underlying
heatmaps). We select the delay step 0.3t/ 1. because it consistently captures
both the initial rise and subsequent drop in the PD signal throughout the in-
vestigated range Iyp (see Fig. 3.8) although it lies at the limit of the converged
thickness range, overestimating /.

Fig. 3.6(a) presents ARp as a function of Iyp for the selected t/7. = 0.3. We
observe that for all Iyp, ARp exhibits an inflection point ¢; that occurs earlier
and at larger ARg for higher Iyp. We also compute the thickness at Rp for
each Iyp in Fig. 3.6(b) following the same procedure as before, and find that
the thickness of the inflection point h; decreases with increasing Iyp, in line
with expectations cf. Eq.3.3. We find closer agreement between the time-
resolved approach to obtain /; (open markers) and the predictions (red line)
than in the case of time-integrated plasma emission data cf. Fig.3.3(c, filled
markers), although the intensity scaling is not in close agreement. This dif-
ference in scaling may be because, again, Eq. 3.3 should be interpreted as an
upper limit and that its intensity scaling exponent « of t,, will differ from
the value « = —2 (to the range —2 < a < —1). A value of this exponent
in this range can bring the observed scaling back into agreement. To avoid
dependence on the inferred thickness h; and the related assumptions and sys-
tematic errors, we instead focus on the time of inflection, shown in Fig. 3.6(d).
We attribute an uncertainty of 5 % in the measured Iyp, which is represented
as the x-axis error, and an uncertainty of 150 ps in t;, corresponding to the
specified rise time of the photodiode. These data are close to the plasma onset
time predicted by Eq. 3.2, within experimental uncertainty. However, again,
a difference in the scaling exponent may be observed, consistent with that of
h;.

Finally, in Fig. 3.7 we populate the diagram cf. Fig.3.2 with experimental
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FIGURE 3.7: Zoomed-in view (cf. Fig. 3.1) and comparison with experimental data
on vaporization time, where typ 1\713 (see Eq. 3.1), for various initial thicknesses
(indicated by the color bar). The plasma onset time, ton 1\713 (Eq. 3.2), is shown
in red. Experimental data for the inflection time and corresponding thickness are
indicated by markers, with their color representing the inflection thickness as given
by the color bar.

data. The experimental points are extracted by examining the times between
0.2 and 0.4t/ in the steps of 0.02¢/T.. In each time step, we extract the in-
flection time t; and threshold thickness h;, and plot them for all Iyp values.
The comparison between the experimental data and the theory shows good
agreement between the investigated range and times Iyp. We observe that
at lower Iyp, t; is systematically slightly lower than the theoretical predic-
tion, again in line with the interpretation of Eq. 3.2 as an upper limit and its
power exponent to differ from -2. Overall, we find reasonable agreement be-
tween the model prediction and the time-resolved experimental data, where
again no fit was performed and instead fundamental data from previous
work (specifically parameters A, B) were combined to predict the threshold
behavior in the intermediate case of interfacing bulk and thin film regimes.

3.4 Conclusion

In this study, we investigate the spatial and temporal dynamics of plasma
formation on liquid tin sheets by irradiating them during the droplet defor-
mation process with a 5ns vaporization laser pulse featuring a spatial and
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temporal box profile. For intensities around Iyp ~ 10 Wem ™2, we observe

plasma formation on sheets during the target deformation process. We em-
ploy imaging to detect plasma emission and photodiodes to measure laser
pulse transmission past the sheet. The temporally integrated shadowgra-
phy frames reveal that the extent of the sheet plasma does not continuously
follow the liquid tin sheet boundary during deformation. Instead, it cor-
responds to an intensity-dependent thickness threshold: plasma formation
occurs at thicker, more central sheet regions, whereas full local vaporiza-
tion occurs in thinner, outer regions. Photodiode traces reveal that during
the 5ns VD, the laser transmission exhibits an inflection point, characterized
by a distinct decrease in transmission following an initial rise, indicating
an intensity-specific onset time within the duration of the VP pulse. We
attribute the observed inflection point to the moment when the vapor and
plasma phases intersect. We hypothesize that plasma formation on the tin
sheet begins at its center, following the bulk plasma onset time ~ 1/I3p).
Subsequently, our interpretation of a single blocking radius indicates that
the plasma propagates radially outward. However, experimental limitations
(including the strong simplification in assuming a single circular blocking ge-
ometry) and uncertainty in accurately determining a unique threshold thick-
ness lead us to mainly keep the focus on the time of inflection. Future work
may include time-resolved imaging of plasma light emission to further study
the physical origins of the transmission dynamics. Time-resolved imaging
the transmitted VP (with a controlled numerical aperture) would possibly
enable identifying plasma lensing effects.

Finally, we produce a phase map using all experimental inflection time and
thickness data and show reasonable agreement with a model that combines
preexisting scaling laws governing vaporization time (which scales as ~ 1/ Iyp)
and plasma onset time (~ 1/ I%p). These findings are particularly relevant for
target preparation and metrology in extreme-ultraviolet (EUV) light sources
utilizing tin microdroplets.
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Appendix: Heatmaps

Figure 3.8 shows the heatmaps of the VP transmission [cf. Fig. 3.4] for various
Iyp. These data underlie Figs. 3.6 and 3.5 in the main text.
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Chapter 4

Observation of Discrete Concentric
Surface Modulations
on Free-Flying Liquid Tin Sheets

H. K. Schubert*, D. J. Engels*, M. Kharbedia, H. Gelderblom, O. O. Versolato
Phys. Fluids 37, 094108 (2025).

We report on the observation of concentric surface modulations on thin tin sheets
formed from laser pulse impact on tin microdroplets (of various diameters Dy =
27,31,45,55, and 70 ym) at intermediate Weber (We) numbers in the range ~1000-
7000. By combining optical inspection in both reflection and transmission modes,
we establish that the modulations, with a wavelength on the order of 15 um, have
an amplitude of the order of 10nm on a sheet (ranging 50 to several 100 um in
radius) with an average thickness of the order of 100 nm. Surprisingly, the modu-
lations appear to be predominantly axisymmetric. The highly reproducible mod-
ulations are interpreted as an intermediate We manifestation of the sheet modu-
lations that cause sheet breakup for higher We numbers as investigated by Klein
et al. []J. Fluid Mech. 893, A7 (2020)]. We compare the obtained typical wavenum-
ber and amplitude to their model, which relates the instantaneous wavenumber
to the key system parameters assuming a Rayleigh-Taylor instability, although
questions on the origin of the axisymmetric modulations remain.

4.1 Introduction

Droplet impact on solid surfaces or pillars leads to thin sheet formation [75-81]. In-
dustrial processes that involve droplet deformation upon impact include spray coat-
ing (for example, in agriculture [82, 83]), printing [84, 85], and advanced EUV nano-
lithography systems [65, 86]. Understanding the fluid dynamics of sheet formation
is, therefore, critical for optimizing these applications. In state-of-the-art nanolithog-
raphy machines, thin sheet formation is specifically engineered by laser-driven de-
formation of liquid tin droplets. An initial laser pulse, known as the prepulse (PP),
induces an impulsive acceleration (2 ~ 10 m/s?) to the liquid tin droplet, initi-
ating radial expansion of the droplet into a thin sheet target on the capillary time
scale (~ us) [65, 86, 87]. This sheet optimizes the subsequent interaction with the
main pulse, which produces plasma from the tin sheet and generates the essential
extreme-ultraviolet (EUV) light required for high-resolution nanolithography [88-
90]. Various hydrodynamic (in)stabilities on such rapidly expanding liquid sheets,
play a key role in maximizing EUV yield while minimizing liquid tin “debris” [72].

* Shared first authorship: Karl Schubert led the experimental measurements and data
analysis, whereas Dion Engels developed the 1-D Raytracer model in Python.
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Squire conducted a foundational study on water sheet instabilities leading to atom-
ization [91]. Taylor later confirmed the findings of Squire, demonstrating that sheet
instabilities occur only when the liquid system exceeds a critical threshold [92]. Fol-
lowing Taylor’s work, numerous studies have explored sheet instabilities using vari-
ous experimental setups to better characterize and understand the underlying mech-
anisms. For example, Villermaux and Clanet studied sheet instabilities generated by
the impact of a liquid jet on a disc [93, 94], while Li et al. examined sheet instabil-
ities arising from collisions between liquid jets [95]. Bremond and Villermaux [96]
took a different approach, investigating the breakup of a thin homogeneous soap
film under impulsive acceleration from a uniform shock wave, thereby inducing a
Rayleigh-Taylor instability that ultimately leads to sheet fragmentation. That study
revealed a time-dependent growth rate and mode selection of wavelengths A within
the range Ry > A > A., where A, = 27\/0/pa represents the capillary length of
the liquid system of size Ry (the initial radius of the droplet) with density p and sur-
face tension ¢ undergoing an acceleration 4. In these studies, it has been observed
that the fastest growing modes dominate the sheet surface modulation, and that the
modulation amplitude is a characteristic feature of each liquid system [97, 98]. Vled-
outs et al. [99] found that impulsive radial expansion of a dense liquid shell triggers
a Rayleigh-Taylor instability, leading to destabilization of the shell and the forma-
tion of characteristic instability patterns. More recently, Klein et al. [26] investigated
the fragmentation of both liquid tin and water droplets impacted by a laser pulse.
They proposed that thermal noise inherently present in the laser-matter interaction
seeds equally all allowed wavenumbers, assuming white noise, while the accelera-
tion of the droplet after impact drives the selection and growth of specific modes.
The fastest-growing modes eventually lead to sheet piercing when their amplitude
approaches the sheet thickness. Based on these observations, scaling laws have been
developed for characteristic breakup time and wavenumber, identifying specific re-
gions of the sheet, specifically the center and edge, where modulations predomi-
nantly can be observed to influence stability [26]. These modulations have primarily
been inferred from their impact on sheet breakup, particularly hole formation [26].
However, the behavior of instabilities on expanding sheets in the pre-breakup phase
remains largely unexplored.

In this work, we experimentally investigate sheet modulations arising from laser-
induced deformation of tin microdroplets in a vacuum environment, in a setting
similar to that of Klein et al. [26]. We employ our stroboscopic microscopy setup
to capture sheet surface reflections along with the usual shadowgraphy images, and
unveil patterns characterized by discrete concentric rings on intact sheets. These pat-
terns appear consistently and identically on both sides of the sheet. We find that by
increasing the laser pulse energy, the concentric symmetry is broken and azimuthal
modulations appear to culminate in sheet breakup. The primary aim of the current
study, however, is to report on the direct observation of discrete concentric modula-
tion patterns at intermediate We numbers.

Our observations are interpreted along the lines of a model introduced by Klein et
al. [26].
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4.2 Experimental methods

Our experimental setup has previously been described in detail [24, 67]. Here, we
present a summary and the additions that enable the reflection measurements. A
more comprehensive schematic of our measurement setup is provided in Fig. 4.11 in
Appendix B. The experiment (see Fig. 4.1) employs a droplet generator to produce
a kHz stream of liquid tin droplets at a temperature of 270 °C in a vacuum environ-
ment at a base pressure of 1077 mbar. Droplet diameters, adjustable between 17 um
and 70 pm, travel at velocities of ~10 m s 1 through a continuous-wave HeNe laser
light sheet. The scattered HeNe laser light is detected through a photomultiplier
tube and down sampled to 10 Hz, triggering the experiment and synchronizing all
lasers at the same repetition rate.

Figure 4.1(a—d) illustrates the laser pulse scheme. Figure 4.1(a) shows the prepulse
(PP), focused to a Gaussian spot with a full width at half maximum (FWHM) of
approximately 100 um at the droplet location, centered in the vacuum chamber. The
PP is generated by a seeded Nd:YAG system (Continuum Surelight III, A = 1064 nm)
that emits temporally Gaussian pulses with durations ranging from T = 6 to 20ns;
the pulse length is set to 10ns unless specified otherwise. Circularly polarized for
uniform energy deposition, the PP creates plasma on the side of the droplets where it
strikes, imparting an impulsive acceleration (of the order of ~ 10! m/s?) that drives
radial expansion into a thin sheet [87] at velocities of several 100 ms~! on the time
scale of the laser pulse duration. Over time, the radial expansion velocity, initially
Ry, decreases due to surface tension on the capillary time scale (on the order of ps),
while the propulsion velocity, U, remains constant.

Figure 4.1(b) illustrates the vaporization pulse (VP), focused to a Gaussian spot of
1400 um x 1280 pm at the center of the chamber. The VP, generated by a seeded
Nd:YAG system (Continuum Agilite 569-12, A = 1064nm), emits temporally box-
shaped pulses of fixed 50ns duration. The VP is circularly polarized and vaporizes
the liquid tin sheet. The vaporization rate depends on the VP intensity and typically
in the experiments is of the order of a few nmns~! [67]. Under these conditions the
vaporization does not lead to any appreciable acceleration.

To observe the liquid tin sheet, we use an imaging system synchronized with the
PP timing [Fig. 4.1(c)] or VP timing [Fig. 4.1(d)]. In the case of Fig. 4.1(c), the shad-
owgraphy pulse (SP) is scanned (in delay steps) at a time At after the PP (At = 0
marks the center of the PP). In part of our studies we use a double-framing cam-
era in tandem with two backlighting pulses (spaced as close as 300ns) to enable
studying dynamics on the same sheet, cf. Ref. [25]. In the case of Fig. 4.1(d), the SP is
scanned (in delay steps) over the ongoing VP (typ = 0 marks the start of the VP). The
VP itself impacts at a time At after the PP. In both cases, we use an imaging system
that comprises a dye-based illumination source with 5ns duration (FWHM), 12nm
spectral bandwidth (FWHM), 560 nm center wavelength and CCD cameras (AVT
Prosilica GT2450, pixel size: 3.45 pm and PCO ultraviolet, pixel size: 4.65um), cou-
pled to long-distance microscopes (K2 Distamax with CF-1/B objective). This setup
provides a spatial resolution of approximately 5pum, a numerical aperture (NA) of
0.046, and a depth of focus of around 230 pm [100]. At each delay step, we record 20
frames in a stroboscopic manner, with each frame capturing a distinct laser-droplet
interaction event. After some finite expansion time, we carefully adjusted the focus
at each step for both the front and back cameras throughout the droplet deformation
process.
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FIGURE 4.1: (a-d) Schematic of the experiment’s laser pulse schemes with irradia-
tion geometries and timings shown. (a) Side-view schematic of the prepulse (PP)
induced deformation dynamics. (b) Side-view schematic of the vaporization pulse
(VP) irradiating the liquid tin sheet. (c) Timing of the shadowgraphy pulse (SP)
relative to the PP in the reflection configuration. (d) Timing of the SP in the trans-
mission configuration. The VP follows the PP after At, with the SP scanned in time
over the VP. (e) Top-view schematic of the reflection configuration showing illumi-
nation geometries. (f) Top-view schematic of the transmission configuration show-
ing illumination geometries. Shadowgraphs from front, side, and back view (31 pm,
We ~ 3100, We4q ~ 4200) (g) in the reflection configuration at ¢t = 0.217. and (h) in
the transmission configuration slightly later at t = 0.387.

Figure 4.1(e) illustrates the reflection setup. It utilizes three synchronous SPs for
front, side, and back view imaging at angles of 30°, 90°, and 150° relative to the
laser axis, respectively, and enables observing reflection patterns from both sides of
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the sheet along the droplet deformation process. Figure 4.1(f) presents the trans-
mission setup, which utilizes two synchronous SPs for front and side imaging at
angles of 30° and 90°, respectively, relative to the laser axis. This setup enables the
observation of liquid tin sheet dynamics during VP irradiation and has been previ-
ously employed to study the vaporization mechanism in detail [67]. Those previ-
ous studies [67] have shown that irradiating liquid tin sheets with VP at intensities
below 5 x 10 W/cm? induces Hertz-Knudsen evaporation, gradually reducing the
sheet thickness at a constant, intensity-dependent rate. As a result, the SP trans-
mission through the sheet increases with each successive delay step. We extract the
raw optical transmission values pixel by pixel, applying corrections for backlight in-
tensity fluctuations, additional glare sources, and the 30° observation angle. Using
the TMM [44] Python package, we establish a relationship between these corrected
transmission values and the sheet thickness. In summary, this process integrates an
established method to correlate SP transmission values through the liquid tin sheet
with its corresponding thickness [25, 67].

4.3 Results

Figure 4.1(g) presents example shadowgraphs obtained with the reflection setup,
showing front, side, and back views (left to right). The front view captures the sheet
illuminated from the back side, with reflections from the front illumination visible
on the inner part of the sheet. Next, the side view reveals a non-trivial curvature of
the sheet: the sheet is not flat but at its edges curves away from the laser. Finally,
the back view shows the sheet illuminated from the front, with reflections from the
back illumination visible on the inner part of the sheet. Note that we employed
image-processing techniques to enhance the visibility of the inner reflecting area in
the back view while maintaining a consistent background across all shadowgraphs
acquired with the reflection setup for this example. This adjustment accounts for the
varying background illumination intensities between the front and back views. The
acquisition reveals that only an inner region of the sheet reflects light, as the sheet’s
non-trivial curvature causes the relatively large surface angles outside this region
to reflect incoming rays outside the NA of the imaging system (see below). More
importantly, the reflection of the inner part of the sheet is not uniform but displays a
discrete concentric pattern. This reflection pattern suggests the presence of a discrete
concentric modulated sheet profile that appears to be similar on both sides.

Figure 4.1(h) shows example shadowgraphs obtained with the transmission setup
from front, side, and back views (left to right). In this setup, the front view captures
the sheet under back illumination during the vaporization pulse. The shadowgraphs
clearly show the presence of the main features of the target: center mass, sheet,
bounding rim, ligaments, and fragments [25]. We observe gradual mass removal
from the sheet with increasing typ through the increase in transparency of the sheet
to shadowgraphy backlight illumination in line with prior works (e.g., see [67]). The
front view highlights the presence of discrete concentric regions with greater thick-
ness, indicating a thickness modulation of the sheet profile as vaporization occurs
at a globally constant, intensity-dependent rate [67]. The side view shows another
perspective of the vaporization progress, while the back view captures back illumi-
nation reflections from the inner, thicker, yet not-yet-vaporized part of the sheet.
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In our experiments, the PP laser energy can be adjusted, directly influencing two key
parameters: the propulsion Weber number (We) and the deformation Weber number
(Weq) following e.g. Refs. [25, 26]. These two parameters are defined as follows:
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Here, p = 7000 kg/m? and o = 0.55 N m~! represent the density and surface tension
of the liquid tin, respectively, while Dy is the initial droplet diameter [31, 101]. We
extract the propulsion velocity (U) and initial expansion velocity (Ro) from shadow-
graph images [cf. Fig. 4.1(g)], with U measured from side-view shadowgraph im-
ages (1-4 ps) and Ry from front-view shadowgraph images (200-500ns). As we will
explain below (see Sec.4.4), the propulsion Weber number (We) seeds and mode-
selects a Rayleigh-Taylor-type instability [26], while the deformation Weber number
(Weq) drives sheet expansion [101] and with it the stretching of the surface modula-
tions (along with the other dynamics relevant for target preparation [72]). The ratio
of the two Weber numbers Wey / We is of order unity and typically reduces with laser
pulse energy and length [102]. The droplet deforms into a sheet-type target on an
inertial time scale ; = Dy/U and the overall sheet expansion process occurs on a

capillary time scale 7. = 1/pD3/60. We note that the definitions of We, Wey, and .

used here differ from those in Klein et al. [26] to adhere to a more consistent notation
by using Dy in all combined equations.

In the following, we first discuss in detail the observations obtained using the re-
flection setup (Sec. 4.3.1), followed by those obtained using the transmission setup
(Sec. 4.3.2). For an overview of the parameters used, refer to Tab. 4.1 in the Ap-
pendix.

4.3.1 Reflection

By varying the laser pulse energy, and with it the Weber number, we observe changes
in the reflection patterns. Figure 4.2(a-d) presents shadowgraphy images of expand-
ing sheets at time t = 0.27; of a 31 pm droplet for increasing We. At (for the current
work) relatively low We numbers we observe discrete concentric reflection patterns.
At higher We, the concentric reflection pattern develops azimuthal components, i.e.,
angular modulations around the sheet’s center that perturb the predominantly con-
centric rings. We observe that azimuthal modulations begin at the outer radii earlier
than at the inner radii, indicating perhaps an additional dependence on sheet thick-
ness and time, driven by continuous thinning during droplet deformation [25] or
sheet radius. We find that the azimuthal modulation wavelength is of similar or-
der as the wavelength of the concentric modulation. At even higher We the pattern
randomizes with no clear symmetry. This observation indicates a transition from
discrete concentric to azimuthal modulations with randomized phases, similar in
appearance to the work of Xia et al. [103].

For the highest We numbers, hole formation becomes evident in line with Refs. [25,
26], with the amplitude of the perturbations reaching a magnitude similar to the lo-
cal thickness of the liquid sheet [26]. To better understand both the reflection pattern
and hole formation, we present shadowgraph images in Fig. 4.2(e, f) showing two
example sheet breakup events of a 50 pym-diameter droplet at ¢t = 0.3 7. with a very
high We of approximately 123 000, using a double-framing camera in tandem with
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FIGURE 4.2: Front view reflection shadowgraphs of 31 um-diameter droplets sub-
jected to a 10 ns laser pulse at a common non-dimensionalized time t = 0.27. for: (a)
We = 800, Weyq = 1200; (b) We = 1700, Weq = 2300; (c) We = 4700, Weyq = 5800;
and (d) We = 12000, Weq = 10600. The lower row (e, f) shows (at t = 0.3 1)
50 pm-diameter droplets exposed to a 15ns laser pulse, achieving approximately
We = 123000, Weq = 57000. For both cases, the left image depicts the initial state,
while the right image shows the same sheet 300 ns later using a double-framing cam-
era (see the main text).

two backlighting pulses, to enable capturing the dynamics of specific single holes.
Each panel shows the initial sheet state (left) and the same sheet just 300 ns later
(right). The initial shadowgraphs reveal preexisting holes in the liquid tin sheet,
while the subsequent frame captures newly formed holes (marked with red circles)
and their growth following Taylor-Culick [25, 26]. These shadowgraphs demon-
strate that our setup enables direct observation of sheet modulations in reflection
prior to sheet breakup.

As holes open, they induce additional radial modulations (lower inset in Fig. 4.2(f))
and lead to ligament formation, as reported by Vledouts et al. [99]. Importantly, the
connecting ligament between the center mass and the sheet provides clear evidence
that the center mass remains physically connected to the sheet prior to hole for-
mation. While hole formation highlights later stages of sheet evolution, the earlier
stages of surface modulations also offer valuable insights. Atintermediate We values
around 2300, as shown in Fig. 4.2(b), the sheet exhibits a striking discrete concentric
reflection pattern. This pattern facilitates clearer analysis, including comparisons
between front- and back-view acquisitions, allowing a more detailed understanding
of the instability’s growth rate and propagation.

In summary, Fig. 4.2 shows that the laser-on-droplet impact causes various types of
reflection patterns depending on the Weber number. We hypothesize that these re-
flection patterns share a common underlying primary instability mechanism, similar
to the Rayleigh-Taylor type proposed by Klein et al. [26] (see discussion in Sec. 4.4
below). Atlower We, we observe discrete concentric reflection patterns that are more
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easily traceable; these will be the main focus of the current study.

We next qualitatively examine the temporal evolution of the reflection pattern for a
low We. Figure 4.3 illustrates the sheet expansion of a 31 pm droplet with a low We
of ~ 1700 shown from the (a) front, (b) side, (c) back and (d) combined front/back
views. For each delay step we average 20 frames to improve the signal-to-noise
ratio. During the characteristic sheet expansion following impact (see Ref.[79]), an
inner region on both sides of the sheet reflects the green shadowgraphy light. The
radial extent of this reflective region roughly follows the overall trajectory of the
expanding sheet. This contraction arises from the temporal evolution of the global
sheet curvature. As the curvature evolves, the sheet’s surface angles increasingly
reflect light outside the NA of the imaging system, causing those regions to be dark.
Consequently, the reflective region is limited to those areas where the sheet’s surface
angles allow reflections within the NA, as we will explore in more detail in Sec. 4.3.1.

Figure 4.3(d) highlights that during the sheet expansion, the inner reflective region
exhibits discrete concentric reflection patterns that are highly similar (within a frac-
tion of the wavelength) in both the front (left) and back (right) views, suggesting a
coupling between the concentric modulated surfaces of the sheet. Noticeable dif-
ferences between the front and back views are primarily observed near the center
mass.

We identify an onset time of discrete concentric reflections on both sides around
t = 0.19 7. At this time, the thickness of the inner reflective region is estimated to be
larger than ~500nm, based on a thickness model for liquid tin sheets provided by
Liu et al. [25]. This suggests that the surface modulations are coupled already in the
early stages of the droplet deformation. At earlier times, such as at t = 0.13 7, the
back curvature differs from the front curvature, as no concentric reflection patterns
are observed in the back view in line with a Rayleigh-Taylor scenario (see below) in
which the laser-facing surface destabilizes first. Although discrete concentric reflec-
tions may still form earlier during the expansion, we do not detect them perhaps due
to limitations in resolution and in the focusing of the imaging systems throughout
the expansion.

As the sheet expands, the surface modulations responsible for the reflections stretch
over time, with a closer spacing observed at earlier times (e.g., compare ¢t/ 7. = 0.26
with /1. = 0.44).

Also, the data hint at a wavelength that is a function of the radial coordinate, with
larger spacings between bright rings towards the large radii (cf. Fig.4.3(a) near
t/t. = 0.26). Around the sheet expansion apex (t/7. = 0.38), we may extract a
typical modulation wavelength of approximately 15 um as the difference between
two bright rings.
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FIGURE 4.3: Shadowgraphy images of sheet expansion of a 31 ym diameter droplet,
propelled to We = 1700, and Weq = 2300 in (a) front view, (b) side view, (c) back
view, and (d) combined front view (left) and back view (right) comparison. Numbers
on the top indicate the non-dimensional time ¢/ 7.
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In the following, we address several open questions. What sheet morphology causes
the observed discrete concentric reflections? What are typical amplitudes of these
surface modulations? Finally, can we argue that these surface modulations are sym-
metrically phased?
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FIGURE 4.4: (a) Overview of the ray tracer model, showing key components: illu-
mination source, sheet, window (1.5”), lens (2”), and camera chip. (b) Close-up of
a model sheet with a sinusoidal modulation of 15um wavelength and 15nm am-
plitude, highlighting a single hill (green) and a sink (blue). (c) Reflected rays near
sheet hill and sink. (d) Ray convergence on the camera chip. (e) Ray count on the
camera chip corresponding to sheet hill and sink, with total ray count (grey). (f) Ray
distribution on the camera chip as a function of amplitude for isolated sheet features
highlighted in (g). (h) Ray distribution for the full sinusoidal surface.

To interpret the reflection measurements, we utilize an in-house developed 1-D ray-
tracer to correlate the reflection intensity recorded on the camera chip with height
modulations on the sheet surface. Fig. 4.4(a) depicts the modeled setup in side view
with the illumination and camera positioned in the same plane for simplicity (i.e.,
back illumination and back camera). It illustrates the raytracer model setup and its
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key components, while Figs. 4.4(b, ¢, d) provide zoomed-in views of an example
simulation. In the simulation, a spatially box shaped illumination pulse is used and
the lens is modeled as ideal, with a constant focal length across its surface. Rays are
initialized from the light source and directed toward the sheet, which is assigned a
sinusoidal modulation with adjustable parameters such as amplitude () and wave-
length (A) at any radial location on the sheet (r) in y = 7 cos(27t/Ar). A sinusoidal
modulation with a wavelength of 15um is chosen, in line with the typical wave-
length that may be observed in the experiment cf. Fig. 4.3. Figure 4.4(b) depicts an
example sinusoidal modulation, highlighting a hill (green) and sink (blue) regions.
Upon reaching the sheet, rays are reflected specularly. As shown in Fig. 4.4(c), hill
regions cause ray divergence, while sink regions lead to focusing. Reflected rays
then propagate further and encounter the lens, where they are refracted according
to Snell’s law. Figure 4.4(d) shows the rays after lens refraction, just before reach-
ing the camera chip that is placed in the image plane. Due to the single-lens imaging
system, the reflected image is inherently flipped. A zoomed-in view near the camera
chip highlights how blue rays (from sinks) accumulate on the chip, creating bright
regions, while green rays (from hills) diverge, resulting in dimmer regions. Finally,
Fig. 4.4(e) presents the accumulated counts within each camera pixel (3.45 pm), with
the gray line indicating the total counts if the full sheet reflects. This example sim-

ulation shows that a hill (green) causes lower count on the camera chip than a hill
(blue).

We demonstrate that our raytracer simulation effectively maps reflection points on
the sheet to their corresponding positions on the camera sensor. The simulation re-
veals that the bright, discrete concentric reflections observed on the sensor originate
from surface sinks.

Building on this insight, we investigate the effect of varying sheet modulation ampli-
tudes. Note that in the following, the sheet and counts are plotted from the perspec-
tive of the camera. Figure 4.4(f) presents a heatmap of the camera count distribu-
tion as a function of sheet modulation amplitude for selected regions of a sinusoidal
modulated sheet profile. These regions are highlighted in Fig. 4.4(g), with a hill
marked in green and a sink marked in blue.

At very low amplitudes, both hill and sink produce similar count patterns, as the
amplitude increases, the hill count pattern spreads a bit and loses contrast, while
the sink pattern shows an increase in contrast, maximizing between 30-40nm. At
higher amplitudes, some interference occurs between the reflecting regions on the
sheet, and beyond 60 nm, the camera counts diminish because of the NA limit. The
right axis of the heatmap indicates that the maximum observable surface angle is
approximately 1.42° (corresponding to a full surface angle of § = 2.84° and NA of
0.049). This aligns with our experimental setup and supports the conclusion regard-
ing why only an inner region reflects, as shown in Fig. 4.3. Beyond this maximum
angle, imaging of the SP reflection becomes impossible due to the NA limitations
of the experimental setup. The local sheet surface normal can exceed this angle, for
instance, in cases of large modulation amplitudes or high curvature, and would then
produce a dark region.

Figure 4.4(h) presents a heatmap of camera counts for a fully reflecting sinusoidally
modulated sheet profile, illustrating both the maximum observable surface angle
and the interference patterns that again arise at higher amplitudes. We note that
both heatmaps [Fig. 4.4(f,h)] are globally normalized, making it difficult to identify
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differences between hills and sinks at low amplitudes. At around 10 nm amplitude,
these contrast differences (ratio of count values between maxima and minima) are
approximately 4 %; at 30nm amplitude the contrast already increases to approxi-
mately 50 %.

Next, combining raytracer insights (Sec.4.3.1, Fig. 4.4) with experimental shadow-
graphs (Sec.4.3.1, Fig. 4.3), we arrive at the following conclusions. We learn that dark
regions in shadowgraphs correspond to reflections from surface modulations (hills).
The phase-relation question is resolved: a hill decreases the camera count, while a
sink increases it. From the reflection measurements, it is observed that the surface re-
flections are approximately in a fixed phase, meaning a bright spot in the front view
corresponds to a bright spot in the back view. This suggests a symmetric relation
between the sheet surfaces, with both surface modulations being out-of-phase (i.e.
they are mirror symmetric, see schematic in Fig. 4.5). The contrast that is typically
observed for good ripple observation cases in the experiments [such as those shown
in Fig.4.3(a)] lies at the level of 5-10%, which, following the simulations, would be
consistent with a modulation amplitude of approximately 10-15nm in this specific
example. Assuming a symmetric sheet instability, the thickness variation indicates

FIGURE 4.5: Schematic of a symmetric sheet instability with modulation amplitude
1, modulation wavelength A undisturbed sheet thickness h, disturbed thickness /iy,
and phase ®.

that the thickest regions are given by hy, = hg + 4. Of course, any nonzero phase
(®) would reduce the thickness, as is illustrated in Fig. 4.5.

4.3.2 Vaporization

We apply a vaporization pulse [see methodology in Fig. 4.1(b, d, £, h)] to a liquid
tin sheet to better understand its modulation by studying variations in thickness as
enabled by the vaporization method, following Ref. [67]. Specifically, we aim to val-
idate the relative amplitude of the modulation (1) under the assumption of a sym-
metric sheet instability (see Fig.4.5). First, we link the reflection and transmission
data and then estimate the thickness of the observed modulations.

In Fig. 4.6, we generate an intermediate We = 3100 with concentric modulations and
compare shadowgraphs recorded using the reflection and transmission setups. This
slightly higher We compared to Fig. 4.3 is chosen to improve comparability between
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FIGURE 4.6: Front view reflection shadowgraph (left) alongside a front view trans-
mission shadowgraph (right) of the same We but a different frame [31 um droplet
diameter, We ~ 3100, Weq ~ 4200] at (a) t/7. = 0.24 and (b) t/7. = 0.38. (c) A
liquid tin sheet irradiated only locally by a modified VP, leading to predominant va-
porization on the right side while reflecting SP light on the left side [36 um diameter
droplet, t/7. = 0.31, We ~ 1400, Weyq ~ 3900]. In both panels, the shadowgraphs
have been adjusted (they are horizontally stretched) to account for the observational
angle of 30°.

the reflection and transmission setup. We trade off visibility of the reflections (best
seen at low We) for transmission (best at high We numbers where sheets are thin).

Figure 4.6 shows shadowgraphs from the reflection setup (left) and the transmission
setup (right) at (a) t/t. = 0.24 and (b) t/t, = 0.38. The reflection shadowgraph has
been discussed in detail in Sec. 4.3.1. The transmission shadowgraph is obtained
by applying a VP, which induces gradual thinning of the sheets thickness profile
[67] [also see the schematic in Fig. 4.1(f)]. For this We value, the thinning process
results in the formation of dark concentric rings. These rings correspond to regions
of greater sheet thickness, as the evaporation is governed by a globally constant,
intensity-dependent rate that is independent of the instantaneous thickness [67].

More specifically, in Fig. 4.6(a), right-hand side, we select a transmission shadow-
graph captured along a VP irradiation delay scan, where free-flying thickness mod-
ulations are clearly visible. Both reflection and transmission measurements exhibit
patterns with closely matching periodicity, confirming the presence of surface mod-
ulations and that their mutual phasing leads to thickness variations in the liquid tin
sheet’s profile.

The transmission shadowgraph also highlights that, due to the sheets thickness gra-
dient [25], the outer parts of the sheet evaporate earlier than the inner parts. As a
result, thickness modulations in the sheet thickness profile at the outer radii become
visible and fully vaporize earlier than those closer to the center.

With continued VP irradiation, the inner parts of the sheet begin to exhibit finite
transmission, leading to the unraveling of the inner sheet thickness modulations,
while fully vaporizing the outer ones. This dynamic not only confirms the presence
of thickness modulations but also provides a basis for quantifying their thickness
(see below).
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To compare reflection and transmission over a larger sheet area, we acquire shadow-
graphs later in the droplet deformation process at t /7. = 0.38, as shown in Fig. 4.6(b)
for the same We. At this stage, the reflection pattern shows noticeable changes, with
the inner reflective area being slightly reduced in size compared to earlier times. This
observation is consistent with that for the slightly lower We case shown in Fig. 4.3.
The time t /1. = 0.38 corresponds to the sheet expansion apex, where the thickness
gradient is much weaker, resulting in a more homogeneous thickness profile [25]
which benefits visibility of any thickness modulations over a large area. This exam-
ple demonstrates that a low thickness gradient does not necessarily correlate with
the curvature of the sheet. At this time, the thinner sheet exhibits a smaller area
reflecting into the NA of the imaging system (cf. Sec. 4.3.1).

In contrast, the transmission measurements reveal thickness modulations in the sheet
that are not observable in reflection. This confirms that these thickness modula-
tions persist throughout the droplet deformation process and emphasizes that each
methodology has a distinct observational window: For the reflection setup, optimal
conditions require a locally flat sheet, whereas for transmission, a more homoge-
neous sheet thickness profile is preferred instead. In this sense, the reflection and
transmission methods give a complementary view of the surface modulations.

Finally, we compare reflection and transmission shadowgraphs by optimizing the
conditions for both setups for the same sheet. This is achieved by selecting We =
1400 and t/7. = 0.31, as shown in Fig. 4.6(c). We vaporize only the right side of the
sheet using a VP intensity that induces evaporation up to the sheet center. Even in
this case, despite the high similarity and consistent wavelength of patterns observed
in reflection and transmission, we cannot draw definitive conclusions about the ex-
act relationship between the bright (or dark) concentric reflections in the reflection
shadowgraph and the dark concentric rings in transmission, because of poor con-
trast in the transition area.

In the following, we use the VP to estimate the sheet thickness and, from the thick-
ness, derive the amplitude of the modulation assuming a symmetric sheet instability
(see Fig. 4.5).

Figure 4.7 shows liquid tin sheets in the leftmost column at two different times dur-
ing the droplet deformation process: (a) att/7. = 0.28 and (b) at /7. = 0.37. Atboth
expansion times, a VP delay scan is performed. The left column shows a frame of the
VP delay scan that highlights the progress of vaporization and the presence of thick-
ness modulations. For both VP delay scans, the VP intensity is carefully adjusted
to achieve sufficient vaporization of the sheet at the end of VP irradiation, resulting
in evaporation rates [67] of 6.4nm/ns and 2.6 nm/ns, respectively, as explained in
more detail below.

The middle column of Fig. 4.7 shows direct thickness maps (ht), obtained from the
transmission shadowgraphs in the leftmost column using the transmissivity method
(for further details, see Sec. 4.2). In both cases, concentric thickness modulations are
evident, but are challenging to resolve directly in thickness.

The right column shows the reconstructed sheet thickness profile (hyp). The sheet
profiles are obtained as follows: First, we align all shadowgraphy frames for each
delay step (tsp) during VP irradiation. Next, we determine pixel-wise vaporization
times by evaluating whether a pixel has been vaporized in more than 50 % of the
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FIGURE 4.7: Shadowgraph images and analysis. From left to right: partially vapor-
ized sheet, corresponding thickness map using transmissivity method (see Ref. [67])
and reconstructed sheet thickness map by using the vaporization time and vaporiza-
tion rate. Both rows show data for a 31 pm diameter droplet propelled to We ~ 3100
and Weyq ~ 4200 at time (a) t /1. = 0.24 and (b) t /7. = 0.37.

frames for a given delay. We then calculate the sheet thickness maps by multiply-
ing the pixel-wise determined delay values fsp with the vaporization rate /1, such that
hyp = tsp x h. We define a pixel as vaporized if its value reaches 30 % of the green SP
backlight illumination through the sheet at a refractive index of n = 1.7 + 5.1 (cor-
responding to 1100K, see Ref.[104]), indicating a residual sheet thickness of 6 nm
as calculated using the TMM [44] Python package. The thickness threshold is set to
6 nm because the sheets were not fully vaporized at the end of the VP irradiation.
Thus, regions with thicknesses exceeding 6 nm at the end of the VP irradiation are
represented as dark blue areas in the reconstructed thickness maps, indicating un-
known thickness. Note that we thereby underestimate the thickness in these areas;
however, this is of no substantial consequence as we focus on differences in thick-
ness, as explained below. We determine the value of /1 by fitting the sheet thickness
values to the profile calculated with the thickness model for liquid tin sheets as in-
troduced by Liu et al. [25]. Additionally, we correct the obtained thickness for the
observational angle of 30°.

The rightmost heatmap may suggest a stepwise reduction of the sheet radius. How-
ever as shown in [67], evaporation occurs gradually. The apparent stepwise reduc-
tion is instead caused by the shadowgraphy scan step size of A5ns, which results in
a delay step-wise thickness reduction given by h = Atgp x Ji. In case (a), the step-
wise reduction is approximately 30 nm, while in case (b), it is approximately 13 nm.
Since we compare the reconstructed thickness map with the transmission shadow-
graph, we can infer that a height modulation is on the order of a vaporization step,
providing an upper limit for the thickness modulation. As the sheet shown in row
(a) is measured earlier in the expansion curve than (b), the sheet is thicker [72], and
the VP intensity required to sufficiently vaporize it by the end of the VP duration
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is higher, resulting in (intentional) differences in the vaporization rate. The obser-
vation that the thickness modulation is of the order of one vaporization step then
tentatively hints that the sheet in row (a) has thicker modulations than the one in
row (b). This, in turn, may suggest that the thickness modulations decrease over
time, which we hypothesize occurs due to a radial and temporal-dependent stretch-
ing (see Sec. 4.3.1). Furthermore, a radially dependent stretching would imply that
the thickness modulations at radii farther from the center are thinner than those
closer to the center. As we previously outlined, the reflection and transmission se-
tups provide complementary measurements (see Fig. 4.6). Here, a full vaporization
of thickness modulation primarily occurs at larger radii where reflections are not
observed, potentially probing thinner thickness modulations. Thus, this approach
offers an upper estimate for the thickness modulation within the vaporized radii.

We now interpret the observed thicknesses in the context of the predicted symmetric
sheet instability, inferred from the reflection patterns that are highly similar in back
and front view, combined with raytracer insights, which suggest that only identical
sheet features can produce the observed reflection patterns. In the case of a per-
fectly symmetric mode, the thickest part of the sheet would be hy,, = ho + 47 (see
Fig.4.5). For the estimated modulation thicknesses, the corresponding derived am-
plitudes are approximately in the range of 3—8 nm. In a direct comparison between
simulation and reflection pattern at t/7. = 0.28, we achieve contrast ratios similar
to the experimental using a raytracer amplitude of about 12 nm cf. Fig.4.4(h). These
complementary estimates of the amplitudes are reasonably consistent given (i) the
uncertainty in the VP method (and limited step size); (ii) the fact that the reflection
amplitude may only be obtained from the inner part of the sheet and the thickness
from the outer part. It may well be that, indeed, modulation amplitudes reduce with
the radial coordinate. Additionally, it is possible that the two surfaces of the sheet
are not perfectly symmetrically coupled in this specific measurement: any phase
shift ® of the surface modulation would result in a reduced overall thickness and,
consequently, a smaller inferred amplitude (see the schematic in Fig. 4.5).

We next aim to understand how the location of the peak of the plasma pressure in-
fluences the symmetry and distribution of the modulations. By adjusting the timing
of the arrival of the PP, we can adjust the laser-to-droplet alignment [105]. Such
alignment adjustments lead to a tilt of the sheet, as shown in side view in Fig. 4.8(a).
For consistency, the PP energy is tuned for each (intentional) misalignment condi-
tion such that the propulsion velocity remains approximately constant. To enable
clear observations of thickness modulations after vaporization, we set PP energies
(and, thus, We numbers) to values such that some azimuthal modulations occur, but
concentric ripple patterns still remain dominant. Measuring the reflection pattern is
not feasible in this case, as the tilt creates curvature with a surface normal that reflect
light outside the NA of the imaging system. We observe that a negative misalign-
ment (that is, the laser strikes the towards the upper pole of the droplet) leads to a
negative tilt angle (cf. the -21.0° example in Fig.4.8). This negative misalignment
leads to a much more rapid expansion of the top part of the sheet, given there is
less mass to be accelerated, and makes that the center mass appears in the bottom
half of the sheet. We observe that the thickness modulations are not simply concen-
tric around the sheet center but instead are centered around its shifted center mass.
Thus, we conclude that the concentric pattern is centered at the location of the peak
pressure.



4.4. Discussion 69

(2)

-21.0° -10.0° 0.0° 10.0° 21.0°

/

4

(b)

¢+ o o §

FIGURE 4.8: Side (a) and front view (b) shadowgraphs from partially vaporized
targets for different PP misalignment conditions (resulting tilt angles are shown),
for a 27 pm diameter droplet hit by a PP propelling to We ~ 7000, observed at a time
t/t. ~04.

4.4 Discussion

We next interpret our observations with the instability model proposed by Klein et
al. [26], which provides estimates for the characteristic breakup time s and wavenum-
ber ks for highly modulated sheets. They suggest that a Rayleigh-Taylor (R-T) type
instability may be triggered on the laser pulse “ejection time scale” 7. [26], during
which the liquid tin droplet experiences an acceleration ~ U/7.. This acceleration
is caused by pressure exerted by the laser-induced plasma normal to the surface of
the still spherical droplet, leading to the amplification of any perturbations present
on the interface of the droplet. The amplified perturbations continue to evolve in-
ertially in the absence of an external acceleration (which ends with the laser pulse),
and are affected by capillary forces on a dynamically changing topology of the evolv-
ing sheet. The model describes the evolution of the instability during the droplet
deformation process. Here we interpret our findings along the same lines. In the
following, we use the non-dimensional expressions for wavenumber k and time f:

o N t
= = — 4.2
k = kR, t < 4.2)

with Ry as initial droplet radius. The model defines three-phases (see Fig. 4.9), in
brief:
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FIGURE 4.9: Schematic based on the Rayleigh-Taylor instability-type model pro-
posed by Klein et al. [26], illustrating three distinct phases: (a) acceleration, (b) ex-
pansion, and (c) stretching, each associated with their respective time scales. The
symbols used are g (initial amplitude), p. (plasma pressure), Ry (initial droplet ra-
dius), and 7. (acceleration time); Ag (initial wavelength), k¢ (initial wavenumber), 7
(inertial time scale); A(t) (wavelength over time); and 7. (capillary time).

1. Acceleration Phase (0 <t < 7,):

During this phase, the droplet undergoes an impulsive acceleration driven
by the laser-induced plasma over the (very short) duration of the laser pulse
(Te). The plasma introduces thermal (white) noise, which seeds permissible
wavenumbers 1 < k < IAcc on the liquid, with IAcC = \/paR% /o = Wel/ 4Tg 172
the capillary wavenumber [26]. The acceleration sets a growth rate for the
permissible R-T unstable modes with an initial amplitude 7y and associated
wavenumber k. At the end of phase 1 each mode has a specific growth rate
while the corresponding normalized amplitude is still equal to unity given
that the modes did not yet have any time to grow, given the impulsive nature
of the acceleration.

. Expansion Phase (7. <t < 1):

Following the acceleration, the droplet transitions into a flattened, sheet-like
structure. In the absence of acceleration, the excited modes inherited from
phase 1 continue to evolve inertially due to the velocity (growth rate) they
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acquired during phase 1 (see Ref. [26] for the detailed derivation). The fastest-
growing mode at the end of phase 2 is given by:

- Wel/4
kmax = \/3—? ’ (43)

with phase 2 ending at % = We;l/ 2. This enables rewriting Eq. (4.3) to obtain:

R = +/Wog— ( Erem o (4.4)
max — \/g Ek’d 7 .

where we introduced an energy partitioning ratio[26] Ey q/Exm = Weq/We
(the equivalence here would require a different, but constant prefactor to be
absorbed in the Wey definition, following Ref.[26] contrasting Ref.[72]) to
translate between the two We numbers and the underlying kinetic energy in
deformation vs translation. Given that both We numbers (We, Wey) play a
role in the three-phase model, the introduction of the energy partitioning al-
lows the final result (see below) to be expressed using only We.

3. Stretching Phase (7, <t < ;):

We enter phase 3 when the droplet has truly deformed into a thin sheet, with
R/Rg > 1, accompanied by a significant thinning. The model assumes that
the two opposing surfaces interact and couple, as their spacing satisfies the
condition fik ~ 1[26].

For t > 1;, the wavenumber evolution is:

Powd

X

k() = T;). (4.5)

The dynamics of the sheet expansion R(f) is well understood, and can at early
times f < 1 be approximated as [26]

=

R(f) = \/3Weq - 1, (4.6)
which with unity prefactor (following Ref. [26]) leads to:

(Ek,cm / Ek,cl)l/4

k(f) = 5
) 3R

(4.7)

The corresponding amplitude of the modulations 7 = # /Ry follows from [26]
. . Epq \ V4.
0 = b (Owe (54 )7 4

where i = 4/3(Ry/ R)2 is the average sheet thickness, and 7jp is the initial
perturbation amplitude. For this initial noise we find /iy = 1.3 x 1072 as de-
termined by Klein et al. [26] from experiments, assuming that the sheet punc-
tures at a time f, when 7(f,) = h(f,), with i determined from the average
thickness ansatz. However, work by Liu et al. [25] has shown that the actual
sheet thickness is significantly lower (2 — 5x depending on We and f) than
the average thickness, which proportionally reduces the initial noise value



72 Chapter 4. Concentric Surface Modulations

obtained by Klein et al. [26]. Consequently in the following we use a range
flo=3—7x1073.

From Eq. (4.7) we observe that the modulation wavelength is primarily a function
of the non-dimensional time inversely proportional to the droplet radius and inde-
pendent of the We number. We note that the energy partitioning ratio Ey cy/Exd
weakly varies with laser pulse energy [26] (also see Ref.[102]). In the current anal-
ysis we may assume (Ey 4/ Ek,cm)l/ 4 ~ 1[26]. At the apex of the sheet expansion
trajectory, f ~ 0.38 [72] we obtain a typical approximate modulation wavenum-
ber k =~ 1/Ry. For the key data shown in Fig.4.3 for a 31 pm diameter droplet,
we obtain a predicted wavelength A ~ 110 um, a number that should in order of
magnitude be compared to the several 10 um in the experiments [e.g., we extracted
15pum from Fig.4.3(a)]. The corresponding amplitude of the modulations follows
from Eq. (4.8), which gives 77 ~ 40 — 90 nm. This number should be compared to the
order ~10nm amplitude we obtain from the experiments. Of course, the relation
Eq. (4.6) is a simplified description of the instantaneous sheet radius and instead
we know that R(f) = /WeqP(f) with known [72] polynomial P() which yields
P(0.38) = 0.14 and brings down the prediction to a closer match to the experiments
with A ~ 42pm. However, the validity of using the instantaneous sheet radius to
describe the stretching instead of Eq. (4.6) is an open question.

Finally, we qualitatively test the validity of the scaling relation in Eq. (4.7). Given the
difficulty of obtaining reliable modulation wavelength over the various We num-
bers, we leave the detailed study of the We (in)dependence to future work. Instead,
we focus our analysis on the proposed scaling ~ R in the denominator. Figure 4.10
shows liquid tin sheets at ¢ ~ 0.337 for initial droplet sizes of (a) 37, (b) 50, and (c)
70 um, with We remaining approximately constant (ranging from 850 to 1200) pro-
viding discrete concentric modulations. (To keep the underlying plasma physics
scale-invariant, we scale the laser pulse duration with the initial droplet radius,
keeping the ratio of acceleration time to acoustic time constant [69].) Each panel
presents averaged shadowgraphs composed of 20 frames, with the front view (left
half) and back view (right half) displayed side by side. The averaging improves the
signal-to-noise ratio and underscores the high reproducibility of the observed pat-
terns. To qualitatively validate the inverse linear dependency on droplet radius, we
perform left/right comparisons of front-view acquisitions for droplets with low We-
ber numbers but varying initial sizes. Specifically, for the case of a droplet with an
initial diameter of 37 um, the left-side front view is scaled by the ratio of the initial
diameter relative to the diameter of the comparison sheet’s droplet at a similar time.
The results are shown in Fig. 4.10(d, e, f).

For example, in Fig. 4.10(d), the left side of the 37 pm front view sheet is scaled by
45pm /37 pm and compared with a mirrored left-side front view of a 45 um droplet
sheet. In this comparison, the sheets are not perfectly matched in size, which is
simply attributed to (minor) differences in the Weber deformation number Wey and
therefore the kinetic energy of deformation. When Wey4 values are more similar, as
in Fig. 4.10(e, f), the sheet radii align more closely, and after scaling, the modulation
reflection pattern is very nearly identical, underlying the proposed scaling 1/Rg of
Eq.(4.7).

So far, we have found agreement on the order of magnitude of the modulations’
wavelength and amplitude in comparing our observations to the three-phase R-T
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(2) (b)

(d) (e) )

FIGURE 4.10: Front (left) and back (right) views around ¢/ 7. = 0.35 of the following
parameter sets [droplet diameter, laser pulse length, Weber number, and deforma-
tion Weber number] in (a) [37 um, 10ns, 1200, 2700], (b) [50 um, 12ns, 1000, 2700],
(c) [70um, 20 ns, 850, 2 600]. Comparison of left side front views around ¢/ 7. = 0.33
of [37 um, 1200, 2 600] with mirrored (d) [45 um, 10ns], 700, 1900 (e) [50 pm, 12 ns,
1000, 2700], (f) [70 um, 20ns, 850, 2 600].

model, particularly so given the strong simplifications in the model, and experimen-
tal complexities in accurately determining wavelength and amplitude. However,
there are still some observations that are not straightforwardly explained by the cur-
rent model of the R-T instability. Firstly, we observe modulations that are predomi-
nantly cylindrically symmetric, indicating a suppression of azimuthal modulations
at intermediate We numbers. This suppression could be explained by considering
the (integer) number of azimuthal waves that need to fit on any individual radial
wave. This explanation is partially supported by the observation that the azimuthal
modulations are first observed on the outer radii [cf. Fig.4.2(c)] where the larger cir-
cumference allows azimuthal modes to fit. Secondly, we find that new (concentric)
modulations appear from the center region (cf. Fig. 4.3). This could hint at a driving
mechanism separate from the early-time R-T instability, from which the hypothesis
could be derived that the concentric modulations have an origin separate from the
azimuthal ones. However, when azimuthal modulations are observed, they have a
wavelength that is similar (same order) to the local concentric ones [cf. Fig.4.2(c)]
— such an implied coincidence would rather point towards a common R-T origin.
Thirdly, we observe again that the modulation wavelength depends on the radial
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coordinate. Such implied local stretching, roughly proportional to the radial coor-
dinate, is not captured in the current model [26], as may be expected given the as-
sumption of a simple flat-disk geometry and uniform stretch [Eq. (4.5)]. Also, along
with the radial local stretching, any temporal stretching dynamics is not adequately
captured by the model. Lastly, as noted in Sec.4.3.1, varying the Weber numbers
results in different modulation patterns, although no definitive scaling could be ob-
tained given the aforementioned difficulties of extracting a modulation wavelength
from the data. Any visible changes may well be caused not by differences in the
radial modulation wavelength, but rather by changing visibility of azimuthal mod-
ulations.

4,5 Conclusions

We present concentric surface modulations observed in reflection from both sides of
laser-propelled and expanding liquid tin sheets, for droplets ranging from 27 to 70
pm in diameter at intermediate Weber numbers between 1000 and 7000. Through
combined optical inspection in reflection and transmission modes, we determine
that these surface modulations are only of order ~10nm in amplitude, on sheets
with an average thickness of several 100nm. The modulations appear predomi-
nantly front-back mirror symmetric (out-of-phase), and are highly reproducible.

We interpret these modulations as a manifestation of the instabilities that drive sheet
breakup, as described by Klein et al. [26]. This study provides a clear and direct ob-
servation of such modulations. Furthermore, it reveals a (relatively) low-We coun-
terpart of highly modulated sheets prior to sheet breakup. It provides experimental
evidence of low-amplitude surface modulations in free-flying liquid sheets. We find
qualitative agreement, in terms of the order of magnitude of the modulations” am-
plitude and wavenumber, with a model [26] based on a Rayleigh-Taylor instability
that links the instantaneous wavenumber k to the system parameters, showing that
k(t/t)Ro ~ (t./t), a scaling that is independent of the Weber number. Several
aspects however remain insufficiently explained by the model such as (i) the con-
centricity of the perturbations and suppression of azimuthal modulation at low We
number; (ii) the appearance of new modulations with time; (iii) the overall dynam-
ics of the modulations. Moreover, there is a clear We number dependence of the
visibility of azimuthal modes that is not yet understood. All such aspects have been
brought to the forefront by the current work that is aimed to be a stepping stone
for next works, which may include numerical studies, towards understanding the
instability modes on thin sheets as produced from laser impact, a topic of particular
relevance for stable target shaping in EUV lithography.
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Appendix A: Details measurements

Table 4.1 provides further details of the experiments discussed in the main text.

Do [pum] d[pum] t[ns] E[m]] t/t. We Weyq Fig.
31 100 10 5 0.2 800 1200 4.2(a)
10 0.2 1700 2300 4.2(b),4.3 (a-d)
15 024 3100 4200 4.1(g),4.6(a),4.7(a)
15 0.38 3100 4200 4.1(h), 4.6(b), 4.7(b)
25 0.2 4700 5800 4.2(c)
50 0.2 12000 10600 4.2(d)
50 90 15 - 0.3 123000 57000 4.2(e,f)
12 7.8 0.33 1000 2700  4.10(b)
27 100 10 A 0.4 7 000 - 4.8(c)
36 100 10 - 0.31 1400 3900 4.6(ab)
37 90 10 7.4 0.35 1200 2700 4.10(a)
45 90 10 6.4 0.35 700 1900 4.10(e)
70 95 20 10 0.35 850 2600 4.10(c)

TABLE 4.1: Details for shadowgraphs containing droplet diameter (D), beam spot
size (d), pulse duration (7), PP energy (E), non-dimensional time (f/7.), measured
Weber number (We), measured Weber deformation number (Wey), and figure(panel)
usage (Fig.).
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Appendix B: Details setup

Figure 4.11 provides further details of the experimental setup.
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FIGURE 4.11: Schematic of the experiment. Figure modified from Ref. [106].
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Chapter 5

Phase Transition of Surface
Modulations on Free-Flying Liquid
Tin Sheets

H.K. Schubert et al., in preparation.

We investigate the transition from concentric to azimuthal modulation patterns
on expanding liquid tin sheets driven by laser-induced propulsion. Using time-
resolved shadowgraphy, we systematically vary the Weber number by adjusting
the prepulse energy, duration, and droplet size to determine the conditions that
trigger this transition. Our results consistently reveal a phase transition: concen-
tric modulations dominate at low Weber numbers, while azimuthal modulations
emerge at higher values. The phase transition is gradual, with azimuthal features
first appearing atop the concentric rings. Notably, once triggered, the azimuthal
modulations persist throughout the droplet’s deformation. We interpret this be-
havior within a Rayleigh-Taylor (R-T) framework proposed by Klein et al. [].
Fluid Mech. 893, A7 (2020)], which states that the modulation wavenumber is gov-
erned by the Weber number, with the initial amplitude set by the initial plasma-
induced noise. However, from our preliminary analysis, we cannot explain the
observed droplet-size and pulse-length dependence of the transition threshold
energy. This study thus motivates further investigation into the mechanisms gov-
erning instability onset and mode selection in the transition between concentric
and azimuthal modulations.

5.1 Introduction

Laser-induced modulation patterns on expanding liquid microdroplets are of par-
ticular relevance in applications such as extreme-ultraviolet (EUV) light sources and
high-precision target shaping. Upon laser impact, a thin liquid sheet “target” rapidly
expands from the initial droplet, during which surface instabilities can develop.
These instabilities manifest as (thickness) modulations on the surface of the expand-
ing sheet. We distinguish two primary types of modulations: concentric modula-
tions, which appear as circular ripples centered on the original droplet axis, and
azimuthal modulations, which appear atop concentric ripples and break the axisym-
metry. In previous work [107], we identified that this phase transition is Weber
number (We) dependent: concentric modulations dominate at low Weber numbers,
while azimuthal modulations emerge at higher values. This transition was observed
to be gradual; in the investigated cases, azimuthal features first appeared atop the
outer concentric modulations. However, the underlying mechanism and its scaling
behavior remained unclear. In particular, Schubert et al. [107] reported the obser-
vation of concentric surface modulations on thin tin sheets formed from laser pulse
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impact on tin microdroplets with diameters Dy = 27,31, 45,55, and 70 pm at inter-
mediate Weber numbers ranging from ~ 1000 to 7000. Optical inspection in both
reflection and transmission modes revealed that these axisymmetric modulations,
surprisingly robust and reproducible, had wavelengths on the order of 15 pm and
amplitudes around 10 nm, appearing on sheets of radius 50 to several hundred pum
and thickness ~ 100nm. These features were interpreted as a manifestation of a
Rayleigh-Taylor (R-T) type instability at intermediate We, linking them to the more
irregular breakup dynamics at higher We studied by Klein et al. [26], although sev-
eral open questions remained.

In this study, we systematically investigate how the onset of azimuthal modulations
depends on pulse duration (7), droplet size (Do), and prepulse energy (Epp) using
nanosecond time-resolved shadowgraphy. We revisit the three-phase (R-T) model
[26] used in Schubert et al. [107] to interpret the observed concentric modulation
patterns on expanding tin sheets but find no satisfactory explanation from the model
in our preliminary analysis.

The remainder of this paper is structured as follows. Section 5.2 describes the exper-
imental methods. Section 5.3 presents the shadowgraph data and threshold iden-
tification. Section 5.4 addresses the scalings of the modulation threshold, and Sec-
tion 5.5 concludes with implications and future directions.

5.2 Experimental methods

For a description of the experimental setup, we refer the reader to our Ref.[107],
from which the presented measurements originate. Briefly, a droplet generator pro-
duces a kHz stream of liquid tin microdroplets at a temperature of 270 °C, travel-
ing at approximately 10ms~! in a vacuum environment with a base pressure of
10~ mbar. A prepulse [PP, A = 1064 nm, circularly polarized, Gaussian: dg,. ~
100pm] generates plasma upon interaction with a droplet, resulting in impulsive ac-
celeration on the order of 10'°m/s?. This drives the droplet to velocities of up to
several 100 m/s, resulting in strong radial expansion and the formation of a thin lig-
uid sheet. The sheet deformation has been studied in detail in several works [22,
23, 25, 39, 53, 70]. We employ nanosecond time-resolved shadowgraphy at 560 nm,
using spatially and temporally incoherent illumination, to image the evolving tin
sheet. Three cameras are positioned to capture side (90°), front (30°), and back (30°)
views, each paired with an illumination source placed directly opposite the respec-
tive camera. For example, the front-view camera receives both direct light from its
own opposing source and additional reflected light from the back-view illumination.
We refer to this configuration as a reflection mode setup. Additionally, we employ a
vaporization pulse [VP, A = 1064 nm, circularly polarized, Gaussian: dgy. ~ 1000um]
to gradually evaporate the expanding tin sheets [67, 107], enabling observation of
transmitted light through the thinning material. This arrangement is referred to as a
transmission mode setup.

In this study, we build upon previous work by systematically investigating how
modulation dynamics are influenced by variations in Ep,(5-105m]), T (6-30ns), and
Dy (17,27,31, and 70 pm). We characterize the dynamics of droplet propulsion using
the propulsion Weber number (We), which relates the droplet’s inertial and surface
tension forces:

We = pU?Dyo ™}, (5.1)
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where p = 7000kg/m? and ¢ = 0.55N m™! are the density and surface tension of
liquid tin, respectively. We extract the center-of-mass velocity (U) from side-view
shadowgraphs along the droplet deformation. As we increase E,,, more energy
is deposited onto the droplets surface. The deposited energy on the droplet (E,q)
accounting for the finite laser focus size and the spherical geometry of the droplet,
is given by [31]:

Eoa = Epp (1-2778/%), (5.2)

where dj, is the effective focus diameter. The center-of-mass velocity U is known [31]
to scale with the deposited energy E,q according to a power law:

U = KyE*,, (5.3)
od

with

25 um 22, 7 |04
Ky =~ 36 — x.
u < Ro ) (10ns> m/s/mJ
with & = 0.6 (experimentally determined). In summary, increasing Epp increases

Eoq, which in turn increases U, and thus raises We cf. Eq. (1).

After the prepulse strikes the droplet, it begins to deform into a sheet-like structure
on an inertial timescale 7; = Dy/U. The subsequent evolution proceeds over the

capillary timescale . = /pD3 /60, which characterizes the expansion and retraction
of the sheet due to surface tension forces acting on the rim [22, 23, 39].

5.3 Results

In the following, we first examine the transition from concentric to azimuthal mod-
ulation patterns as a function of Weber number over time. We then investigate this
transition across different pulse durations for a fixed droplet size by varying the laser
energy, at representative times during droplet deformation for two droplet sizes. Fi-
nally, we discuss the conditions under which the concentric-to-azimuthal transition
occurs.

Prior studies demonstrated that the Weber number We governs the mode selection
of a (R-T) instability [26, 107]. Figure 5.1 presents the temporal evolution of the
modulation patterns, shown as a function of normalized time (¢/7. increasing left
to right) for four distinct Weber numbers (We increasing from top to bottom). We
vary the Weber numbers by adjusting the PP energy, while keeping both the PP
duration (T = 10ns) and the droplet diameter (Dy = 31 um) constant. Increasing
the PP energy translates into an increase of the propulsion velocity and thus into an
increase of Weber number (see Eq. 5.1).

At lower Weber numbers (e.g., for We = 1700 and We = 2200), the droplet exhibits
a concentric reflective pattern, as discussed in prior work [107]. In contrast, at higher
Weber numbers (e.g., for We = 17900), the pattern is fully azimuthally modulated.
Fully azimuthal modulations lead to hole formation at late times (see at We = 17 900)
as investigated by Klein et. al [26]. It is worth noting that at higher Weber numbers,
the resulting sheet is also significantly larger as the center-of-mass propulsion U is
related to a radial expansion velocity Ry such that, typically, Ro/U > 1 [24]. We
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FIGURE 5.1: Shadowgraphs for Weber number (We; increasing top to bottom) and
dimensionless time (t/1; increasing left to right), for a 31 uym diameter tin droplet
impacted by a 10 ns prepulse.

observe that at We ~ 4700, azimuthal modulations consistently emerge atop con-
centric patterns on the sheet surface at early times (e.g., at t/7. = 0.16). These az-
imuthal features appear on top of concentric surface modulations. We interpret the
simultaneous emergence of both concentric and azimuthal modulations as a thresh-
old phenomenon.

Crucially, we find (cf. Fig.5.2) that once azimuthal modulations appear atop of con-
centric modulations, they persist throughout the entire droplet deformation process.
This suggests that the transition from concentric to azimuthal structures is not pri-
mally driven by the temporal evolution of the sheet, but is instead determined at an
early stage, likely during or shortly after the prepulse-droplet interaction. We there-
fore conclude that the onset of azimuthal modulation is effectively time-independent,
and classify the modulation type for a given Weber number as concentric, threshold,
or azimuthal, based on observations made up to the apex of the sheet expansion
(t/ 1. =~ 0.4).

In the previous work [107] we concluded with a 1-D ray-tracing model that the ob-
servable reflective region with our imaging system corresponds to surface angles
below approximately 1°. Notably, the reflective area evolves during the target defor-
mation but remains centered and consistently smaller than the full sheet radius. Ini-
tially, the radial growth of the reflective area follows the sheet expansion but peaks
before the sheet reaches its maximum radius. Additionally, concentric ripples stretch
over time (see Fig. 5.2, We = 1700, between t/7. ~ 0.2 and /7. ~ 0.4). We do not
further analyze these secondary effects in this work, as the goal is to only identify
the criteria for the onset of azimuthal modulations. Note, for We = 17900, the shad-
owgraph images appear increasingly blurred over time. This is due to the imaging
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plane in the shadowgraphy setup not being perfectly adjusted to follow the rapidly
evolving shape of the deforming target.

Figure 5.2 presents shadowgraphs of a 27 ym diameter droplet subjected to various
pulse durations (T = 6-20ns; increasing from left to right) and increasing prepulse
energies Epp, (from top to bottom), with one representative frame shown for each
case. We organize the rows by E,,, rather than Weber number, as the latter varies
for each specific combination of T and Epp due to the dependency on the scaling
factor Ky in Eq. 5.3. Reflection-mode shadowgraph images are shown for 6, 8, and
10ns pulses, captured at approximately t/7. ~ 0.2, while transmission-mode shad-
owgraph images are shown for 10, 15, and 20 ns pulses, recorded around ¢/ 7. ~ 0.4.
For a given droplet size, long pulses lead to pronounced sheet curvature effects [108],
which limits imaging in reflection mode. By utilizing both reflection and transmis-
sion imaging modes, we are able to investigate a broader range of pulse durations
T across various droplet diameters Dy. Therefore, we employ transmission-mode
imaging to mitigate visibility limitations in reflection mode for large pulse lengths.
The image crops are adjusted individually to best highlight the relevant sheet fea-
tures for each pulse duration.
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FIGURE 5.2: Shadowgraphs of a 27 um diameter droplet subjected to varying pre-
pulse durations (7; increasing from left to right) and energies (Epp; increasing from
top to bottom). Reflection-mode shadowgraphs (only PP) are captured around
t/7t. ~ 0.2, while transmission-mode shadowgraphs (PP + VP for visualization) are
recorded around t/7T. = 0.4. Threshold cases are framed in red. Note that the last
two rows each contain multiple E,, values; these values are arranged top to bottom
in the same order as left to right in the corresponding shadowgraphs.
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Given the temporal stability for the onset of azimuthal modulations established in
Fig. 5.1, and the similarity of features observed in both reflection and transmission
modes at 10ns, we confirm that transmission imaging, despite being captured at
a later time, is equally suitable for identifying the modulation type. We highlight
frames with a red square to indicate what we identify as a threshold case. Note that,
after the onset, the spreading of azimuthal modulations over the sheet occurs grad-
ually with increasing PP energy. Overall, we find that the phase transition occurs at
lower Ey, values for shorter 7, suggesting that the onset of azimuthal modulation is
at least in part governed by PP intensity (see Discussion Sec. 5.4). For 15ns and 20 ns
pulse durations, concentric modulations persist up to 45 mJ and 30 m]J, respectively,
without clear evidence of azimuthal onset. Notably, at the highest investigated en-
ergies for these durations (105 and 70 m]), the resulting patterns deviate from purely
concentric modulation but also differ qualitatively from the fully azimuthal cases
observed at 10ns and 70m]J. This suggests that either the phase transition is not
fully achieved at longer pulse durations, or the resulting azimuthal modulation am-
plitudes remain significantly lower under these conditions.

Similarly, Fig. 5.3 presents the modulation transition for three pulse durations (12,
15, and 20ns) at a larger Dy (70 pm). Although a similar trend of a lower Ey, for
shorter T is observed, the absolute threshold energies differ when comparing the
27 and 70 um diameter droplet cases. This suggests that a (yet hypothetical) critical
intensity required for the onset of azimuthal modulation is dependent on the droplet
size.
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20

FIGURE 5.3: Shadowgraphs of a 70 um diameter droplet subjected to varying pre-
pulse durations (7; increasing from left to right) and energies (Epp; increasing from
top to bottom). For cases with two energies in the same row, the upper value corre-
sponds to the leftmost shadowgraph. Reflection-mode shadowgraphs are captured
around t/7. ~ 0.2.
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5.4 Discussion

In the following, we quantitatively analyze the transition cases and revisit the three-
phase Rayleigh-Taylor (R-T) instability model of Klein et al. [26].
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FIGURE 5.4: (a) Modulation threshold prepulse energy Ey, (onset of azimuthal mod-
ulations atop concentric patterns) as a function of pulse duration for various droplet
sizes. (b) Effective energy deposited on the droplet (E,q) as a function of pulse du-
ration (7).

To quantitatively assess the suggested intensity dependence on droplet size, Fig-
ure 5.4(a) shows the modulation threshold energy Ey, as a function of pulse dura-
tion T for various droplet sizes Dy, including the exemplary cases of Dy = 27 pm
and Dy = 70 um, along with additional cases for which the onset of azimuthal mod-
ulation was similarly identified. This plot demonstrates that no universal threshold
energy Ey, exists for a given pulse duration. For a fixed Dy, shorter 7 yield lower
Ew, suggesting an intensity-driven transition. However, it is also clear that any such
threshold intensity appears to be a function of the size of the droplet (given that a
similar Ey, is required for large and small droplets but at very different values for 7).
This trend looks similar for the Weber number, given its relation to E,, (see Eq. 5.1,
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5.2, and 5.3) cf. Fig. 5.5 in the Appendix. However, since larger droplets overlap
more of the PP beam, it is instructive to consider the actual deposited energy on
the droplet, given also that prior studies e.g. on droplet propulsion have found this
deposited energy to be the key governing quantity. Therefore, in Figure 5.4(b), we
plot the deposited energy E,q, calculated from the threshold energy using Eq. 5.2,
for each droplet-laser pulse duration combination. We observe that the E,q values
converge across different Dy onto a common trend. This plotting may help explain
why larger droplets require lower Ey, for the same pulse duration, as they absorb
a greater fraction of the laser energy. However, energy deposition alone does not
alone govern the modulation threshold, and the threshold itself appears to be inten-
sity dependent.

In an attempt to better understand the threshold behavior, we next revisit R-T model
proposed by Klein et al. [26], which predicts surface modulation wavenumbers k,
amplitudes 7, and the eventual sheet hole formation time. This three-phase R-T
model was employed previously by Schubert et al. [107] to interpret the observation
of fully concentric surface modulations on tin sheets, finding qualitative agreement
between theory and experiment. Briefly, the R-T instability cf. [26] requires an accel-
eration normal to the fluid interface, provided in our case by plasma pressure acting
orthogonally on the initially undeformed droplet surface. This defines phase 1 of
the model, where initial perturbations are seeded. Once the laser pulse ends, the
external acceleration ceases, halting further mode amplification. In phase 2, permit-
ted perturbations grow only inertially, driven by the momentum transferred dur-
ing phase 1. In phase 3, both the sheet and its surface modulations undergo radial
stretching, eventually leading to hole formation and the onset of sheet rupture. The
resulting expression for the dominant modulation wavenumber evolution in the fi-
nal, stretching phase 3, is given by:

(Ek,cm / Ek,d ) 14
3Ry

where Ry is the initial droplet radius, and f= t/t. is the dimensionless time. We
introduce the energy partitioning [26, 107]

Exa/Execm = Weq/We, (5.5)

to translate between the two Weber numbers and the underlying kinetic energy in
deformation vs translation. In the following, we present a hypothesis based on the
wavenumber and amplitude predicted by the R-T model.

First principle reasoning

From first principles, the observation of higher wavenumbers at higher Weber num-
bers is not unexpected, as the R-T model predicts the fastest-growing mode at the
end of phase 2 to be

. Wel/4 \/7
kmax = ~ v We. 5.6
max \/37:[_1 ( )
Given that the Weber number correlates with the deposited laser energy as We ~
U? ~ E!2, one can hypothesize that higher wavenumbers become accessible at

higher E,q and appear atop the concentric modes, as kmax ~ ng. This reasoning
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is in line with Ref. [107], where a suppression of azimuthal modulations at interme-
diate Weber numbers was hypothesized to be due to the (integer) number of waves
that would need to fit on a concentric wave. However, it does not explain why the
modulation threshold E,q depends on droplet size and increases with pulse dura-
tion.

Amplitude Ansatz

Therefore, we take as a first Ansatz that there is a critical amplitude that defines when
the transition to azimuthal modulations occurs. The normalized modulation ampli-
tude 77 = 1/ Ry evolves from the initial noise as [26]:

A

7(F) = foh(F)We (Exa/Exem) /£, (5.7)

where )y is the initial perturbation amplitude, /() represents the normalized sheet
thickness evolution, and We is the Weber number. This instantaneous modulation
amplitude rewritten by substituting /1(f) ~ R(f)~2 ~ Weq~'#~2 so we find:

() ~ fo(We/Weq) (Exa/Eiem) * 1/1, (5.8)

which, taking into account the energy partitioning [cf. Eq. 5.5], is independent of the
Weber number:

() ~ o (Exa/Exem) >/ *1/1. (5.9)

We may hypothesize that the threshold behavior can be captured in the form of a
threshold amplitude exceeded at early times. However, from the above equation, it
becomes clear that the instantaneous modulation amplitude is Weber number- and
droplet size-independent apart from a weak, indirect dependence via the energy
partitioning. From previous studies [102] we know that Ey q/Ey .y increases with
droplet size all other things remaining constant and assuming a finite focal size.
Thus, this dependence on the energy partitioning in Eq. 5.9, again with all other
things being constant, leads to a reduced amplitude for the bigger droplets. This
dependence does not lead to any insight into why the threshold amplitude would
reduce with the size of the droplet. Thus, our hypothesis leads to the conclusion
that the initial “thermal” noise amplitude, 7o, sets the threshold, defining a critical
initial noise amplitude 7. that is independent of time. This is consistent with our
observation that the threshold behavior is independent of the observation time (see
Fig. 5.1, limited to phase 3). Naively, we may expect a dependence of this initial
noise on the laser intensity via the plasma temperature near the surface 7o ~ T ~ /T
which, however, again does not lead to insight into why the critical intensity would
reduce with the size of the droplet.

In sum, we find from our preliminary analysis, in terms of the three-phase R-T model
in tandem with our Ansatz of a critical modulation amplitude, no overall explana-
tion of the key observations in this study. Alternative Ansatzes or dedicated numer-
ical simulations may yield new insights into the underlying mechanisms and should
be explored in future work.
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5.5 Conclusion

In this study, we investigated the onset of azimuthal modulation patterns on laser-
impacted tin droplets by systematically varying the Weber number, pulse duration,
and droplet size. Time-resolved imaging reveals a gradual transition from concen-
tric to azimuthal modes, with azimuthal features appearing early and persisting
throughout the deformation. We revisit the Rayleigh-Taylor (R-T) framework with
which we, in previous work, qualitatively found agreement with wavenumbers for
concentric sheet perturbations for intermediate Weber numbers. The R-T model pre-
dicts kmax ~ We'/2 at the end of phase 2, suggesting that higher perturbation modes
become accessible at higher E,q and emerge atop the concentric pattern. However,
this does not straightforwardly explain why the modulation threshold E,q depends
on droplet size and increases with pulse duration. Also the Ansatz of a critical mod-
ulation amplitude underlying the transition does not explain the transition thresh-
old. Our findings motivate future high-resolution simulations to better resolve the
underlying physics and support improved control in applications such as EUV light
generation.
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Appendix

We reprint Fig. 5.4(a) below with the y-axis showing the propulsion Weber number
instead of the (directly correlated) threshold pulse energy Ey,. The relation between
Weber number and the pulse energy E,p, given a pulse duration and droplet diame-
ter, can be obtained (assuming for simplicity d¢,. > Dy) combining Egs. 5.1, 5.2, and
5.3 in We ~ U?Dg ~ (KyE%)2Dy ~ Ellj‘gro‘s/Do. The Fig. 5.5 shows trends identi-
cal to those presented in Fig. 5.4(a) in the main text and enables the direct conclusion
that any critical Weber number is a function of both pulse duration as well as droplet

size.
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93

Chapter 6

Conclusions & Outlook

This thesis investigates laser-matter interactions that govern the dynamic response
of liquid tin droplets and expanding sheets to pulsed laser irradiation. These inter-
actions are directly relevant for optimizing target design in next-generation extreme-
ultraviolet (EUV) nanolithography systems. The central aim is to understand how
liquid tin responds to the vaporization pulse (VP) and prepulse (PP), both of which
play a critical role in shaping and controlling the morphology of tin targets before
exposure to the high-energy main pulse (MP). From this overarching objective, two
fundamental research questions emerge:

1. What are the governing mechanisms in the interaction between a nanosecond
laser pulse and a free-flying liquid tin sheet?

2. What causes the surface modulations observed on expanding free-flying lig-
uid tin sheets?

Through a series of carefully designed experiments and supporting numerical mod-
els, this thesis provides a detailed exploration of these two questions across four
main Chapters.

6.1 Summary of findings

Chapter 2 investigated the vaporization behavior of flat liquid tin sheets subjected
to low-intensity vaporization pulse (VP) irradiation (100 ns temporal and spatial box
pulse). By combining time-resolved shadowgraphy with a resolution of 5ns and a 1-
D numerical heating and vaporization model, we identified the vaporization process
as gradual and governed by the Hertz-Knudsen equation. We established a clear
linear relationship between the vaporization rate and the laser intensity 1 = A - Iyp,
where the proportionality constant A = 1.0(3) 10~ ms~!/Wem 2 was determined
by fitting the experimental data. Our findings indicate that within the investigated
VP intensity range, the vaporization dynamic is governed solely by the deposited
laser fluence. We find good agreement between experimental observations and sim-
ulations, confirming the predictive capability of our model and offering valuable
insights for future laser-based target-shaping strategies.

In Chapter 3, we investigated plasma formation on expanding sheets under higher-
intensity VP irradiation (compared to the previous Chapter). We found that plasma
formation is localized and thickness-dependent, initiating at the center where condi-
tions first satisfy the breakdown threshold, and subsequently propagating outward.
A reproducible inflection point in the temporal photodiode transmission signal char-
acterizes the onset of plasma formation. The time of this inflection scales approxi-
mately as the bulk plasma onset time ~ I,3. These findings provide experimental
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evidence for local plasma dynamics and underscore the importance of pulse shaping
and intensity control in target design.

Chapter 4 focused on concentric surface modulations observed on laser-propelled
liquid tin sheets at intermediate Weber numbers. These nanometric symmetric fea-
tures were found to be highly reproducible and aligned well with predictions from a
Rayleigh-Taylor instability model proposed by Klein et al. [26], which describes the
evolution of modulation wavenumber, timing, and eventual sheet breakup. Our ex-
perimental results offer direct validation of this model in the pre-breakup regime
and demonstrate that the intermediate Weber number domain provides a well--
controlled setting for systematically studying surface modulation dynamics with
high precision.

Chapter 5 built upon the findings of the previous Chapter by systematically vary-
ing droplet size, prepulse energy, and duration to investigate the transition from a
phase of fully concentric modulations to a phase where azimuthal modulation pat-
terns appear atop the concentric ones. Our results reveal that azimuthal modulations
emerge at higher Weber numbers and initially overlay the outer concentric features.
We find that the transition from concentric to azimuthal is gradual in nature and
time-independent once established. The transition hints at a critical intensity that
is droplet-size dependent. These findings enhance our understanding of fluid in-
stabilities in rapidly expanding liquid sheets and provide further insight into the
modulation dynamics across different energy regimes.

Taken together, the four Chapters reveal a coherent picture of how laser parame-
ters can be systematically tuned to manipulate the response of liquid tin targets.
The first two Chapters show that vaporization and plasma formation are not only
intensity-dependent but also spatially and temporally localized processes that can
be accurately modeled and predicted. This establishes a foundation for designing
precise laser pulse-based strategies for shaping the liquid tin.

The final two Chapters demonstrate how relatively subtle changes in laser prepulse
parameters result in variations in surface modulations. At lower prepulse energies,
these modulations are strikingly concentric, while at higher energies, azimuthal
modulations appear atop the concentric ones as a result of underlying hydrody-
namic instabilities. These modulations provide insight into instability modes in thin
sheets produced by laser impact, a topic of particular relevance for stable target
shaping in EUV nanolithography.

Importantly, the interplay between the findings of the two research questions high-
lights a unified theme: control through understanding. This thesis provides a robust
foundation for laser pulse-tin interactions. It offers a comprehensive characteriza-
tion of laser-induced thermal and plasma dynamics of liquid tin sheets, as well as
hydrodynamic instabilities on their surfaces. These insights contribute to the physics
of laser-driven fluids and also hold direct relevance for industrial-scale applications
in EUV nanolithography.

6.2 Addressing the research questions

Accordingly, we now address the questions posed at the beginning of this thesis:
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1. The interaction between a vaporization pulse and a liquid tin sheet is gov-
erned by the local sheet thickness and laser intensity. At low intensities, va-
porization is gradual and fluence-driven, while at higher intensities, plasma
formation occurs abruptly once a critical thickness-intensity threshold is met.
Plasma initiates at thick sheet parts (centrally and rim) and propagates radi-
ally on a nanosecond time scale, a dynamic captured both in imaging and
photodiode data.

2. Surface modulations on liquid tin sheets arise from instability dynamics that
depend on the Weber number. At lower prepulse intensities, concentric pat-
terns emerge, in qualitative agreement with descriptions by a Rayleigh-Taylor
(R-T) instability model. At higher intensities, azimuthal modes occur atop
concentric modulations, marking a phase change that may reflect a shift in the
dominant instability wavenumber. This phase transition is intensity-dependent
(with a threshold intensity that depends on droplet size) and time-independent
once initiated. From our preliminary analysis, using the three-phase R-T model
in tandem with the Ansatz of a critical amplitude, we find no satisfactory ex-
planation for these observations. These findings motivate further research.

Together, these findings contribute to a more comprehensive understanding of how
laser pulses interact with deformable liquid targets. The methods and models devel-
oped here offer robust tools for the further development of advanced target schemes
in EUV applications.

6.3 Outlook

The insights gained from this thesis are relevant to both fundamental fluid dynam-
ics and applied laser-matter interaction research. From a technological perspective,
the characterization and control of tin target morphology are essential for applica-
tions such as extreme-ultraviolet (EUV) lithography, and they support the design of
tailored laser pulses for advanced target shaping. Future work should aim to refine
plasma diagnostics, enhance pulse-shaping capabilities, and advance understand-
ing of modulation instabilities through numerical fluid-dynamics simulations, e.g.,
using BASILISK C.

Simulations.—In the following, we present preliminary simulation results of mod-
ulation instability for two Weber numbers (see Fig. 6.1) and qualitatively compare
them to the three-phase model proposed by Klein et al. [26]. These simulations have
been conducted within our group by Pires using BASILISK C and illustrate the mode
selection process on the inertial time scale t;.

In the simulations presented in Fig. 6.1, the driving surface pressure is defined as

ps(t,0) = A(t) - f(6,1),

where A(t) is a time-dependent pressure amplitude modeled as a Gaussian pulse:

A(E) = Amax - exp (—“‘”2) ,

202
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and the angular pressure distribution is given by:

f(6,t) = fo(0) +a-n(6,t),

with fo(0) the normalized pressure profile (we here take a raised cosine function
following Ref. [108]) and the noise term « - n(6, t) that introduces small-scale pertur-
bations, where « is the amplitude of the noise perturbation, set to a small percentage
relative to the peak pressure, and n(6,t) is a normalized (white) noise field. Note
that for the following simulations, a constant noise amplitude is applied across the
pressure profile.

The y-axis in Figure 6.1 indicates the non-dimensional wavenumber k = kR, the
x-axis shows the normalized time ¢/ T, and the amplitude is plotted along the z-axis
on a logarithmic scale, ranging from 0.1 (dark blue) to 100 (yellow). The red line
marks the minimum resolvable spatial frequency, corresponding to the sheet radial
size 27t/ R.

Comparison.—To enable the direct comparison between the simulation results and
the theoretical predictions of the three-phase R-T model (cyan line) in Fig. 6.1, we re-
arrange and combine the relevant equations to express the dominant wavenumber
in terms of simulation parameters, such as the Weber number and the inertial time
scale. Briefly, the three-phase R-T instability model of Ref. [26] assumes an acceler-
ation normal to the fluid interface, provided in our case by plasma pressure acting
orthogonally on the initially undeformed droplet surface. In phase 1 of the model,
the droplet undergoes an impulsive acceleration during which initial perturbations
are seeded (0 < t < 7), with 7 as the duration of the laser pulse. Once the laser
pulse ends, the external acceleration ceases. In phase 2, the droplet expands into a
sheet and the permitted perturbations grow inertially (7. < t < 1) with 7 as the
inertial time of the droplet. In phase 3, both the sheet and its surface modulations
undergo radial stretching, eventually leading to hole formation (7 < t < t;) with t,
as sheet breaking time. The dominant wavenumber k() = k(t/1.) according to the
three-phase R-T model [26] is given by:

(Ek,cm/Ek,d)l/4 1

k(t) = K ~ — 6.1
< ) 3tRy 3tRy (61)

where we simplify by assuming Ey n/Exq ~ 1. In the simulation, the capillary
time scale is defined as 75™ = pR3/c and the Weber number is given by Wes™ =
pUzRotfl, where Ry and U denote the droplet radius and propulsion, respectively.
The inertial time scale is defined as 7™ = R(/U. Combining these expressions, we

yield the following relation between capillary and inertial time:
f=t/78m = We /2 /sim, 6.2)

Note that the Weber number is defined slightly differently here compared to pre-
vious Chapters, differing by a factor of 2 due to the use of the droplet radius rather
than the diameter. As a result, the simulated Weber numbers (see Fig. 6.1) correspond
to experimental values, as reported in the previous Chapters, of approximately 2000
and 5000, respectively. To compare the simulation with the R-T model [see Eq. 6.1],
we relate the capillary time scales used in simulation and experiment:

oP = \/g 75im, (6.3)
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Webers™ = 2500

w\ﬁ ﬁ\ﬂ

FIGURE 6.1: Simulation results for Weber numbers 1000 and 2500. The red line indicates the minimum resolvable frequency, 27t/ R, and the cyan
curve shows the dominant frequency predicted by the Rayleigh-Taylor model [see Eq. 6.4]. The yellow dashed line indicates the experimentally
determined wavenumber (see previous Chapter 4), which is backpropagated assuming a temporal stretching behavior ~ 1/f from its point of
determination. The vertical dashed white line at ¢ /¢; = 1 marks the end of phase 2, according to the definition provided by the R-T model [26].



98 Chapter 6. Conclusions & Outlook

Substituting Eq. 6.3 and Eq. 6.2 into Eq. 6.1, we obtain the normalized wavenumber:

B \/§ v We
_? t/Ti'

~

k(f) = k(P)Rq

(6.4)

A first comparison between the simulations the R-T model in Fig. 6.1 highlights a
similarity in the scaling of the dominant wavenumber with time. Additionally, we
find reasonable agreement for the dominant wavenumber (at late times in the sim-
ulations) with the R-T predictions (cyan line), especially for the higher Weber num-
ber case (Fig. 6.1(b)). A further preliminary analysis of the simulations (including
cases with a higher We number not shown) reveals that, at the same times (f non-
dimensionalized in the capillary time), the dominant perturbation wavenumber is
independent of the Weber number, in line with expectations from the three-phase R-
Tmodel cf. Eq. 6.1. Additional simulations (not shown) indicate a similarly weak de-
pendence of the dominant wavenumber on the noise amplitude « for values between
1% and 7 %, as expected (larger noise amplitude values led to jetting incompatible
with experimental observations). The results also show that amplitude damping of
perturbation modes occurs early, at t/7; < 1, preceding the predicted end of phase
2 according to the R-T model (marked by the vertical white dashed lines at t/7; = 1
in Fig. 6.1). This suggests that inertial growth is insufficient to overcome surface
tension effects, causing the perturbations to flatten out during phase 2. Moreover,
comparing WeS™ = 1000 and 2500 shows that the effective end of phase 2 varies
with Weber number: the higher Weber number case exhibits a slightly longer inertial
growth period. This is reflected in the extended presence of high-wavenumber con-
tent (yellow regions) approaching the white dashed line, which we attribute to the
reduced influence of surface tension at higher Weber numbers. Note that we do not
observe sheet penetration by the perturbations. This is consistent with predictions of
the R-T model as t;/t, ~ 1.3 x 1072 - We ™! (see [26]), which estimates sheet breakup
at much later times: t/5 = t/7.- VWe =~ 24 and t/75 ~ 15 for We = 1000 and
We = 2500, respectively, assuming a typical droplet radius of Ry = 15.5 pm [107].
In summary, we find good agreement between preliminary simulation results and
aspects of the theoretical predictions.

Next, we compare with experimental results. In the previous Chapter [107], we
experimentally identified a non-dimensional wavenumber of k = 2T”Ro = 6.5, mea-
sured at a later time (t/ 7. ~ 0.38) than those considered in the present simulations
(t/7 = 5), for a We number that translates to We*™ = 400. Since this value was
extracted well into phase 3 of the R-T model, the corresponding wavelength was
likely stretched, and therefore, the wavenumber is expected to be higher during the
simulated time range. To facilitate comparison, we assume a temporal stretching be-
havior ~ 1/t, and use this to extrapolate the experimental wavenumber backward
to the simulation time range (see the yellow dashed line in Fig. 6.1). However, we
note that in previous work we observed that stretching depends on the local sheet
coordinate, and thus this approach constitutes a strong simplification. As reported
in the prior Chapters, the experiments yield a dominant wavenumber that is signif-
icantly larger than the predictions from theory and simulation.

Future work.—To further refine our understanding of the origin and evolution of per-
turbation modes, future work may incorporate more BASILISK C simulations and
could explore alternative models beyond the classical R-T framework. Simulations
should be extended to cover a broader range of (larger) Weber numbers and time
ranges, with improved mesh resolution and noise amplitude profiles that reflect the



6.3. Outlook 99

actual pressure distribution rather than assuming a constant (white noise) ampli-
tude. Fully three-dimensional simulations will be essential to capture azimuthal
modulation modes. In addition, incorporating asymmetric laser irradiation profiles
into experiments may reveal new instability regimes. The preliminary simulations
shed new light on the topic; yet, despite an extensive analysis of experimental data,
the fundamental question remains open: Are the strikingly concentric ripples solely
a manifestation of a Rayleigh-Taylor-type instability? This consideration is also rel-
evant for the vaporization of sheets and the formation of plasma on sheets, as both
processes are sensitive to the local sheet thickness. As a result, variations in surface
modulation may translate into plasma formation instabilities.
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Shadowgraphy Gallery

In the following, I present several illustrative figures containing shadowgraphs from
the various categories relevant to the research questions driving this thesis: sur-
face modulations, plasma formation, early-time prepulse dynamics, and low-Weber-
number oscillations. Although not included in the core of my thesis, these examples
offer valuable insight. Each figure description consists of two parts: the first pro-
vides an objective account of the observation, while the second part, indicated by >,
offers a brief interpretation.

Surface modulations

FIGURE 6.2: Three front (left) and back (right) views of liquid tin sheets for increas-
ing Weber numbers (left to right). > This suggests that the front and back side show
an identical modulation pattern throughout the phase transition from concentric to
azimuthal.
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() (b)

G

At=60ns 70ns 80ns 60ns
FIGURE 6.3: Zoomed-in shadowgraphy frames following the partial vaporization
of a liquid tin sheet. At indicates the time after the start of the 50 ns vaporization
pulse. > (a) Coalescence between freely flying thickness modulations is observed.

(b) Comparison between the back side (left) and the front side (right) highlights that
non-vaporized tin continues to reflect shadowgraphy light.

0.12 0.18 0.24 0.30 0.36

FIGURE 6.4: Front view of the liquid tin sheet, where the left side of each frame
corresponds to t/7. = 0.12, and the right side shows a later timestep as indicated
by the value on top of the frames. > The sequence highlights the temporal evolu-
tion of the observed ripples, including azimuthal modulations, widening, and radial
stretching. Furthermore, it suggests that inner concentric ripples gradually acquire
azimuthal features over time.
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FIGURE 6.5: Shadowgraphy frames following the partial vaporization of a liquid
tin sheet. Time indicates the delay after the end of the vaporization pulse. >
The sequence highlights several physical phenomena, such as the coalescence of
freely flying thickness modulations and the onset of breakup, likely driven by a
Rayleigh—Plateau instability. Figure developed with Mikheil Kharbedia (ARCNL).
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FIGURE 6.6: Plasma threshold measurement using a small imaged VP spot on a
sheet to probe a region of uniform thickness. The VP laser fluence increases from
left to right and top to bottom. > At low fluences, vaporization occurs; at higher
fluences, plasma formation (i.e., a light-emitting region) is observed. The size of the
vaporized or plasma spot increases with VP fluence, indicating that the VP beam’s
intensity profile is nonuniform. This also highlights the distinct thickness and inten-

sity requirements for the sheet to (i) remain intact, (ii) undergo evaporation accord-
ing to the Hertz-Knudsen [67], or (iii) enable plasma formation (see Chapter 3).

Plasma formation
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Early-time prepulse dynamics

20ns 40ns 50ns 60ns 70ns 80ns 100ns

234.46

FIGURE 6.7: Early-time shadowgraphs captured using laser light obtained from an
optical parametric oscillator (OPO) as the imaging laser (instead of green light at
560nm, as used previously) are shown for different air wavelengths (rows) and
various delays (columns) after the prepulse (PP) impact on the droplet. > Obser-
vations at different wavelengths reveal varying absorption levels, which highlight
rapid vapor expansion during and after PP irradiation of the droplet (on the order
of kms™1). As the vapor rarefies, slower-propagating density waves become visible
around 60 ns.
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Low-Weber-number oscillations

Further details will be presented in an upcoming publication by M. Kharbedia et al.
(see List of Publications).
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FIGURE 6.8: A 50 pm-diameter droplet that is irradiated by a 6ns prepulse with
0.4m] energy. > As result, capillary waves are observed traveling from left to right
in response, colliding on the right side.
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"

FIGURE 6.9: A 70 pm-diameter droplet irradiated by a 6 ns prepulse with 0.6 mJ en-
ergy. > As a result, capillary waves, colliding on the right side, lead to droplet
splitting.

55 bs ' .

22.8 us 26.7 pis] (28.6 ps) 32.5 pis | (36.4 s
< > e Ge e

441 us 51.8 us 53.8 us
GDe @De Gnoe [ L) [ S

o L A @ o [ (

FIGURE 6.10: A 70 pm-diameter droplet irradiated by a 6 ns prepulse with 0.7 m]
energy. > As a result, capillary waves, colliding on the right side, lead to droplet

dripping.
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FIGURE 6.11: A 70 pm-diameter droplet irradiated by a 6ns prepulse with 1.1 mJ
energy. > As a result, capillary waves, colliding on the right side, lead to droplet
jetting (see C. Clanet and J. Lasheras, Transition from Dripping to Jetting, J. Fluid Mech.
383, 307-326 (1999).
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Furthermore, H. K. Schubert contributed to five invention disclosure files (IDFs), of
which two resulted in granted patents. The outcome of an IDF may be (i) a patent,
(ii) a publication, (iii) an archive, or (iv) confidentiality (“keep secret”). Importantly,
the chosen outcome reflects a business decision rather than an assessment of the
invention’s quality.
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