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Chapter 1

Introduction

Micro-electronic devices are the core of many tools we use in our everyday life.
Their performance has been pushed by the semiconductor industry over past decades
since the invention of the transistor (Nobel Prize for Shockley, Bardeen and Brat-
tain in 1956) and its development into an integrated circuit (Nobel Prize for Alferov,
Kroemer and Kilby in 2000). The development of shrinking the sizes of electronic
elements leading to ever denser packing of integrated circuitry led Gordon Moore,
founder of Intel company, in 1965 to the observation and prediction that the number
of transistors on a microelectronic chip doubles every year [1]. This is represented in
Fig. 1.1(left). In 1975 the statement was revised to a doubling every two years [2].
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Figure 1.1: A trend of the amount of components per integrated circuit (left) predicted
by G. Moore in 1965 (reprinted from Ref. [1]) and (right) as observed over the past five
decades (adapted from Ref. [3]).
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Moore’s prediction that this rapid development would sustain at the same pace
over years to come has become known as Moore’s law. This empirical law evolved
from a prediction to a driving principle for the chip-manufacturing industry, and
eventually even to a roadmap, the International Technology Roadmap for Semicon-
ductors, with participation of industry associations on three different continents [3,
4]. Indeed, as is shown in Fig. 1.1(right) Moore’s law has been kept alive over the
past five decades [3, 5]. A sustained increase of the density of elements on com-
puter chips remains a challenge to industry and ignites technologies and scientific
developments beyond the state-of-the-art.

One of the crucial processes underlying this trend is photolithography [6, 7].
It is a photochemical process where a coated silicon wafer covered with a layer of
photoresist is exposed to light through a mask with a specific structure [8]. This
structure corresponds to a future circuit on a layer of a semiconductor chip. After
the exposure and subsequent development, the photoresist forms a planar struc-
ture that leaves only a certain area on the wafer exposed to the next steps, such as
etching, ion implantation, and deposition. In this chain of repetitive manufactur-
ing steps (see Fig. 1.2) photolithography plays a key role by ensuring the transfer
of desired structures on the nanometer scale. The Critical Dimension (CD), or
resolution, is the minimum feature size that can be printed in the photoresist. It
is conventionally written as:

CD = k1 ×
λ

NA . (1.1)

Here, k1, typically 0.3–0.4, is a parameter that depends on the characteristics
of a specific lithography process, such as the photoresist, type of the mask and
its pattern; λ is the wavelength of the exposing light, and NA is the numerical
aperture of the exposure tool. Steady progress in shrinking the minimum size

Figure 1.2: Main manufacturing steps of a semiconductor device (reproduced from
Ref. [9]).
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of the elements on a chip is supported by improvement of all three parameters.
The wavelength went through several steps of reduction: 365 nm, 248 nm, 193 nm,
and, the most recent one, 13.5 nm [10]. The photolithography process and the
chemical species of the photoresist depend on the wavelength of the light chosen
to expose the wafer. For each system with a specific wavelength, the numerical
aperture experienced several improvement steps as well. For example, for the 193-
nm-wavelength systems, the latest big step was made by introducing the immersion
technique with NA>1, which made it possible to produce modern chips with feature
sizes down to 10 nm.

EUV lithography
After over 20 years of research and development, lithography in the extreme-
ultraviolet wavelength range (EUVL) is now being used by the main semiconductor
manufacturers [11]. In 2018, EUVL became possible for high-volume manufactur-
ing (HVM) after passing the threshold of EUV light source power of 250Watts [12].
State-of-the-art sources of extreme-ultraviolet light employ tin plasma as an emit-
ting medium in which a certain charge state population is reached by interaction
with a high-intensity 10-µm-wavelength pulse from a CO2 laser [13]. The produced
light with a spectral peak at 13.5 nm is collected and transferred by means of Mo/Si
multilayer mirrors. Due to their limited reflectance (max ∼ 70%) and a small band-
width (±1%), only a small fraction of the produced light can be effectively used
for lithography. After bouncing from several mirrors that are needed to image and
demagnify the pattern of the mask (reticle), the intensity of the EUV radiation
drops significantly before it reaches the photoresist layer on the wafer. A contin-
uous demand for ever more powerful light sources provides an ongoing challenge
to industry as well as to the scientific community. Profound understanding of the
atomic plasma processes during the laser-matter interaction is crucial to increase
the conversion efficiency (CE) of the drive laser energy into EUV radiation in the
aforementioned “in-band” 2% bandwidth around 13.5 nm.

Another challenge is the lifetime of the source, which is affected by many param-
eters, but primarily by the degradation of the first mirror. This first, “collector”
mirror focuses the in-band EUV light that is emitted in the laser-facing hemisphere,
to the other optic elements inside the lithography tool. Its location in the vicinity
of the plasma could potentially result in very fast contamination caused by both
neutral and charged particles (debris) originating from the laser-matter interaction
[13–16]. A continuous flow of hydrogen gas is directed inside the vessel in order
to capture the high influx of tin debris. By exchanging the momentum in multiple
collisions with energetic tin ions, the hydrogen molecules slow down the ionic debris
and redirect it toward the vacuum exhaust. Hydrogen was chosen as a compromise
between low stopping power per particle (in view of its low atomic mass) and the



4 Chapter 1. Introduction

high transmissivity for EUV light. Moreover, hydrogen radicals formed near the
primary plasma can etch away any tin deposited on the collector mirror, forming
a stannane gas (SnH4) that should also be removed from the collector mirror be-
fore its dissociation. Another approach, a magnetic guidance technique has also
shown its benefit in redirecting high-energy tin ions from the mirror. However,
this requires high magnetic fields and a hydrogen flow is still needed for debris
mitigation [17].

In case of laser interaction with a solid tin target, a significant amount of tin is
ejected as debris particles harmful for the source performance [17, 18]. Therefore,
to reduce contamination of the EUV source, several other geometries for tin targets
were explored, delivering reduced amounts of redundant “fuel”. Target concepts as
sprays, rotating cylinders or disks, and tin jets were tested [19]. However, it was
shown that the most practical way of delivering tin is in the form of mass-limited
spherical microdroplet targets. Limiting the available tin mass interacting with the
laser pulse by providing the tin in small, isolated droplets results in a significant
reduction of debris inside the source vessel.

For a stable and efficient interaction with the laser pulse the droplets, obtained
by a controlled coalescence of small droplets originating from a breakup of a liquid
tin jet, should be produced with reproducible temporal and spatial characteristics.
Moreover, the laser-droplet interaction event can affect the shape and position of
the subsequent droplet, which in turn may result in a reduction of the produced
EUV light. It was found that the droplet stream should have a large velocity
(∼100m/s) in order to ensure high power operation at the required high, 50-kHz
repetition rate [18]. All these requirements have significant impact on the design
of the EUV source.

The high-power CO2 lasers that were chosen to drive the tin plasma in EUV
light sources have a wavelength of 10.6µm. The main reasons for that were
high conversion efficiency of the laser light of this wavelength into the desired
13.5(±1%) nm, and availability of such high-power laser for industrial applications.
To provide an optimum coupling between the drive laser light and the tin mass,
the spherical liquid droplet is typically first deformed into some suitable target
shape. For this purpose, in current industrial systems a separate pulse, a so called
“pre-pulse” is used [18] (see Fig. 1.3). This pulse, with a duration of a few tens of
nanoseconds at an intensity sufficient to ablate a small fraction of the tin droplet
(∼1%), is capable of producing tin plasma on the laser-facing side of the droplet.
Formed within the duration of the laser pulse, this plasma eventually expands,
giving a rise to a pressure kick to the remaining part of the droplet [20–22]. Such
an impact expands the droplet and accelerates its center-of-mass away from the
laser interaction zone. By choosing the appropriate laser intensity, the droplet
can be expanded into a thin disk-like shape that in a couple of microseconds after
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Figure 1.3: Simplified schematics of the laser-droplet interaction in EUV light sources.
A spherical microdroplet hit by a laser pre-pulse (PP). The droplet is propelled and
reshaped into a (tilted) disk target suitable for the main-pulse laser irradiation (MP).
Highly-ionized, EUV emitting tin plasma is created as a result of the high energy main-
pulse laser impact. A multilayer mirror (left) collects the light emitted in the laser-facing
hemisphere (∼ 2π solid angle) and focuses it at the intermediate focus (IF).

the pre-pulse matches the beam size of the second, main laser pulse (∼500µm).
The main pulse carries intensity (∼ 1011 W/cm2) that is optimal for producing ion
charge states of tin that efficiently contribute to the light emission around 13.5 nm
(Sn8+–Sn14+) [23].

The EUV sources currently used by the semiconductor manufacturers utilize
pre-pulses of 10-µm wavelength and duration of several tens of nanoseconds pro-
duced by the same CO2 laser system that produces main pulses. More than 20 kW
of the input laser power is needed to produce EUV light at the level for HVM [18].
Therefore, the industry considers using separate, more efficient laser systems for
pre-pulse, thus leaving all CO2-laser power for EUV generation. One of the pos-
sible substitutes is a solid-state laser system emitting light at 1-µm wavelength.
Due to the shorter wavelength, the ablation of tin droplets is more efficient. There
are several other advantages of using separate laser system for pre-pulses, such as
separate beam paths, meaning better light isolation between pre-pulse and main
pulse, and the capability of a simplified spatial and temporal shaping. Moreover,
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it becomes possible to use a different pulse duration.
Recent developments [17, 18] produced tentative evidence for improved source

performance when replacing the ns-pre-pulse with a ps-pulse laser. The physics
dramatically changes switching from nanosecond to these picosecond laser pre-
pulses. Such very short laser pulses can produce strong shock waves that propagate
in the tin droplet, and focus right in the center of the droplet, where they lead
to explosive cavitation and spallation with absolutely spectacular results [24–30].
Such volumetric, finely dispersed target shapes are expected to be able to provide
benefits regarding main pulse absorptivity and EUV emissivity when compared to
the disk-type shapes created by nanosecond laser pulses.

This broad scope of pre-pulse physics, with the aim of producing suitable target
shapes in tin microdroplet-based laser-driven plasma sources, provides an ideal en-
vironment for combining industrial innovations with attractive scientific questions
that range from the physics of dense plasma to fluid dynamic deformations.

Thesis outline and summary
This work aims to advance the understanding of the underlying physics of the laser
target formation in state-of-the-art and future laser-produced plasma sources of
EUV light. An experimental setup, an EUV light source based on tin droplets was
constructed at ARCNL to perform studies under industrially relevant conditions as
found in next-generation EUV lithography machines. It utilizes both commercial
and home-built solid-state laser systems to perform high-resolution measurements
of the fluid and plasma dynamics governing the target formation. The detailed
description of the setup is provided in Chapter 2 of this thesis.

In Chapter 3, the first experimental results are presented as obtained with the
setup, discussing the dynamics of tin microdroplets as a result of an ablative im-
pact of 10-ns 1-µm laser pulses visualized by short-pulse stroboscopic shadowgraphy
imaging tools. The droplet propulsion is captured in a scaling law of the plasma-
imparted momentum over three decades in laser energy. The fluid-dynamic re-
sponse is described by an analytical model that also shows scalability of our results
with the results from the water-droplet experiments carried out at the University
of Twente [31]. These findings enable optimization of the laser-droplet coupling
important for reaching high CE in EUV sources.

Further, Chapter 4 provides a more detailed insight in the plasma physics un-
derlying the plasma propulsion of the droplet, combining an extensive set of ex-
perimental results with results of radiation-hydrodynamic simulations with the
RALEF-2D code [32, 33]. Good agreement was found between the experiment and
simulation for the majority of the explored laser energies, revealing a scaling law
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of the plasma-propulsion velocity of droplets with laser energy. Further, we per-
form a careful examination of the underlying physics trying to derive the obtained
scaling from the existing analytical theories and conclude that none of them can
be directly applied to our system.

The efficient operation of an EUV source highly depends on the stability and
reproducibility of the produced laser targets. Combining an analytical modeling of
the plasma pressure impact on a spherical droplet with experimental observations,
Chapter 5 discusses the sensitivity of the target tilt angle, propulsion and expansion
to the alignment of the laser beam with respect to the droplet. Then, our validated
model is used to predict sensitivities for several practical cases directly relevant for
current industrial EUV light sources.

In Chapter 6, the results from two different experimental systems, with millime-
ter-sized methyl ethyl ketone droplets (performed in the Physics of Fluids group
at the University of Twente) and tin microdroplets (performed in the EUV Plasma
Processes group ARCNL) are used in a complementary manner to understand in
detail the fragmentation of laser-impacted liquid droplets.

The impact of shorter laser pulses, 15 ps in duration, that results in cavitation-
driven expansion of tin microdroplets is discussed in Chapter 7. This type of target
is shown to be beneficial for EUV generation in some cases but still requires fur-
ther investigation of its dynamics. Combining an experimental approach with an
analytical description, the observed tin mass distributions obtained from droplets
of two different sizes are shown to be governed by a single dimensionless parame-
ter, the Weber number. A summary phase diagram (target size—laser energy) is
provided, capturing different behavior of the expanding tin droplets that depends
on the imparted laser energy.

The results obtained in this thesis enable a more thorough understanding of
physics underlying two main prepulse approaches and pave the way for even more
comprehensive studies of the final-state mass and velocity distributions after frag-
mentation of the target material.
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Chapter 2

Experimental setup

A dedicated high-vacuum setup with a droplet generator was constructed to en-
able high-quality experiments on tin-microdroplet-based laser-produced plasma. It
comprises a vacuum system with optimal optical access, microdroplet generator,
synchronization and triggering systems, drive lasers, and shadowgraph imaging
systems. These parts will be presented in this chapter.

2.1 Vacuum system
A detailed schematic of the experimental setup is shown in Fig. 2.1. The drawing
shows a side view of the cylindrical (DN200CF) stainless-steel vacuum vessel, with
a stream of droplets located on its vertical axis. The vessel has 24 equispaced
entrance ports (DN35CF) located on its circumference, 12 in the horizontal plane
and another 12 at a 30◦ angle with respect to the horizontal plane, all precisely
aligned onto the droplet’s position in the center of the chamber. Such a geometry
enables the alignment of a drive laser beam through a horizontal port and ensures
in vacuo measurements with tools aligned at various angles with respect to the
laser propagation axis. These tools are photodiodes to measure the “in-band” EUV
radiation emitted in a 2% wavelength bandwidth around 13.5 nm, EUV (∼5–25 nm)
and optical (∼200–800 nm) spectrometers, multiple ion probes and ion charge-
energy spectrometers, as well as quartz-crystal microbalance sensors. The droplet
generator is situated on the top flange of the vacuum chamber where it is mounted
on an edge-welded port aligner that enables steering the droplet stream.

Further, following the droplet stream, the chamber is attached to a high vac-
uum line (DN100CF). At the lower part of the vacuum line, the droplet stream hits
a tin catcher sitting at the bottom of a cross piece (DN100CF). The tin catcher is
a cylindrical volume heated by a resistive coil installed to ensure tin capture even
when coming from a highly off-axis stream of droplets. A viewport is mounted on
one of the flanges of the cross piece to enable visual inspection of the tin catcher.
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Figure 2.1: A sketch of the experimental setup with a vertical cut-out view of the
vacuum system, tin droplet generator, and tin catcher.
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Through this viewport, the droplet stream can be detected with the naked eye. An-
other flange of the cross piece is attached to a horizontally aligned T-piece continu-
ing the vacuum line. The T-piece is connected with the high vacuum line through a
pneumatically actuated ultra-high-vacuum gate valve, to a 300 l/m turbo-molecular
pump (nEXT300T by Edwards) backed with a scroll pump (nXDS10i by Edwards).
The other side of the T-piece is connected to the by-pass vacuum line, separated
by a manually actuated UHV gate valve (DN35CF), and connected to the same
scroll pump. The by-pass line provides an option to vent the chamber and to pump
it down without the necessity of disabling the turbo pump. For venting purposes,
the vacuum system has a connection to a nitrogen gas line. Pressure in the vac-
uum system is monitored with a wide-range pressure gauge (WRG-SL-DN40CF
by Edwards) that combines a Pirani type for the upper pressure range, with an
inverted magnetron type for the lower range. Typically obtained base pressures in
the chamber were ∼ 10−7 mbar. Buffer gas (H2 or Ar) fed from a gas tank can be
added in a controlled manner by means of a variable leak valve (DN35CF) that is
directly attached to the chamber. In this case, for a better accuracy, the pressure
can be monitored by a capacitance-type vacuum gauge (DN16CF Ceravac CTR
100N 10Torr by Leybold).

2.2 Microdroplet generator
The droplet generator is shown in the top part of Fig. 2.1. It includes a heated
high-pressure molybdenum tank loaded with tin, a replaceable nozzle assembly
with a filter and a piezo-actuated capillary, and a heater for the nozzle assembly.
The nozzle assembly is attached to the bottom of the tin tank through a VCR
fitting connection sealed with a replaceable plastic ring. The top flange of the
tank has two feedthrough connections to a high-pressure argon gas and vacuum
lines. Prior to the start of an experiment, the tank is loaded with solid tin in
form of shots (99.995% purity) and/or cylindrical bulks (99.999% purity), at a
maximum load capacity of ∼1 kg. Once the tank is filled with tin and pumped
down to a suitable vacuum pressure (< 10−3 mbar) and the pressure in the main
vessel reached a value below 5×10−7 mbar, the heating process is started by means
of resistive heating elements connected to power supplies (SM70-AR-24 by Delta
Elektronika). Temperature values of the tank, nozzle heater, and the tin catcher are
monitored by thermocouple probes (Type K by RS Pro), the readout of which is fed
to programmable digital controllers (E5AC by OMRON) connected to the heating
power supplies. Such a system enables controlled and stressless, slow (2◦C/min)
heating of the delicate elements of the droplet generator. The typical temperature
of the droplet generator set during experiments is 260◦C, which is well above the
melting point of tin (232◦C). The temperature of the tin catcher is typically higher
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(> 270◦C), since the catcher’s cone-shaped extension, that acts as a radiator, can
be expected to have a lower temperature than that measured at the location of the
thermocouple probe. Its temperature needs to be high enough to avoid producing
structures of solidified tin.

After the desired temperature is reached and stabilized, the tank volume is dis-
connected from the vacuum line and pressurized with high-purity (99.9999%) argon
gas at pressures of up to 15 bar as measured by an analog manometer (by WIKA)
directly attached to the tin tank. The pressure pAr in the tank is regulated by an
electro-pneumatic proportional pressure control valve (QB1SANEEZP290PSG by
Proportion-Air) controlled by an external voltage supply. This valve is connected
to a diaphragm pump (MP 201 T by Ilmvac) and, through a pressure reducer, to
an argon gas tank. An empirically measured pressure-voltage dependence is shown
in Eq. (2.1), where pAr is the argon pressure (with respect to the vacuum) in bar,
and U is the voltage (in Volts) applied to the pressure control valve.

pAr = 1.4 + 1.96× U. (2.1)

When a certain argon pressure above the bath of molten tin is reached, a liquid
jet from the nozzle assembly propagates inside the vacuum chamber. Since the
liquid stream is subjected to Plateau-Rayleigh instabilities [34], it breaks up into
a set of small droplets. To control this process, the nozzle’s capillary is driven
by an annular piezo-crystal element powered by a waveform generator (33500B
Series by Agilent) that applies a square-pulse modulation to the stream. With
such a modulation, the stream breaks into a sequence of small droplets that have a
velocity distribution leading to their coalescence, reaching the drive laser focus in
the form of equidistantly spaced, mono-disperse microdroplets. Parameters of the
modulating signal that can be used to adjust the droplet formation are frequency,
duty cycle, and the amplitude. Typically, the droplet generator is run at several
10 kHz modulation frequency.

The tin flow through the nozzle orifice increases with the applied argon pressure.
Keeping the applied modulation frequency constant, a flow increase results in larger
inter-droplet distance due to higher droplet velocity (see Subsection 2.6). This
distance is important, since the laser-droplet interaction might disturb the next
droplet, resulting in disturbance of its shape and position at the moment of the
next laser pulse [18, 35, 36].

Additionally, larger tin flows create larger droplets produced by the droplet
generator. Droplet size also depends on the diameter of the nozzle orifice. The
setup can be operated with a wide range of droplet diameters by adjusting three
main parameters, such as size of the nozzle’s orifice, or, during operation, frequency
of the stream modulating signal and the argon gas pressure in the tank. Generally,
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the expression for the droplet diameter D0 (in µm) can be written as

D0 = B × f− 1
3 × pβAr, (2.2)

where pAr(bar) is the argon gas pressure, f (kHz) is the frequency of the signal
applied to the nozzle’s piezo element; empirical parameters B and β depend on the
orifice size of the nozzle. The −1/3 power originates from straightforward mass
conservation. In Section 2.6 these dependences are discussed in more detail, applied
to the experimental setup.

2.3 Synchronization and trigger system
Although the coalesced microdroplets are produced at a constant repetition rate, a
jitter in their velocity causes uncertainty of the droplet position at the moment of
the arrival of the drive laser pulse. To solve this problem, a droplet detection system
that actively triggers the timing of the drive laser pulse is required, maintaining
reproducible interaction with each droplet. Such a system is implemented in the
experimental setup and described in the following.

At a distance of ∼200mm from the nozzle’s orifice, and ∼3mm above the
laser-droplet interaction zone, droplets pass through a sheet of 633-nm wavelength
laser light obtained by focusing an expanded beam of a 22.5mW helium-neon
laser (HNL225R-EC by Thorlabs) by means of a cylindrical plano-convex lens with
200mm focal length. The laser sheet normal is aligned along the droplet stream
and has transverse dimensions (FWHM) of 2000µm×30µm. Passing through the
laser sheet, each droplet scatters light. This light is detected by a photo-multiplier
tube (PMT, Hamamatsu H10492) installed at a 60◦ angle with respect to the He-
Ne laser beam and has a 633-nm laser line filter (Thorlabs) in front of it in order to
suppress stray light from the plasma. The electronic signal from the PMT is filtered
by a low-pass electric filter and is displayed on a 200-MHz bandwidth oscilloscope
(Keysight DSOX3024A), the trigger output signal of which is used for triggering
the other equipment involved in the experiment. Reduction of a multi-kHz PMT
signal down to a 10-Hz signal suitable for triggering the (10 Hz) laser systems
and other equipment is achieved by introducing a hold-off time delay (∼ 99ms) on
the trigger output of the oscilloscope. In addition, in this configuration, a certain
point on the time trace of the PMT signal can be chosen as a trigger time thus
giving one more option to adjust the timing of the trigger pulse with respect to the
droplet position. The trigger pulse from the oscilloscope is fed to a programmable
transitor-to-transitor logic (TTL) pulse generator that provides a 10-Hz repetition
rate output either from the oscilloscope or, in case the input signal is not detected
in time, from its own internal clock. This additional internal trigger ascertains



14 Chapter 2. Experimental setup

that lasers are fired at regular intervals to keep a constant thermal load even if,
for example, a droplet is missed. Further, this 10-Hz signal triggers the delay sys-
tem consisting of two multi-channel digital delay generators (DG645 by Stanford
Research Systems) connected in series. These delay generators are required for
triggering the equipment used in the experiment. Accurate alignment of the laser
sheet, followed by an appropriated timing of the output delay channel of the first
delay generator that triggers the Nd:YAG drive laser, is crucial to establish the
laser-droplet interaction occurring in the center of the vacuum chamber. Since the
droplets are ejected downward along the vertical axis of the chamber, changing the
timing of the drive laser pulse can be used for systematic studies related to the
off-center laser-droplet interaction (see Chapter 5). The second delay generator is
connected through a trigger divider device that can be set to skip N trigger pulses.
This further reduction of the repetition rate is necessary for the correct operation
of the data acquisition system that is not able to process a 10-Hz data influx from
all measuring equipment at the same time.

2.4 Drive laser systems
Experiments presented in this thesis involved two Nd:YAG drive laser systems, one
with a fixed pulse duration of 10 ns, and another one providing pulses of 15 ps dura-
tion. These two laser systems give rise to very different laser-droplet interactions.
In the case of ns-long pulses, disk-like targets are obtained (Chapters 3, 4, 5, 6).
For the ps-long pulses, volumetrically distributed targets are produced through
laser-induced cavitation (Chapter 7). In the following, the main performance char-
acteristics of these lasers are discussed.

Nanosecond drive laser system

In our experiments producing disk-like targets we used 1064 nm wavelength pulses
from a seeded Nd:YAG laser operating at a 10-Hz repetition rate (Quanta-Ray 250
Pro by Spectra-Physics). The laser consists of an oscillator (two flashlamp-pumped
Nd:YAG rods) providing a maximum energy per pulse of ∼400mJ, and the ampli-
fication stage (another two flashlamp-pumped Nd:YAG rods) increasing the output
up to ∼1.3 J. This laser’s output has a flat-top spatial profile and a Gaussian-like
temporal profile with a full-width at half-maximum of 10 ns. The injection seeding
ensures single longitudinal mode operation of the laser, associated with a smooth
temporal profile. The pulse duration is measured with a 150-ps rise(fall) time
detector (DET025AL by Thorlabs) connected to a 1-GHz bandwidth oscilloscope
(MSO9104A by Keysight). Before reaching the droplet, light emitted by the laser
propagates through a number of optical components. First, the laser beam has
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an unpolarized component in its spatial structure. We employ a combination of
a 2” thin-film polarizer (TFP), a half-wave (λ/2) plate, and again a TFP to re-
move this unwanted component. In order to adjust the laser beam energy, another
combination of a λ/2 plate and a TFP is used. Changing the laser energy in this
manner, the spatial profile of the laser beam stays unaltered within the full range
of energies. The maximum attenuation of the laser beam by means of this system
is determined by the polarization extinction ratio provided by the TFP. Therefore,
to make very low-energy experiments feasible, two more TFPs are installed, trans-
mitting the laser beam with linear polarization parallel to the horizontal plane. For
the experiments requiring a different polarization setting, an optional λ/2 wave-
plate can be installed to adjust the angle of the linear polarization, or, to obtain
a circular polarization of the laser light, a λ/4 waveplate can be installed with an
appropriate alignment of its optical axis.

To reach high intensity of the laser light, the beam is focused down by means
of a plano-convex lens with anti-reflective (AR) coatings at 1064 nm on both sides.
The spatial intensity distribution is measured with a beam profiler CCD camera
(Beamage-4M by Gentec). The obtained distribution has a Gaussian profile shape
with ellipticity of > 95% (the ratio between the minor axis and the major axis).
The beam enters the vacuum chamber through its AR-coated window and hits
a droplet. Such a laser impact results in ablation and ionization of the droplet
material. The thus obtained plasma quickly expands in the vacuum, transferring
its momentum also to the rest of the liquid target. The generated plasma pressure
propels and deforms the droplet (see Chapters 3, 4, 5, 6). In case of a perfectly
circular Gaussian-like beam profile, the droplet expands into a circular disk [20,
21].

Picosecond drive laser system

The experiments with cavitation-driven expansion of tin microdroplets (see Chap-
ter 7) were performed with a Nd:YAG laser system capable of producing laser pulses
of 1064 nm wavelength with a duration ranging 15–100 ps and maximum energy per
pulse of 200mJ at a 10-Hz repetition rate. The laser system is described in more
detail in Ref. [37]. For the experiments discussed in Chapter 7, the pulse duration
was set to 15 ps and the laser beam was attenuated by means of a combination
of a λ/2 waveplate and a TFP. The focused laser beam has a Gaussian spatial
profile with an ellipticity of ∼ 90%. As in the beam path of the nanosecond drive
laser system, the beam polarization can be set to be linear, with a certain angle of
polarization, or circular.

In the experiments with both ns and ps laser pulses, laser energies are measured
with a calibrated energy meter (QE25LP-H-MB-QED-D0 by Gentec). To check the
linearity of the sensor’s response within the whole range of the energies relevant for
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our experiments, several tests with a set of neutral density filters were performed.
The tests proved excellent linearity well within the instrumental uncertainty (±3%)
stated by the manufacturer. Possible offset errors in the low energy range are below
20µJ.

2.5 Shadowgraph imaging of tin microdroplets
Visualisation of the dynamics of micrometer-sized droplets requires a high-speed
imaging system. Due to the reproducible nature of the experiments, such dynamics
can be captured in a stroboscopic manner with a low-repetition rate short-pulse il-
lumination. The experimental setup discussed in this chapter is equipped with stro-
boscopic shadowgraphy systems enabling three-side imaging of tin microdroplets
after laser impact.

2.5.1 Illumination scheme
Generally, a shadowgraphy setup consist of an illumination source, imaging ob-
jective, filter, and a light sensitive device (CCD). In the following, two types of
illumination sources used for this dissertation are described.

Near-infrared coherent light source

The shadowgraphy system used in the earlier stages of the experiment (the results
of which are reported in Chapters 3, 4, 5, 6) utilized an 850-nm wavelength pulsed
diode laser (IL30C15 by Power Technology Inc.) to produce backlight illumina-
tion. The pulse duration is adjustable within the range of 15–30 ns. Due to the
diode’s structure, the illumination background of the images has a vivid modula-
tion that fluctuates from pulse to pulse and therefore cannot be reduced with a
simple background subtraction function (see Fig. 2.3(a)).

Dye-based illumination source with limited coherence

The increase in the resolution and the overall quality of the shadowgraphy images,
comparing Chapters 3, 5 with 4, 6, and 7, was made possible by switching to an-
other illumination source of a better quality. A dye laser (Quanta-Ray PDL-2 by
Spectra-Physics) was chosen for this purpose. It consists of three dye cells (oscilla-
tor, pre-amplifier, and amplifier) connected in series and flushed with Rhodamine
6G dye dissolved in ethanol at a 2 l/min pumping rate by a dye circulator (RD 1000
by Radiant Dyes Laser Acc.). Being pumped by a 5-ns 532-nm laser pulses from
a Nd:YAG laser (Continuum Surelite III), the dye emits light with spectral peak
around 560 nm wavelength with the same pulse length. The prism disperser and
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(a)

(b)

(c)

Figure 2.3: (Left) Examples of shadowgraphy images of tin microdroplets obtained with
different illumination systems with (middle) corresponding fast Fourier transform spectra
(individually normalized for visibility), and (right) horizontal intensity profiles along the
droplet’s equator. (a) 850-nm light illumination. (b) Illumination with single-cell 560 nm
light transferred via a 600-µm-core fiber. The asymmetry in the intensity profile across
the droplet is caused by a small misalignment of the illumination light source with respect
to the imaging system. (c) Same light source as (b) but the light is transferred via a 3-mm
PMMA fiber.

the wavelength selection grating of the laser were blocked to produce the light with
limited temporal coherence to produce a speckle-free illumination background. In
this manner, the pulses coming from the oscillator into the pre-amplifier consist
of amplified spontaneous emission (ASE) and are further amplified in the ampli-
fication cell. To reduce spatial coherence, the output light was focused into a
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600-µm-diameter-core multimode fiber. With such an illumination source, the im-
ages gained in quality, although still having a clear diffraction pattern around the
imaged object (see Fig. 2.3(a)). In order to further decrease the temporal coherence
of the light, all but the pre-amplification dye cell were removed. Produced in this
manner, the illumination light consists of ASE and dye fluorescence. The images
with this illumination source were used in some experiments presented in Chap-
ters 4 and 7. Further improvement of the shadowgraphy system was achieved by
reducing the spatial coherence. The output light was coupled into a 3-mm diameter
PMMA fiber with the fiber-coupling optics being installed directly after the cell.
The shadowgraphy images obtained with this illumination source clearly show an
improvement in reducing the diffraction pattern (see Fig. 2.3(c)).

The most recent experiments that are not discussed elsewhere in this thesis
required two light sources triggered separately with a controlled delay between the
two pulses. For this purpose, a second dye cell was used in the aforementioned
way, being pumped with a separate Nd:YAG laser (Continuum Surelite III). The
output of the first cell is split into two fiber couplers for shadowgraphy at 90◦ and
150◦ with respect to the drive laser beam propagation direction and the light from
the second cell is used for the one at 210◦. This configuration of the illumination
source is shown in Fig. 2.2(top).

Transferred to the experimental setup via optical fiber, the light is collimated
and aligned through a vacuum viewport onto the droplet by a combination of a
plano-convex lens (30mm focal length) and a 2”-diameter concave mirror (200-mm
focal length). The described conditions result in a high resolution (∼4µm) of the
imaging system together with a speckle-free image background.

At the opposite side of the chamber the light, partially obscured by the droplet,
passes through a long-distance microscope (Model K2 DistaMax with CF-1/B ob-
jective and NTX tube (2x) by Infinity), a single-band bandpass filter at 560 nm
wavelength with a 20 nm FWHM bandwidth from Semrock and falls onto a CCD
camera (MANTA G-145B NIR by Allied Vision) with the sensor size of 1388×1088
pixels. Each objective with an attached camera is placed on a five-axis (x, y, z,
yaw, pitch) mount enabling precise alignment on the droplets.

Spatial calibration of the shadowgraphy imaging system is performed by imag-
ing a transparent resolution target (R1L1S1P by Thorlabs) at the location of the
droplet stream. The target, with dimensions of 18mm×18mm×1.5mm, contains
several elements for resolution and distortion tests, including three square grids,
20×20 arrays with 100, 50, and 10µm pitch. In order to avoid an uncertainty
caused by a possible non-orthogonal placement of the calibration target with re-
spect to the imaging axis, the vertical dimension of the grids was used to measure
the magnification of the imaging system. The magnification is determined by the
working distance of the microscope objective and its configuration, and for most of
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the experiment discussed here was close to 1.85µm/pixel.

2.5.2 Image analysis
The research presented here requires time-resolved measurements of the droplet
dynamics that includes tracking the position, size, and tilt angle of the produced
targets, as seen on the images obtained with the shadowgraphy system. Typically,
each measurement contains a sequence of about 1000 images from each camera. To
process such a large amount of data, an automized script based on the MATLAB
Image Processing toolbox was prepared. The main steps of the image analysis
can be described as: normalization based on an image with the corresponding illu-
mination background, binarization with a fixed threshold value, detecting relevant
objects on the binarized images and applying functions to measure their dimensions
and other properties.

To determine the correct value of the threshold intensity of the droplet profile to
measure its diameter in the experiments, a cylindrical platinum wire with diameter
similar to the droplet size is placed at the droplet position and imaged with the
same shadowgraphy system. Prior to the calibration procedure, the diameter of the
wire was measured with a scanning electron microscope (SEM) to be 49.78(9)µm,
with the uncertainty given by the variation of the wire size along its length. By
correlating this value to the outline of the wire profile on the shadowgraph images
with known pixel dimensions (see previous subsection), a corresponding intensity
threshold value of ∼28% was obtained. However, the shape of the wire profile on
the shadowgraphy images appears to be different from the droplet’s profile. There-
fore, this calibration can provide only a first estimate of the intensity threshold
value. Moreover, this value could be sensitive to illumination setting of a par-
ticular experiment. We estimate systematic uncertainties on the measurement of
the droplet size from these, and other sources of error to be below a combined
10% relative value. The here described method was applied to the measurements
described in Chapters 3–6.

To characterize the shadowgraphy system with the low-coherence illumination
(see Fig. 2.3(c)), more detailed measurements of the correct value of the threshold
corresponding to the real droplet size were performed by imaging droplet streams
ejected by the droplet generator (DG) with a ∼4.5µm nozzle size at varied pa-
rameters. Measurement results of the droplet diameter D0 obtained within a wide
range of modulation frequencies f are shown in Fig. 2.4. Taking into account mass
conservation, each data set is fitted with a simple power-law function A×f− 1

3 . By
comparing goodness of each fit, one can obtain the value of the threshold that is
valid within the explored range of droplet sizes. We find that a threshold value of
40% minimizes χ2.
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Figure 2.4: Results of the image analysis of shadowgraphy images of tin microdroplets
ejected by a ∼4.5µm nozzle at 12 bar argon gas pressure. Droplet diameters are measured
as a function of nozzle frequency obtained at different values of the threshold value. Solid
lines represent a power-law fits A×f− 1

3 . Inset is a typical line-out graph along the droplet
equator. The black dashed line depicts the results of the measurement of tin consumption
(see main text).

Another method was applied to determine the droplet size by measuring the
tin consumption from the start of streaming until its end. The DG with a sim-
ilar nozzle size (a value of 4.48µm accurately quoted by the manufacturer) was
loaded with 883.4 g of tin, while the argon pressure was maintained at 12 bar. Af-
ter 158 h and 40min the droplet streaming ended leaving ∼ 4 g of residual tin in
the tank. This corresponds to a mass flow rate of 1.54×10−3 g/s, giving a value for
A = 74.9µmkHz 1

3 . Using this value, the droplet diameter D0 (µm) for a specific
frequency f (kHz) can be obtained. The corresponding power-law function is dis-
played in Fig. 2.4 as a black dashed line. The agreement with the values obtained
with the varied threshold method (see above) is excellent. A small systematic de-
viation of about 2% is visible, which can be attributed to systematic uncertainties,
e.g., in establishing the imaging magnification.
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2.6 Characterization of the droplet stream
Characterization of the droplet stream is one of the crucial tasks on the way to
reaching desirable and stable conditions for the experiments on laser-droplet in-
teraction. After calibrating the shadowgraphy imaging, an imaged droplet stream
can be characterized in terms of droplet size, droplet and jet velocities, and inter-
droplet distance. Figure 2.5(a) shows the results of the size measurement of the
droplets of different streams. Here, the pressure of the DG was set at five different
values and the nozzle frequency was scanned within each pressure setting. Solid
lines represent power-law fits with the exponent fixed at −1/3. The only free fit
parameter, A, corresponds to the measured droplet velocity as a function of the ar-
gon gas pressure in the DG and the obtained values for it are shown in Fig. 2.5(b).
The fit (red line) is represented by the empirical equation

υd = Kυ × pβAr, (2.3)

where υd is the droplet velocity, pAr is the argon gas pressure, and Kυ and β are
the free fit parameters.

The mass flow rate through the nozzle orifice can be written as

ṁ = 4π
3 ρ(D0/2)3f = A3

6 πρ, (2.4)

where A is the fit parameter from Fig. 2.5(a). On the other hand,

ṁ = υjR
2
jπρ, (2.5)

where υj and Rj are the velocity and radius of the liquid tin jet, respectively, and
ρ is the density of liquid tin. Therefore, the expression for the jet velocity can be
written as

υj = A3

6R2
j

. (2.6)

Values for the jet velocity as function the droplet velocity can be obtained
assuming Rj ≈ 0.9 × 4.5/2 ≈ 2µm and taking the corresponding values of A
(see Fig. 2.5(c)). The numerical factor of 0.9 is a typical value for the discharge
coefficient [38] for the here relevant Reynolds numbers (∼100). Several studies of
liquid jets [39–41] agree on the same relation between jet and droplet velocities,
that can be written as

υj = υd +
√
υ2
d + υ2

c

2 , (2.7)

where the capillary velocity υc =
√

4σ
ρRj

. For a jet radius Rj ≈ 2µm and the tin
surface tension σ = 0.532N/m, the above equation is plotted in Fig. 2.5(c) as a
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dashed red line. We find good agreement with the experimentally determined data
within its ±5% uncertainty.
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Figure 2.5: (a) Droplet diameter obtained from shadowgrams (threshold value of 40%)
as a function of the nozzle modulation frequency for different values of argon gas pressure
in the tin tank. (b) Measured droplet velocity as a function of argon pressure. Only the
droplet velocity was obtained in the measurements at 9 bar. The solid red line shows a
power-law fit Eq. (2.3). (c) Jet velocity derived from the fits shown in (a) as a function
of the droplet velocity. Vertical error bars represent systematic uncertainty from the
threshold determination in the image analysis. The red dashed line is obtained from
Eq. (2.7).
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2.7 Outlook
To enable even better optical access, a new experimental setup called DALEK was
designed and constructed. It will be used in future experiments. Experiments
benefit from having more access ports aligned onto the laser-droplet interaction
zone. The new design includes 12 extra ports (DN35CF) below the horizontal plane,
aligned with axes of the top ports. This new geometry enables possibility of using
more diagnostics that require the line-of-sight alignment through the plasma. This
new system will also soon be upgraded to having a larger volume of the available
tin in the tank. To comply with this upgrade, the new tin catcher has a larger
volume as well.

To increase the resolution of the shadowgraphy system, microscope objectives
with shorter working distance, and thus higher numerical aperture, could be used.
As the size of the vacuum chamber puts constraints on this parameter, the new
design of the chamber accommodates for using re-entrant viewports. Such a view-
port (DN63CF) has a cylindrical tube extending inside vacuum, with a sealed,
replaceable window at the end. The diameter of the tube allows for placing the
microscope closer to the object plane. At a working distance of ∼ 120mm, the
obtainable resolution should be < 2µm.

These improvements in the experimental setup will enable more detailed studies
of the laser-produced plasma with a more comprehensive characterization of the
pre-pulse induced tin droplet deformation.
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Chapter 3

Plasma propulsion of
a metallic microdroplet and
its deformation upon laser
impact

D. Kurilovich, A. L. Klein, F. Torretti, A. Lassise, R. Hoekstra, W. Ubachs,
H. Gelderblom, and O. O. Versolato, Phys. Rev. Appl. 6, 014018 (2016).1

The propulsion of a liquid indium-tin micro-droplet by nanosecond-pulse laser im-
pact is experimentally investigated. We capture the physics of the droplet propul-
sion in a scaling law that accurately describes the plasma-imparted momentum
transfer over nearly three decades of pulse energy, enabling the optimization of
the laser-droplet coupling. The subsequent deformation of the droplet is described
by an analytical model that accounts for the droplet’s propulsion velocity and the
liquid properties. Comparing our findings to those from vaporization-accelerated
mm-sized water droplets, we demonstrate that the fluid dynamic response of laser-
impacted droplets is scalable and decoupled from the propulsion mechanism. By
contrast, the physics behind the propulsion of liquid metal droplets differs from that
of water. It is studied here in detail, and under industrially relevant conditions as
found in the next-generation nanolithography machines.

1Dmitry Kurilovich and Alexander L. Klein contributed to this chapter as part of their PhD
theses, tin data is acquired by Dmitry Kurilovich and water data by Alexander L. Klein
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3.1 Introduction
Micro-droplets of tin can be used to create extreme ultra-violet light (EUV), e.g.
in next-generation nano-lithography machines [13, 42], where the droplets serve as
mass-limited targets [23, 43] for a laser produced plasma (LPP). In such machines
these droplets, several 10µm in diameter, are targeted by a focused nanosecond-
pulse laser at intensities that lead to optical breakdown and the creation of a high-
density and high-temperature plasma [13, 23, 44]. Line emission from electron-
impact-excited highly charged tin ions in the plasma provides the EUV light [13,
23]. For certain applications, it is beneficial to apply a dual-pulse sequence in which
a laser “prepulse” is used to carefully shape the droplet into a thin sheet that is
considered advantageous for EUV production with the subsequent, much more
energetic, “main pulse” [13, 43, 45]. Maximizing the conversion efficiency of such
EUV sources, while minimizing the amount of fast ionic and neutral debris that
limit EUV optics lifetime (see [13, 45, 46] and references therein) requires a careful
control over the droplet propulsion and its shape. This in turn requires a profound
understanding of the coupling of the laser to the droplet as well as the droplet’s
fluid dynamic response to such a laser pulse impact. While the propulsion and
deformation of water droplets due to laser-pulse impact has been studied in detail
[31], the interaction between liquid metal droplets and a pulsed laser, although of
direct relevance to EUV lithography, has remained unexplored. This interaction
is governed by plasma dynamics with its distinct scaling laws [47–49], providing a
fundamentally different way of momentum exchange to the droplet.

Here, we present an analysis of the response of liquid indium-tin droplets to
laser-pulse impact in a setting very close to the one used in the generation of EUV
light for the industrial application. We show that the droplet response to laser
impact is governed by two physical processes that occur at completely different,
and therewith separable, timescales. First, the interaction of the nanosecond laser
pulse with the metal generates a plasma [48, 50] and induces propulsion of the
droplet. Second, fluid dynamic effects govern the shape-evolution of the droplet,
which takes place on a microsecond time scale. We reveal in detail the mechanism
behind metal-droplet propulsion by laser impact and present a scaling law for the
propulsion speed as a function of laser energy that captures the onset of plasma
formation. This scaling law enables us to optimize the laser-droplet coupling for
EUV generation purposes. Next, we discuss the remarkable analogies between
metal- and water-droplet [31] propulsion by laser impact. We demonstrate that
even though the metal-droplet propulsion mechanism is completely different from
that of water droplets, the fluid-dynamics response is identical and well described
by a universal analytical model.
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3.2 Experimental methods
Figure 3.1 shows a detailed description of the experimental set-up. We use a eutectic
indium-tin alloy (50In-50Sn of 99.9% purity with liquid density ρ = 6920 kg/m3 at
250◦ C [51]), a substance almost equivalent to pure tin in terms of atomic mass,
density, and surface tension, but with a conveniently low melting point. Droplets
are dispensed from a droplet generator at ∼10-kHz repetition rate, with final radii
R0 ≈ 25µm and are falling down at a speed of ∼12m/s in a vacuum vessel. No
significant acceleration under gravity occurs on the time scale relevant for the
experiment. The droplets relax to a spherical shape before they pass through
a horizontal light sheet produced by a helium-neon laser. The light scattered
by the droplets is used to trigger an injection-seeded Nd:YAG laser operating at
10-Hz repetition rate that emits a pulse at its fundamental wavelength of λ =
1064 nm with a duration of τp ≈ 10 ns full width at half maximum (FWHM),
focused down to a circular Gaussian spot. We studied the propulsion for two
different focusing conditions: ∼115µm and ∼50µm FWHM at the position of the
droplet. In the first and main case of ∼115µm FHWM, the width is larger than the
droplet diameter in order to decrease the sensitivity to laser-to-droplet alignment
and to provide a pressure profile required for obtaining a flat thin sheet [21]. The
finite geometrical overlap thus obtained precludes the full laser pulse energy from
reaching the target. The energy of the laser pulse is varied in a manner that does
not affect the transversal mode profile of the laser beam.

Imaging of the droplet is obtained by employing two pulsed laser diodes (PLDs).
One of these is aligned orthogonally to the Nd:YAG laser light propagation direction
to provide side-view images. The other PLD is angled at 30◦ to it (see Fig. 3.1)
for a (tilted) front view. In both cases, the PLD light passes through a band
pass filter before it falls onto the CCD chip of a camera through a long-distance
microscope. The shadowgraphic images thus obtained are used to track size, shape,
and velocity of the droplet expansion in the direction along the Nd:YAG laser
impact and perpendicular to the falling droplet. A stroboscopic time series of
different droplets at various time delays (see Fig. 3.2) with an arbitrary number
of frames is constructed by triggering once per Nd:YAG shot, each time with an
increasing delay.

3.3 Results
The response of the In-Sn droplet to laser impact is shown in Fig. 3.2. The laser
pulse generates a plasma that expands away from the droplet surface. As a result,
the droplet is accelerated to a speed U ∼ 0.5− 350m/s on a time τa given by the
lifetime of the generated plasma, which is known to be smaller than a few τp [52].
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Figure 3.1: Sketch of the experimental setup in top view. Depicted is a vacuum vessel,
typically at 10−7 mbar, with its many optical access ports. Droplets are dispensed from a
nozzle (not shown) held at a temperature of 250◦ C. A horizontal light sheet produced by
a helium-neon (HeNe) laser enables the triggering of the experiment: the light scattered
by the falling droplet is detected by a photomultiplier tube (PMT) that sends a signal to a
delay generator. This delay generator, in turn, triggers an injection-seeded Nd:YAG laser
that emits a pulse at λ = 1064 nm with a duration of τp ≈ 10 ns (FWHM). A 1000-mm
(500-mm) focal-length N-BK7 lens produces a circular Gaussian focus of size ∼115µm
(50µm) FWHM at the position of the droplet. The circle and arrow symbols along the
optical axis indicate the direction of polarization of the laser beam. The energy of the
laser pulse is controllable through the use of a half-wave plate (λ/2), a thin film polarizer
(TFP), and a beam dump (BD). Before the focusing lens, a quarter-wave plate (λ/4)
produces a circular polarization. The delay generator also triggers the pulsed laser diodes
(PLD, at 850-nm wavelength; ∼15 ns pulse length) one of which is aligned orthogonally
to the Nd:YAG laser light propagation direction. The other PLD is angled at 30◦ to it.
In both cases, the PLD light passes through a band pass filter before it falls onto the
CCD chip of a camera through a long-distance microscope and produces a shadowgraph.
The magnifications are 2.0(2)µm/pixel and 2.8(3)µm/pixel for the orthogonal and 30◦

shadowgraphs, respectively.
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Figure 3.2: Shadowgraphy images of In-Sn droplets in side and (tilted) front view (see
Fig. 3.1). (a) Expansion of an In-Sn droplet as viewed from the side. Droplets are ir-
radiated with a ∼115µm FWHM focused 10-ns Nd:YAG laser pulse impinging from the
left with a total pulse energy of 7mJ. The stroboscopic droplet expansion sequence is
constructed from shadowgraphs of different droplets at different time delays. A 30 degree
view is provided on the right. (b) The same as (a) but for a 70mJ energy pulse, which
gives rise to a faster expansion (note the different time scales). The white glow visible to
the left of the expanding droplet is plasma light. Images have been vertically aligned to
center on the expanding droplet.

The subsequent deformation of the droplet occurs on the much longer inertial
timescale τi = R0/U ≈ 1µs (here, U is taken from the case shown in Fig. 3.2(a)).
The deformation is eventually slowed down by surface tension on the capillary
timescale τc =

√
ρR3

0/γ ≈ 14µs. The time scales relevant to this problem can thus
be ordered [31]

τp < τa � τi < τc, (3.1)

which illustrates the clear separation of timescales between plasma generation as
a cause for the propulsion on the one side and the fluid-dynamic response on the
other side. Below, we discuss first the droplet propulsion mechanism and second
the droplet deformation.
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3.3.1 Droplet propulsion
Using the shadowgraph images of the type shown in Fig. 3.2 we study the propulsion
of the droplet as a function of the laser pulse energy, which is varied between 0.4
and 160mJ. Figure 3.3 shows that, over the nearly three decades of laser pulse
energy studied in this work, the velocity of the droplet ranges from below 1m/s to
above 300m/s and appears to follow a power-law type scaling with the laser pulse
energy impinging on the droplet, EOD. It is a fraction of the total pulse energy E
given by the geometrical overlap of laser focus and droplet. The similarity of the
data obtained for the two different focusing conditions shows that EOD is indeed
the relevant parameter describing the scaling of U in the present study. Significant
deviations from this simple parametrization are expected for foci much smaller than
the droplet [21]. To explain the observed scaling, we first discuss the mechanism
through which the laser interacts with the metal.

The interaction of a high-intensity laser pulse with the droplet is governed by
plasma dynamics2. As soon as a plasma is generated, inverse bremsstrahlung ab-
sorption [47] strongly decreases the initially high reflectivity of the metallic surface
down to negligible values. This facilitates the further ablation of the target ma-
terial. Analogous to the work on water droplets [31], we relate the propulsion
speed U of the micro-droplet (mass M) to the amount of ablated mass m through
momentum conservation

MU = mv, (3.2)

where v is the velocity of the ejected mass along the axis of propulsion. The spatial
distribution of this ejected mass peaks in the direction back towards the laser [53].
In the present intensity regime, simulations predict v to range from 5–15×103 m/s
[54] and to be a function of the laser intensity. Experimentally, v ≈ 8.5× 103 m/s
at a laser intensity of 2× 1011 W/cm2 [46] which we take as a first estimate of the
value for v in the following. The ablated mass m can be obtained employing a
semi-empirical mass ablation law [55, 56]:

m = A× πR2
0 ×

[(
I

I0

)5/9(
λ0

λ

)4/9
Z3/8

]
× τp, (3.3)

with laser-pulse intensity I and I0=1011 Wcm−2, wavelength λ and λ0=1µm, and
atomic number Z=49–50 (for indium-tin). The term in square brackets is based on
an analytical treatment of the one-dimensional expansion of a plasma from a plane

2The typical impulse pl exerted on the droplet in the limit of fully absorbed light scales as
pl ∝ E/c, with E the energy of the absorbed light and c the speed of light. Even at the highest
pulse energies assuming a maximum fraction of absorbable light of ∼0.5, given by the geometrical
overlap of laser and droplet in the case of the 50µm FWHM focus, this impulse would yield a
typical droplet speed U ≈ 0.5m/s which is negligible with respect to the observed speeds.
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Figure 3.3: (a) Propulsion velocity U of In-Sn droplets as a function of total laser-pulse
energy impinging on the droplet EOD for two different focusing conditions. Blue squares
represent the data obtained at a ∼115µm FWHM focus; red circles represent the ∼50µm
case. Uncertainties (∼10%; 1σ) for the velocity are smaller than the symbol size; EOD
is obtained with a ∼25% (20%) uncertainty in case of ∼115µm (50µm) FWHM focus.
The gray dashed line represents a fit of Eq. (3.4) to the concatenated data excluding pulse
energies below 0.2mJ. The black solid line depicts a fit of Eq. (3.7) to the concatenated
data. (b) Momentum coupling coefficient Cm obtained from the fitted curve shown as a
black solid line in (a).
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surface [57]. The empirical constant A was determined to be 3.0 · 103 g cm−2 s−1

for Sn for intensities ranging 1011–1012 Wcm−2 [56]. Using this value for A in
Eq. (3.3), we obtain an ablated mass fraction of 0.1% for the 7mJ example shown
in Fig. 3.2(a). However, the input for A as well as for v above was obtained exper-
imentally at laser intensities one to two orders of magnitude higher than are used
in the current investigations. Therefore, we will leave their product as a free fit
parameter in the following.

The model (Eqs. (3.2 and 3.3)) predicts a power-law dependence of the propul-
sion velocity on the laser intensity, which can be translated into a dependence on
the total laser energy impinging on the droplet EOD for direct comparison to our
measurements by virtue of the relation I ∝ EOD, obtaining

U = B · E5/9
OD . (3.4)

The result of a single fit of Eq. (3.4) to both data sets, excluding low pulse energies
EOD < 0.2mJ, yields excellent agreement of this power-law with the data as is
shown in Fig. 3.3. This agreement shows that EOD is the correct parameter in
scaling the data for the two focusing conditions. We obtain a proportionality
constant B = 34(5)m s−1 mJ−5/9. Employing the empirical values from literature
for A and v in Eqs. (3.2 and 3.3) we obtain a prediction of ∼9m s−1 mJ−5/9. A
discrepancy was to be expected as the laser intensities in our experiments fall
mostly outside the validated range [56] for Eq. (3.3) and for the estimate of v.
Moreover, we disregarded the spherical geometry of the system. In light of these
shortcomings, the agreement of the simple power law of Eq. (3.4) with both data
sets is striking.

Power-law scaling of the momentum imparted by an expanding plasma has been
extensively studied in the context of plasma thrusters as well as nuclear fusion (e.g.,
see [48, 50]). Empirically, from experiments on planar solid targets, it is found
[48] that the ratio of the plasma pressure p and laser intensity I was excellently
reproduced by the relation

p/I ∝ (Iλ√τp)n, (3.5)

with exponent n = −0.30(3) common to all studied materials [48, 50]. This scaling
law is found to be valid over a very broad range of target and laser parameters,
including the intensities and wavelengths relevant for EUV sources. Employing
the scaling relation U ∝ I5/9 from Eq. (3.4) and linearizing U ∝ p · τp, we obtain
n = −4/9 ≈ −0.44 from Eq. (3.5). On comparison with the value of n valid for
planar solid targets, we note that the difference could well reflect the change in
target geometry from plane to spherical surfaces. The proof of the validity of this
scaling law (Eq. (3.5)) for the current geometry with respect to λ and τp is left for
future work.
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At lower values of energy-on-droplet EOD in Fig. 3.3, below ∼0.2mJ, the data
no longer follow the power law. This is due to the physics governing the onset of
the plasma formation upon the laser ablation of the metal. The laser fluence at
the threshold of ablation is given by [58, 59]

Fth = ρ∆H√κτp ≈ 0.6 J cm−2, (3.6)

with latent heat of vaporization ∆H ≈ 2.2MJkg−1 (taking the average of In and
Sn in the mixture, both values being within 10% of this average) and thermal
diffusivity κ ≈ 16.4mm2/s [60]. At the onset, inverse bremsstrahlung does not yet
play a role and we have to take into account the reflectivity R of the surface3, and
multiply Eq. (3.6) with the factor 1/(1 − R) [63]. For simplicity we take R to be
constant during the duration of the pulse. From these considerations, we obtain the
prediction Fth ≈ 5 J cm−2, identical to the ∼5 J cm−2 from plasma modeling [54].
This threshold laser fluence translates into a minimum necessary pulse energy. Such
a threshold energy can be straightforwardly included in our model by incorporating
an offset pulse energy EOD,0, such that the expression for the droplet velocity reads

U = B̃ · (EOD − EOD,0)α. (3.7)

Here, the power α is taken as a free parameter since generally v = v(I) [54] and
its scaling with intensity could influence the momentum scaling relation given by
Eq. (3.4). A single fit of Eq. (3.7) to the full energy range of the concatenated data
set (see Fig. 3.3(a)) yields a power α = 0.59(3), consistent with the postulated
power of 5/9. The obtained power is also in excellent agreement with recent work
of Basko et al. [49] which improved on previous work [47] by analytically treating
radiative loss, mostly ignored in literature [49], as well as the charge state dis-
tribution of complex ions. A proportionality constant B̃ = 35(5)m s−1 mJ−α is
obtained similar to the result from the fit of Eq. (3.4) above. For the offset we find
EOD,0 = 0.05(1)mJ, from which we in turn obtain Fth = 2.4(8) J cm−2 by dividing
the offset energy by πR2

0. This value is in reasonable agreement with the simple es-
timate that yielded ∼5 J cm−2. We conclude that all data are excellently described
by a single fit of our model to the data, predicting the power-law scaling of U with
EOD in Eq. (3.7) now including a threshold energy. The accurate measurement of
the plasma propulsion of a free-falling metallic droplet provides a novel method
which enables the detailed differentiation of competing models, and to pinpoint
underlying physical processes.

3The optical constants are, for pure tin in absence of laser light, n = 3.92, k = 8.65 (from [61]
at 1.2 eV at 523K) yielding a reflectivity of R = 84%. For indium a reflectivity of R = 91% is
obtained from n = 1.84, k = 8.38 (from [62] at 1.1µm at 295K). An estimate of the eutectic optical
response is obtained from the averaging the reflectivities, yielding an absorption 1−R = 13%.
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Propulsion efficiency

Having found an adequate description of the plasma propulsion mechanism over
the complete measurement range, we can now derive an optimum condition for the
laser-induced droplet propulsion. The momentum coupling coefficient Cm ≡ p/I =
(MU)/E [48] given by Eq. (3.5) is a figure of merit in plasma propulsion providing
a measure for the propulsion efficiency in terms of total imparted momentum MU
per unit laser energy E. Efficient propulsion implies an efficient momentum to kick
the droplet. This kick initiates the expansion of the droplet into a thin sheet (see
below). Propulsion and expansion speeds are coupled, and their ratio is a function
of the focusing conditions [21]. Industrial needs could dictate the minimum size of
the focus, as it influences the laser-to-droplet alignment stability. This will further
influence the energy efficiency due to the geometrical overlap of laser focus and
droplet. For both focusing conditions, however, we can define optimum conditions
under which a minimum amount of laser pulse energy (on droplet) is required to
reach a given velocity. Less energy is then available to produce, e.g., fast ionic
and neutral debris that could limit machine lifetime [13]. Given the offset power
law (Eq. (3.7)), Cm can be obtained as a function of pulse energy-on-droplet EOD
(see Fig. 3.3(b)) reaching a maximum at EOD,max = EOD,0/(1− α) at which point
a minimum amount of energy is used to achieve a given velocity. A sequence of
optimal pulses, spaced just a few τa apart to allow the plasma to recombine, could
then be used to achieve a specified velocity. Of course, the relation between the
energy-on-droplet EOD and total laser pulse energy E is given by the geometrical
overlap of laser and droplet. Our data (Fig. 3.3(b)) thus indicate that the total
energy efficiency is highest, at EOD,max, for the smallest spot size used in this
work.

Indium-tin-plasma vs water-vapor propulsion

Our description of the plasma propulsion of In-Sn micro-droplets shows striking
analogies with recent work on water droplets [31]. In that work, mm-sized water
droplets are dyed to efficiently absorb 532 nm light from a Nd:YAG laser pulse, at
intensities well below the threshold for optical breakdown to avoid plasma gener-
ation. Instead, water vapor is expelled at its thermal speed and accelerates the
droplet. In the dyed-water experiments, laser light is absorbed in a thin layer of
thickness δ, given by the optical penetration depth. This layer first needs to be
heated from room temperature T0 to boiling point Tb, yielding an expression for
the threshold fluence Fth,w = ρw δ c (Tb − T0) [31], where c is the specific heat ca-
pacity of water and ρw is its density. Any additional energy leads to vaporization
of the liquid, expelling mass at a thermal velocity u ≈ 400m/s which leads to the
propulsion of the water droplet. When comparing the onset for propulsion of water
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droplets to the threshold fluence for In-Sn (Eq. (3.6)), one observes that for water,
the mass affected by the laser is set by the optical penetration depth, whereas for
In-Sn it is set by the thermal penetration depth √κτp. The energy density required
for droplet propulsion is given by the sensible heat for water, and by the latent heat
∆H for In-Sn. The In-Sn droplet surface is shielded from the laser light by the
plasma that develops at time scales well shorter than the pulse length. Laser light
is absorbed by this plasma layer, heating it to high temperatures (several 10 eV).
As a result, a relatively small amount of mass ablated is expelled at high velocities
v � u, thus mass-efficiently propelling the droplet. In conclusion, even though the
physical mechanism behind the propulsion of In-Sn and water droplets is different,
both processes are described by the forceful directive expulsion of material at a
given velocity from a thin layer facing the laser light.

As we will demonstrate below, the fluid-dynamic response to the laser impact
described here and in Ref. [31] is completely independent from the exact mechanism
of propulsion. Mapping the system to the dimensionless numbers governing fluid
dynamics allows for an identical treatment of said response for indium-tin and
water. The efficiency of the plasma propulsion process enables the study of the
response of the metallic droplet over a much larger parameter space than for water,
including the industrially relevant large-Weber-number subspace [43] which the
previous experiments on water droplets [31] were unable to probe.

3.3.2 Droplet deformation
The expansion of the droplet for the 115µm focusing case is studied by changing
the time delay between the pulse from the Nd:YAG laser and the shadowgraphy
lasers in steps of 100 ns. A stroboscopic movie of the deformation dynamics is thus
obtained (see Fig. 3.2) with an adequate temporal resolution. We measure the ex-
panded radius of the droplet over time as shown in Fig. 3.4(a) using the side view
shadowgraphs, in which the droplet motion is captured within the depth of field of
the imaging optics at all time delays. In addition, the front view shadowgraphs are
used to make sure the droplet expands into an axisymmetric shape. For compari-
son, we also include data from mm-sized water droplets, the deformation of which
takes place on a time and length scale several orders of magnitude larger than
for the In-Sn data (see inset in Fig. 3.4(a)). However, by appropriately rescaling
the data by the initial droplet radius R0 as the characteristic length scale and the
capillary time τc =

√
ρR3

0/γ as the characteristic time scale for the droplet expan-
sion and subsequent retraction, we can represent all data in one graph: Fig. 3.4(b).
For indium-tin, τc ≈ 14µs given its surface tension γ = 538mN/m [51]. The ex-
pansion dynamics of the droplet can be described in terms of the Weber number
We = ρR0U

2/γ [21, 31], a dimensionless number that is a measure for the relative
importance of the droplet’s kinetic energy compared to its initial surface energy.
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Figure 3.4: (Continued on the following page.)



3.3. Results 37

Figure 3.4: (Figure is found on the previous page.) Radial expansion of In-Sn and
water droplets as function of time. (a) Dimensional plot of the experimental data for
In-Sn droplets determined from shadowgraphy (see Fig. 3.2), with Weber numbers calcu-
lated using the droplet velocities from Fig. 3.3. The inset shows data for mm-sized water
droplets taken from a previous study [31]. (b) Experiments (markers) and theory (solid
lines, Eq. (3.8)) in a dimensionless representation. The data points are depicted in gray
from the time onward at which formation of ligaments becomes apparent and comparison
with the present theory is no longer relevant. Comparison between model and water data
taken from Ref. [21]. (c) Experimental data (markers) and theory (solid line) collapsed to
a universal curve using a scaled Weber number W̃e and time offset t0 (see main text).

In the limit where the droplet expands into a flat, thin sheet that subsequently
recedes due to surface tension an analytical expression can be found for the radius R
as function of time t (for the derivation see [21])

R(t)
R0

= cos (
√

3t/τc) +(
2
3

)1/2(
Ek,d
Ek,cm

)1/2
We1/2 sin (

√
3t/τc), (3.8)

where the parameter Ek,d/Ek,cm is the partition of the total kinetic energy given to
the droplet by the laser impact into a deformation kinetic energy Ek,d and propul-
sion kinetic energy of the droplet’s center-of-mass Ek,cm. This parameter depends
on the laser beam profile and can be determined analytically [21]. For all practical
purposes in the present study, the laser beam profile can be considered flat, which
gives Ek,d/Ek,cm = 0.5 [21]. The water data [31] was obtained with a relatively
more focused laser beam, for which Ek,d/Ek,cm = 1.8 was calculated. Figure 3.4(b)
shows that the model prediction is in good agreement with the experimental data
taking into account that it is derived from first principles and does not incorporate
any fitting parameter. In the comparison, we truncate the experimental data where
the formation of ligaments becomes apparent in the front view images, as at this
point in time the assumption of a thin sheet of constant mass is clearly violated.

With the analytical expression at hand, the indium-tin and water data can be
collapsed onto a universal curve by employing a trigonometric identity to rewrite
Eq. (3.8) to

R(t)
R0

√
1 + W̃e

= sin
(√

3(t/τc + t0)
)
, (3.9)
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introducing an offset time t0 and a scaled Weber number W̃e that depends on the
energy partition ratio Ek,d/Ek,cm:

W̃e = 2
3
Ek,d
Ek,cm

We,

t0 = 1√
3

tan−1
(
W̃e
−1/2

)
.

The data scaled with Eq. (3.9) indeed overlap completely and agree with the now
single theoretical prediction (see Fig. 3.4(c)). This collapse demonstrates that the
expansion dynamics, given the above scaling relation, are successfully described by
a single dimensionless parameter which spans nearly three decades in our experi-
ments. This range includes the conditions relevant for industry [43], enabling the
direct application of the results presented in Fig. 3.4 in work on plasma sources of
EUV light.

3.4 Conclusions
We demonstrated that a micron-sized free-falling In-Sn micro-droplet hit by a high-
intensity 10 ns-long laser pulse is propelled by a plasma pressure “kick”. The propul-
sion dynamics can be well understood in terms of a power law that describes the
dependence on the laser-pulse energy and incorporates an offset parameter to ac-
count for the threshold of plasma generation over nearly three decades of laser
pulse energy. This scaling law provides a useful tool to optimize the momentum
coupling of the laser to the target. The description of the propulsion as a short
recoil pressure is analogous to that presented in [31], where a millimeter-sized wa-
ter droplet is accelerated by the directional emission of vapor upon the absorption
of light from a short laser pulse. We find remarkable one-to-one correspondences
between the two propulsion mechanisms, including the description of an analogous
onset effect, even though the physical origins of the propulsion are completely dif-
ferent. Continuing its flight, the droplet expands until fragmentation occurs. By
a proper rescaling, we show that all indium-tin and water data can be collapsed
onto a universal curve that is accurately described by a previously developed ana-
lytical model, here applied for the first time under industrially relevant conditions.
The results and scaling laws presented in this work provide a tool to optimize and
control the droplet shaping by laser pulse impact for EUV lithography applications.
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Chapter 4

Power-law scaling of plasma
pressure on laser-ablated tin
microdroplets

D. Kurilovich, M. M. Basko, D. A. Kim, F. Torretti, R. Schupp, J. C. Visschers,
J. Scheers, R. Hoekstra, W. Ubachs, and O. O. Versolato, Phys. Plasmas 25,
012709 (2018).

The measurement of the propulsion of metallic microdroplets exposed to nanosec-
ond laser pulses provides an elegant method for probing the ablation pressure in
dense laser-produced plasma. We present the measurements of the propulsion ve-
locity over three decades in the driving Nd:YAG laser pulse energy, and observe a
near-perfect power law dependence. Simulations performed with the RALEF-2D
radiation-hydrodynamic code are shown to be in good agreement with the power
law above a specific threshold energy. The simulations highlight the importance
of radiative losses which significantly modify the power of the pressure scaling.
Having found a good agreement between the experiment and the simulations, we
investigate the analytic origins of the obtained power law and conclude that none
of the available analytic theories is directly applicable for explaining our power
exponent.
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4.1 Introduction
High-density laser-produced plasmas find many applications, ranging from iner-
tial confinement fusion [64–66], over the propulsion of small spacecrafts [67, 68],
to sources of extreme ultraviolet (EUV) light for nanolithography [13, 18, 19, 42,
69]. The thermodynamic and radiation transport properties, particularly of high-Z
laser-produced plasmas (LPPs), are extremely challenging to measure because of
the transient nature of these plasmas, combined with complex equations of state
and atomic plasma processes. One thermodynamic variable — the pressure — can,
however, be elegantly obtained by measuring the propulsion velocity of metallic liq-
uid microdroplets as a result of a laser-pulse impact [20, 70]. In an industrially
relevant setting for EUV light production such droplets are irradiated by relatively
long (∼ 10–100 ns) laser pulses at modest intensities (∼ 109–1012 W/cm2), where
the laser absorption takes place mostly through the inverse bremsstrahlung mech-
anism.

If the pulse length is large compared to the hydrodynamic time scale of the
ablation flow, a quasi-stationary regime sets in, where the structure of the ablation
front only slowly varies in time. The structure of such quasi-stationary ablation
fronts has been extensively studied under various simplifying assumptions for more
than 40 years [47, 64, 71–76]. However, none of these theoretical works is directly
applicable to our system. One of the reasons is the treatment of energy transport
by thermal radiation. Another reason is departure from the ideal-gas equation
of state (EOS) due to multiple temperature-dependent ionization of the target
material. These two effects are of major importance for tin (Z = 50) targets at
the here considered irradiation intensities [49]. A significant further issue is the
non-trivial geometry of the laser-target configuration in our experiments, where a
spherical target is irradiated from only one side and an essentially two-dimensional
(2D) ablation flow develops. It is likely to alter the scaling laws obtained within
one-dimensional (1D) models.

Here, we present measurements of the propulsion velocity of free-falling micro-
droplets of liquid tin and two of its alloys over three decades in the driving Nd:YAG
laser pulse energy, operating at its fundamental wavelength of 1064 nm. The propul-
sion velocity is obtained by means of high-resolution stroboscopic shadowgraphy
techniques. Our data exhibit a remarkable, near-perfect power law dependence of
the propulsion velocity on the laser pulse energy, when allowing for a certain thresh-
old energy below which no propulsion occurs. Furthermore, we provide results of
simulations performed with the RALEF-2D [32, 33, 77] radiation-hydrodynamic
code and compare these critically to the experimental data. We find very good
agreement between the simulations and the experimental power law in cases well
above the threshold energy, but establish a significant disagreement regarding the
threshold behavior itself.
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Next, we investigate whether the obtained power law can be derived within the
conventional approach based on the approximation of a steady-state planar ablation
flow, but corrected for the strong radiative loss. Interestingly, we conclude that
none of the analytic theories available in the literature is directly applicable for
explaining the power exponent observed in our experiments. We interpret this as
evidence that our scaling belongs to a more complex class of scalable phenomena.
Two- or three- dimensional effects, possibly combined with an essentially non-
steady-state behavior, are crucial. Inevitably, the respective power-law exponents
can only be calculated by solving numerically an appropriate system of partial
differential equations.

4.2 Experiment
4.2.1 Experimental setup
The experimental setup is described in detail in Ref. [20] and is summarized in the
following. Droplets of pure liquid tin (99.995%), or one of its alloys with indium
(50%) or antimony (5%), are dispensed from a piezo-driven droplet generator at a
repetition rate ' 10 kHz with a flight speed of ' 12m/s in a vacuum environment
(' 10−7 mbar). The droplets relax to a spherical shape with a fixed initial diameter
D0, which slightly varied between different experimental campaigns but stayed in
the range D0 = 2R0 ≈ 45–47µm, where R0 is the droplet radius.

The produced droplets pass through the focus of an auxiliary He-Ne laser beam,
whose scattered light triggers an injection-seeded Nd:YAG drive laser, operating
at a 10-Hz repetition rate. The drive laser pulse, emitted at a λ =1064 nm wave-
length, is circularly polarized and has a Gaussian temporal shape with a duration
tp = 10.0 ns, defined as the full-width at half-maximum (FWHM). By using an
appropriate plano-concave lens, the laser beam is focused down to a circular Gaus-
sian spot. The experiments were performed for three different focusing conditions
with spot sizes of dfoc = 50, 100, and 115µm (FWHM). Note that due to a finite
geometrical overlap, the droplets in all cases capture only a fraction of the full laser
pulse energy. The pulse energy is varied over three decades, spanning the range
0.15–300mJ, as measured by using calibrated energy meters, in a manner that does
not affect the transversal mode profile of the laser beam.

The position of the laser-impacted droplet is obtained from shadowgraphs gen-
erated by pulsed backlight in combination with long-distance microscopes and CCD
cameras. This system provides front-view (at 30◦ with respect to the drive-laser
light propagation direction) and side-view (at 90◦) images. By varying the time de-
lay of the backlight pulse with respect to the drive laser pulse, stroboscopic images
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Figure 4.1: (Top) Stroboscopic side-view shadowgraph images (350µm×800µm) of
subsequent tin microdroplets obtained before and after the interaction with a laser pulse.
The laser pulse arrives from the left at t = 0µs. The images represent the case of
Eod ≈ 2mJ, D0 ≈ 45µm and dfoc ≈ 100µm (FWHM). (Bottom) The plot shows the
time-dependent position of center-of-pixels of images (circles) along the laser propagation
axis z as obtained from the image analysis. The undesired capture of the plasma light
causes the disruption of the image analysis at t . 0.25µs. Each data point is an average
of ten unique images obtained at the same time delay. The solid line shows a linear fit
to the data points. The slope of this line corresponds to the propulsion velocity of the
microdroplets.

of consequent droplets are obtained (see Fig. 4.1). The analysis of the images is re-
alized by a code that recognizes the center-of-pixels of the propelled and deformed
droplet. Knowing the time delay between the backlight shots with a nanosecond
accuracy, the droplet propulsion velocity is obtained from the slope of a linear fit
to the time-dependent position of the center-of-pixels.

4.2.2 Experimental results
The measured values of the propulsion velocity U are plotted in Fig. 4.2 versus the
energy-on-droplet Eod that is defined as the fraction of the incident laser energy
E given by the geometrical overlap of the spatial beam profile in focus and the
droplet; in particular, for a Gaussian beam and a spherical droplet we have

Eod = E
(

1− 2−D
2
0/d

2
foc

)
. (4.1)
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Figure 4.2: Measured propulsion velocity U of Sn, In-Sn, and Sb-Sn droplets as a
function of the laser energy Eod impinging onto the droplet. The experimental uncertain-
ties have the same values (20–25% along the Eod-axis and 10% along the U -axis) for all
measurements. For better visibility the uncertainties are shown only at the lowest laser
energy. The focus diameter dfoc (µm) and the droplet diameter D0 (µm) for different
experimental series are indicated in the legend as dfoc/D0. The dashed line represents a
fit of Eq. (4.2) to the concatenated data for Eod ≥ 0.2mJ. A fit of Eq. (4.3) to the full
range is depicted as the solid line. The vertical line at Eod = 0.04mJ corresponds to the
threshold for droplet propulsion as inferred from this fit.

The thus defined energy-on-droplet appears to be a very convenient parameter,
characterizing the effective portion of the laser pulse energy that gives rise to a
given value of the propulsion velocity U . It also enables the comparison of the
results of measurements for different focal spot sizes. As seen from Fig. 4.2, using
this energy parametrization all data fall on a single curve.

Figure 4.2 further demonstrates that, above a certain threshold region ofEod,a ≈
0.1− 0.2mJ, the dependence U(Eod) is well represented by a power law

U = KUE
α
od, (4.2)

with constant values of the proportionality factor KU (m s−1mJ−α) and the expo-
nent α. A fit of a power law to the full concatenated data set, using the energy
range Eod ≥ Eod,a, yields α =0.60(1). Fitting separately to the individual exper-
imental data sets yields a weighted value of 0.60(1), an identical number, that is
bounded by a minimum obtained value of 0.56 and a maximum of 0.63. We note
that fitting only the data with a 50-µm focus size gives a slightly larger power, at
0.62(1). This value, however, is still consistent with the aforementioned result of
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the fit of the full concatenated data set. Similarly considering only the data from
the 100- and 115-µm size focus cases, yields a power of 0.59(1), consistent with the
average of 0.60(1) which is the number used in the comparisons in the following.
The value obtained for KU is, in all cases, consistent with 34(3)m s−1mJ−α, where
the quoted uncertainty is the error in obtaining the absolute magnification of the
imaging system.

For Eod < Eod,a, the U(Eod) curve deviates downward from the simple power
law described by Eq. (4.2), with a threshold at Eod = Eod,0. The parameter range
Eod,0 < Eod < Eod,a corresponds to a transition regime between the onset of the
ablation flow at Eod = Eod,0, and the fully ablative stage at Eod > Eod,a. To
incorporate the threshold behavior, the entire set of the experimental points in
Fig. 4.2 is fitted by a single shifted power law, defined as

U = KU (Eod − Eod,0)α. (4.3)

The value of the offset energy Eod,0 is obtained by fitting Eq. (4.3) to the experi-
mental data withKU and α fixed to the values determined above, i.e. 34m s−1mJ−α
and 0.60 respectively. The result is shown in Fig. 4.2 and yields a value of
Eod,0 = 0.04(1)mJ. Remarkably, the naive form of Eq. (4.3) is able to capture
all the data to excellent accuracy.

These values are consistent with, and in fact nearly identical to, the values found
in our previous work (α = 0.59(3), KU = 35(5)m s−1mJ−α, Eod,0 = 0.05(1)mJ),
dealing with a much smaller data set for solely indium-tin droplets [20]. Con-
sequently, the here demonstrated excellent reproducibility of the data strongly
improves the statistical significance of our findings and the broad applicability of
the power law. It presents a solid basis for drawing conclusions on the underlying
physics.

As is explained in more detail in Section 4.3, the energy Eod,a marks the
lower boundary of a distinct pattern of laser ablation. Under such conditions, the
hot plasma with T & 5–10 eV envelopes the entire front-illuminated (laser-facing)
hemisphere of the droplet, the velocity field across the laser absorption zone ap-
proaches that of a quasi-spherical flow, and all the laser flux contributing to Eod
is efficiently absorbed in the ablated plasma cloud by the inverse bremsstrahlung
mechanism. Accordingly, we designate the regime above Eod,a as the fully ab-
lative regime. In this regime the peak laser intensity on target spans the range
109 W/cm2 < Il < 3× 1011 W/cm2.
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4.3 Simulation
4.3.1 RALEF-2D code
The simulations reported in this work have been performed with the two-dimen-
sional (2D) radiation-hydrodynamics code RALEF [32, 33], which has lately been
extensively used to simulate laser-driven, droplet-based EUV sources for nano-
lithography applications [49, 77, 78]. The hydrodynamics module of RALEF is
based on the upgraded version of the CAVEAT package [79], where the second-
order Godunov-type algorithm on an adaptive quadrilateral grid is used. The
thermal conduction and the spectral radiation transfer (in the quasi-static approx-
imation) are treated within a unified symmetric semi-implicit scheme [32, 80] with
respect to time discretization. To describe the spatial dependence of the spectral
radiation intensity, the classical Sn method is used, combined with the method of
short characteristics [81] to integrate the radiative transfer equation.

The equation of state (EOS) of tin is constructed by using the FEOS model
[82] that provides, within a unified model, an adequate and thermodynamically
consistent description of high-temperature plasma states together with the low-
temperature liquid-gas phase coexistence region. The model for thermal conduc-
tivity is based on a semi-empirical expression for the transport cross section of the
electron-ion collisions [83], which enables a smooth matching of the Spitzer plasma
conductivity to that of metals near normal conditions.

All the simulations are performed for a spherical droplet of pure tin with ini-
tial radius R0 = 25µm and initial density ρ0 = 6.9 g/cm3, assuming that slight
differences between the physical properties of pure Sn and its two alloys used in
the experiments are insignificant. The adaptive numerical mesh has a topological
structure as displayed in Fig. 4.3. It extends with 360 zones over the π interval of
the polar angle θ, and with 350 radial zones over the interval 20µm ≤ r ≤ 1mm.
This totals to 142 200 mesh cells over the simulated half-circle in the rz plane. The
mesh is progressively refined in the radial direction towards the droplet surface to
resolve the skin layer of the liquid tin. The minimum cell thickness of this layer is
4.5 nm. The outer region 25µm ≤ r ≤ 1mm is initially filled with a tenuous tin
vapor at a density of ρv0 = 10−10 g/cm3.

In all the simulation runs, the same Gaussian temporal power profile of the
1064 nm laser pulses is used, with the pulse duration tp = 10ns (FWHM), peaking
at t = 1.5tp = 15ns. The spatial laser profile is also Gaussian, with two values
of the focal spot diameter (FWHM): dfoc = 115µm (series A) and dfoc = 50µm
(series B). The propagation and absorption of the laser light are calculated within a
hybrid model [84], which accounts for refraction in the tenuous corona. In addition,
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Figure 4.3: Schematic view of a spherical tin droplet of radius R0 = 25µm (shaded),
projected onto the computational domain with the outer radius of 1mm (not shown here)
in the rz-plane. The depicted view is a crude version of the numerical mesh used in the
simulation, assuming unpolarized incident laser light.

it ensures a physically correct description of reflection from the critical surface, in-
cluding the Fresnel reflection from the metal-vacuum interface. Lastly, the incident
light is assumed to be unpolarized.

For all cases in the fully ablative regime, radiative energy transport is impor-
tant. Radiation generation and transport is treated with the same opacity model
as in Ref. [78], where the conversion efficiency into the 13.5-nm EUV emission is
investigated for a CO2-laser-driven plasma. The angular dependence of the radia-
tion intensity is modeled with the S6 quadrature, while the spectral dependence is
simulated with 28 discrete spectral groups of variable width. Two spectral groups
belong to the 2% band at 13.5 nm, where the strongest emission from the Sn plasma
is expected at sufficiently high laser intensities.

4.3.2 Simulation results
Droplet propulsion

The calculated propulsion velocity U for various Eod values is plotted in Fig. 4.4.
In the RALEF code, it is computed as the velocity of the center of mass, comprising
all the material with the density in excess of 1% of its maximum value at the time
t = tf = 200 ns. Similarly to the experimental results, for Eod > 0.1− 0.2mJ, the
dependence U(Eod) is almost a perfect power law: the deviations of the calculated
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Figure 4.4: Dependence of the propulsion velocity U on Eod calculated with the
RALEF-2D code. The focus diameter dfoc (µm) and the droplet diameter D0 (µm) for dif-
ferent simulation series are indicated in the legend as dfoc/D0.The black curve represents
the best fit to the experimental points (see Fig. 4.2). The vertical line at Eod = 0.04mJ
corresponds to the threshold for droplet propulsion as inferred from that fit.

points from Eq. (4.2) with the best-fit values of

KU = 36.0(3)m s−1mJ−α, α = 0.610(5), (4.4)

calculated for the combined set of points from series A and B in the range Eod ≥
0.2mJ, do not exceed ±2.5% — which is practically the intrinsic accuracy of the
simulations. Fig. 4.4 confirms that within the same ±2.5% accuracy the energy-
on-droplet Eod proves indeed to be an adequate universal parameter, which unites
the dfoc = 115µm and dfoc = 50µm points into virtually a single curve. For the
variation of the coefficient KU with the droplet size R0 and the laser pulse duration
tp, we refer to the Appendix.

Judging from Fig. 4.4, the agreement between the calculated and the measured
U values in the fully ablative regime could hardly be better: the deviations from
the best experimental fit do not exceed 11%, which lies within the experimental er-
rors. However, the droplet diameter D0 = 50µm, used in the simulations, slightly
exceeds the actual values of D0 ≈ 45–47µm. For instance, the correction to a
smaller value D0 = 46µm would raise the calculated U values in the fully ablative
regime in Fig. 4.4 by some 20%, leaving the power α unchanged. The fact that
the model tends to slightly overestimate the propulsion velocity can, on the one
hand, be attributed to a systematic experimental uncertainty, combining possible
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measurement errors in the spatial beam profile and the droplet diameter. Alterna-
tively, the RALEF simulations may, for example, systematically underestimate the
radiation energy losses, whose modeling could still noticeably be improved.

All in all, a very good agreement between the simulation and the experiment is
found in the fully ablative regime. Particularly, concerning the scaling exponent α,
the best-fit experimental value α = 0.60(1) is practically the same as the theoretical
value in given Eq. (4.4). This provides a strong evidence that the RALEF code
sufficiently accurately accounts for the key physical processes governing the Sn
plasma dynamics in this regime. Therefore, it can be used to extract additional
information about the relative role of these processes.

At the low energies Eod < 0.1mJ, the simulation results begin to significantly
deviate from the experimental values. Here, we have to deal with the initial phase
of the onset of ablation, which is controlled by physical processes that are quite
distinct from those governing the fully ablative regime. The key role in this ini-
tial phase should belong to an adequate modelling of laser-optical properties and
propagation of a non-steady thermal wave across a thin surface layer of tin. Un-
der such conditions, this layer is driven into a non-trivial thermodynamic state of
superheated metastable liquid, followed by a phase transition into a state of dense
hot vapor. We leave the full investigation of this regime for future work.

Plasma characterization in the fully ablative regime

A general perception of the plasma dynamics in the fully ablative regime can be
obtained from Fig. 4.5, which displays the 2D density and temperature distribu-
tions for the two cases of Eod = 0.2mJ and 30mJ at time t = 15ns, coinciding
with peak laser power. As is seen in Figs. 4.5(b) and (c), a characteristic feature
of the fully ablative regime is a stabilized geometry of the plasma flow across the
laser absorption zone. The latter manifests itself in Figs. 4.5(e) and (f) as the
region with highest plasma temperatures. Note that the peak temperature in the
ablative regime varies with Eod over a wide range of 5 eV . T . 100 eV. In all
cases with Eod ≥ Eod,a, in the middle of the pulse, the plasma plume attains a size
of several R0 and occupies the entire 2π of the solid angle above the illuminated
droplet hemisphere; the velocity field stabilizes to a quasi-steady, quasi-spherically
diverging pattern; the laser-absorption zone itself reaches its maximum size, which
becomes practically independent of Eod. Intuitively, it is clear that once the 2D
(or 3D) geometry of the plasma flow and laser absorption settles down to a stable
pattern, the principal ablation parameters (like the characteristic pressure, tem-
perature, ablation velocity, etc.) can be expected to become scalable. On the other
hand, in the low-energy cases with Eod<Eod,a (see Figs. 4.5(a) and (d)), intense
laser absorption takes place in a narrow plasma plume near the target pole while a
large portion of the incident flux contributing to Eod is reflected from a cooler and
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Figure 4.5: Calculated 2D density and temperature color maps for the cases Eod =
0.06mJ (a, d), 0.2mJ (b, e), and 30mJ (c, f) dfoc = 115µm at t = 15ns when the laser
power peaks. The black curve is the isocontour of the free electron density ne = 0.1ncr =
1020 cm−3. Black arrows in (b, c) indicate the velocity field in the outflowing plasma.

sharper liquid-vapor boundary at θ& 40◦–50◦. Therefore, the ablation parameters
from these low-energy cases cannot be expected to be scalable in the same way as
those in the fully ablative regime.
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Fig. 4.5 also demonstrates that the ablation flow is subject to hydrodynamic
instabilities, the most salient of which appears to be the self-focusing instability
due to laser refraction in the underdense plasma, inherent in the laser deposition
model [84]. The resulting irregular fluctuations of the plasma parameters in space
and time manifest themselves as “spotty” temperature distributions and “wavy”
ne isocontours in Fig. 4.5. The temporal variation of the ablation pressure at a
fixed location, illustrated in Fig. 4.6 for the target pole, becomes especially violent
for low Eod values.

Although the self-focusing instability has a clear physical origin, the amplitude
of the ensuing fluctuations tends to be overestimated in the present RALEF simu-
lations (especially on length scales comparable to, or smaller than the laser wave-
length λ) due to the absence of diffraction effects in the laser propagation model
[84]. However, when averaged over space and time, the impact of this “noise” on
the calculated U values turns out to be negligible, i.e. on the level of ±1%, as as-
certained by dedicated computer runs. Having verified it in 2D, we expect no more
than only a moderate, by about a factor of 1.5, increase of this effect in the full
3D approach. This is similar to what has firmly been established for the nonlinear
stage of the Rayleigh-Taylor instability [85].
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Figure 4.6: Calculated temporal dependence of the ablation pressure at the droplet
pole pa0(t) normalized by the quotient tp/jp0 of the laser pulse length and the pressure
impulse for three values of Eod and dfoc = 115µm.
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Ablation pressure

The ablation-plasma parameter most directly related to the propulsion velocity U
is the ablation pressure. More specifically, the velocity U can be determined from
the relationship

MU = P, (4.5)
where M is the total mass, and P is the total momentum of the liquid tin at a
certain moment tf � tp. As the entire simulated configuration is axisymmetric,
the total momentum vector P lies along the z axis. In our case, the results become
insensitive to tf for tf & 100 ns, thus we present results for tf = 200 ns. From
the simulations, we learn that the ablated mass fraction δM , defined as the relative
fraction of the total tin mass with ρ < 0.1 g/cm3, does not exceed 10% for the entire
range of Eod ≤ 40 mJ (see Tables 4.1 and 4.2). The subsequent deformation of the
ablated surface is not significant (see Fig. 4.5). Then, the propulsion momentum
P can be evaluated as

P = 2πR2
0

π∫
0

jp(θ) sin θ cos θ dθ, jp(θ) =
tf∫

0

pa(t, θ) dt, (4.6)

where pa(t, θ) is the ablation pressure at the spherical droplet surface as a
function of time t and polar angle θ, and jp(θ) is the local impulse of the ablation
pressure. Note that θ is measured with respect to the negative direction of the
rotation axis z, as is shown in Fig. 4.3.

Equations (4.5) and (4.6) can be used to relate the established scaling of U
with Eod in Fig. 4.2 to existing analytic scaling laws for the ablation pressure pa.
However, all the previous analytic results on the scaling of pa with the incident
laser flux Il have been obtained under a few assumptions. It is assumed that the
ablation flow either (i) has a 1D planar geometry (pa is constant in space), or (ii) is
in a steady state (pa is independent of time), or both [75]. Unfortunately, neither
of these assumptions can be considered as adequate for our situation. Nonetheless,
the effects of the spatial, along the droplet surface, and the temporal variations of
the ablation pressure pa(t, θ) can be separated as follows.

One can rewrite Eq. (4.6) as

P = πR2
0 jp0 〈j̄pθ〉, jp0 ≡ jp(0) =

tf∫
0

pa(t, 0) dt, (4.7)

where

〈j̄pθ〉 = 2
π∫

0

j̄p(θ) sin θ cos θ dθ, j̄p(θ) ≡ jp(θ)/jp0. (4.8)
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Our simulations demonstrate that in the fully ablative regime the dimensionless
spatial form-factor 〈j̄pθ〉 of the pressure impulse barely depends on the incident
laser flux when the focal spot is fixed (see Tables 4.1 and 4.2). For dfoc = 115µm,
for instance, it fluctuates in the range 〈j̄pθ〉 ≈ 0.57–0.59, remaining virtually con-
stant within our simulation accuracy. Hence, as long as we can neglect small
variations of the mass M and size R0 of the irradiated droplet, the problem of the
analytic derivation of the scaling of U with Eod is reduced to the derivation of the
analogous scaling for the local (at the pole) pressure impulse jp0. Before tackling
this issue, we provide some additional information on the angular dependence of the
ablation pressure that might be helpful for a general analysis of the hydrodynamic
response of liquid droplets to laser pulses [20, 21].

Table 4.1: Calculated ablation parameters (propulsion velocity U , ablated mass frac-
tion δM , radiative loss fraction φr, laser absorption fraction fla,od, spatial form-factor of
ablation pressure 〈j̄pθ〉) for a selection of laser energies with dfoc = 115µm.

Eod (mJ) 0.2 0.86 2.88 8.06 30
U (m/s) 13.5 32.7 67.4 128 280
δM 0.006 0.009 0.016 0.034 0.085
φr 0.23 0.35 0.51 0.64 0.74
fla,od 0.83 0.91 0.93 0.92 0.96
〈j̄pθ〉 0.595 0.571 0.567 0.580 0.585

Table 4.2: Same as Table 4.1 but for dfoc = 50µm.

Eod (mJ) 0.2 0.7 2.0 11.75 40
U (m/s) 13.4 29.4 56.2 162 354
δM 0.006 0.008 0.013 0.042 0.093
φr 0.22 0.33 0.44 0.63 0.69
fla,od 0.77 0.89 0.94 0.93 0.97
〈j̄pθ〉 0.503 0.508 0.508 0.529 0.568

Fig. 4.7 shows several angular profiles of the normalized pressure impulse j̄p(θ),
calculated with the RALEF code. Despite the fact that the j̄p(θ) curve for the
highest-energy case Eod = 30mJ is clearly broader than those for lower pulse
energies, its integral (see Eq. (4.8)) remains practically the same because of the
negative contribution from the backward hemisphere θ > 90◦. A salient local rise
of j̄p(θ) at θ & 150◦ for the 2-mJ case is explained by the plasma flowing around the
droplet and accumulating on its horizontal axis. It leaves a local cloud of relatively
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Figure 4.7: (a) Calculated variation of the normalized pressure impulse j̄p(θ) along the
surface of the spherical droplet. The polar angle θ is measured relative to the direction
towards the drive laser. Shown are three cases with Eod = 0.2, 2.0, and 30mJ for the
focal spot dfoc = 115 µm, and, for comparison, one case with Eod = 2.0mJ for dfoc =
50µm. (b) Same as (a) but in the polar plot representation with the radial coordinate in
logarithmic scale.
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dense and hot vapor, which exerts a noticeable backward pressure onto the droplet
for some 30–50 ns after the laser has already been off. We further note that, for
the same Eod = 2mJ, a tighter laser focus (the dfoc = 50µm curves) produces an
only slightly narrower pressure profile j̄p(θ).

4.4 Analytic scaling laws
Having found an excellent agreement between the experiment and simulations, we
will attempt to derive the obtained scaling law analytically on the basis of an appro-
priately simplified model. Additional information, available from the simulations,
provides guidance for working out such a model.

Analytic scaling laws are usually derived for the ablation pressure pa as a func-
tion of the hydrodynamically absorbed flux Ilh (W/cm2), assumed to be constant in
time and fully converted into the kinetic and internal energy of the ablated mate-
rial [75]. To simplify the argumentation, we focus our attention on the simulations
(series A) with a fixed spot size dfoc = 115µm. Then, because all the pulses have
the same temporal profile, the polar incident flux Il,0(t), the incident laser energy
E, and the energy-on-droplet Eod are all directly proportional to one another, as
well as to the polar energy fluence Fl,0 =

∫
Il,0(t) dt. Consequently, an approxi-

mate analytic scaling of U with Eod could be obtained by (i) relating the incident
laser fluence Fl,0 to the hydrodynamically absorbed one Flh,0, and (ii) making an
assumption that the time-integrated quantities jp0 and Flh,0 =

∫
Ilh,0(t) dt scale

with one another in the same way as pa and Ilh in a steady-state planar 1D ab-
lation front, for which analytic results are available. Here, we assume that the
droplet mass M and the 2D form-factor 〈j̄pθ〉 in Eqs. (4.5) and (4.7) are constant.
Note that assumption (ii) is by no means obvious, and might, in fact, be rather
inaccurate.

4.4.1 Laser absorption and radiative losses
There are two main loss mechanisms that reduce the incident laser energy fluence
Fl,0 to the hydrodynamically absorbed one Flh,0, namely, partial reflection of the
laser light and radiative losses. Accordingly, since Fl,0 is directly proportional to
Eod, we can, following our logic, introduce a hydrodynamically absorbed energy-on-
droplet

Eod,h = fla(1− φr)Eod. (4.9)
In Eq. (4.9) fla is the laser energy absorption fraction, and φr is the fraction

of the absorbed laser energy which escapes from the plasma by thermal emission.
Having introduced effective corrections for the laser reflection and radiative losses
by means of Eq. (4.9), we take the next step and relate the resulting scaling of jp0
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with Eod,h to an analytic scaling of pa with Ilh predicted by an appropriate 1D
model. If a close agreement were found, we could accept the invoked 1D model as
an appropriate one for the interpretation of our experiments.

Strictly speaking, both factors fla and (1− φr) in Eq. (4.9) must be calculated
at the target pole. But, even a simplest analytic model for evaluating fla and
φr would be too cumbersome for the present work [49]. Instead, we take their
values from the RALEF simulations. The problem, however, is that the local polar
value of φr cannot be extracted from the simulations. Moreover, it is an ill-defined
quantity because of the non-local nature of radiation transport. Thus, we are
forced to use the integral values of φr, calculated for the whole plasma volume
and listed in Tables 4.1 and 4.2. For the laser absorption, whose impact on the
scaling is considerably less important (∆α ≈ 0.03), we also use the integral values
of fla = fla,od, calculated for the laser energy fluence over the cross-section πR2

0 of
the droplet. These values are consistent with the integral values of φr and exhibit
weaker instability variations than the local polar values fla,0.

First of all, we note that the calculated values of φr, ranging from ' 20%
to & 70% as Eod increases from 0.2mJ to 40mJ, provide clear evidence of the
important role played by radiative losses in our situation. For the scaling exponent
it is important that the coefficient (1−φr) changes by about a factor of 2.5–3 over
the considered range of Eod, which implies an exponent shift by ∆α ≈ 0.17.

Fig. 4.8 shows the dependence of the calculated pressure impulse jp0 on the
incident, Eod, and hydrodynamically absorbed, Eod,h, energy-on-droplet. Solid
lines represent the respective power-law fits, that yield the following exponents.

jp0 ∝ E0.583±0.005
od ∝ E0.724±0.014

od,h . (4.10)

The results of the fits significantly differ from one another. This difference of
∆α ≈ 0.14 provides a quantitative measure of the influence of radiative losses on
the discussed scaling law. In fact, this influence is even stronger (∆α ≈ 0.17) since
the two factors fla and (1 − φr) in Eq. (4.9) change in opposite directions (see
Tables 4.1 and 4.2). Clearly, it is the second exponent α = 0.724(14) that should
be compared with the known analytic scalings for pa(Ilh). A noticeably larger
statistical uncertainty in this exponent (±0.014 versus ±0.005, thus comparable
to the experimental error), related to the goodness of fit, is apparently caused by
using the integral values of φr and fla, which “feel” the 2D ablation geometry of a
spherical droplet.

Note that the exponent α = 0.583(5) for the jp0(Eod) dependence differs slightly
from the previously quoted value of α = 0.610(5) for the U(Eod) scaling (see
Section 4.3.2). This difference of ∆α ≈ 0.03 arises from the fact that the remaining
liquid mass M in Eq. (4.5) decreases by about 9% as Eod increases from 0.2mJ to
30mJ, and less impulse is needed to attain a given velocity U .
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Figure 4.8: Calculated pressure impulse jp0 at the illuminated droplet pole as a function
of the energy-on-droplet Eod for the dfoc = 115µm case, and of the radiatively-corrected
energy-on-droplet Eod,h.

4.4.2 Effects of the equation of state
Well-known theoretical models of 1D quasi-stationary ablation fronts, based on
the ideal-gas equation of state (EOS) with the adiabatic index γ = 5/3, yield two
limiting scaling laws for the ablation pressure. Namely, the one for the case where
laser absorption occurs in an infinitely thin layer at the critical surface [47, 71, 74]
(case I), and the other one for the case where laser light is absorbed in an extended
region by the inverse bremsstrahlung mechanism before reaching the critical surface
[47, 86, 87] (case II),

pa ∝

 I
2/3
lh , case I (ideal-gas EOS),

I
7/9
lh L−1/9, case II (ideal-gas EOS).

(4.11)

In case II, an additional relevant parameter enters the scaling, which is the density-
gradient length L in the absorption zone. For quasi-spherical (or cylindrical) di-
verging flows, where a steady-state solution with a sonic point exists, L should be
set equal to the radius of the sonic point [86]. In the planar geometry, where no
steady-state solution is possible [86], one can assume the laser to be absorbed in
a non-steady rarefaction wave in expanding plasma, where L ∝ cst, and cs is the
characteristic sound velocity. In this way, one arrives at yet another well-known
analytic scaling pa ∝ I3/4

lh t−1/8, applicable to non-steady planar ablation flows with
the ideal-gas EOS [47, 71, 86, 88].
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All the above analytic scalings with rational-number exponents, based on the
ideal-gas EOS, can definitely be applied to interpretation of experiments on low-Z
targets (like plastic foils) that are fully ionized by a sufficiently high laser energy
flux. None of them, however, can be employed in our case, where a temperature-
dependent ionization of tin (Z = 50) changes the appropriate planar analytic scal-
ings in Eq. (4.11) to [49]

pa ∝

 I0.56
lh , case I (Sn EOS),

I0.64
lh L−0.18, case II (Sn EOS).

(4.12)

The experimental situation analyzed here lies between these two cases but closer to
case II. We compare the exponent α = 0.724(14) in Eq. (4.10) with 0.56 . α . 0.64
in Eq. (4.12). The effect of variation of the density-gradient scale L with the laser
intensity Ilh for case II is small and only enhances the discrepancy because L can
only grow with Ilh. From comparison between Figs. 4.5(b) and (c) one infers that
the radius of the absorption zone increases by no more than a factor of 1.7 as
Eod increases from 0.2mJ to 30mJ, implying an effective reduction of the scaling
exponent by ∆α ≈ −0.02.

Thus, a good agreement with the appropriate analytical scaling could have
been claimed if Fig. 4.8 demonstrated jp0 ∝ Eαod,h with 0.56 . α . 0.62 — which
is obviously not the case. A superficial observation that the scaling (4.10) of jp0
with Eod,h is very close to the theoretical result pa ∝ I3/4

lh (with t ≈ tp being fixed)
should be qualified as incidental. Summarizing, we conclude that the scaling (4.2),
(4.4) of the propulsion velocity U with the energy-on-droplet Eod, established in
this work, cannot be derived from the previously published 1D analytic models of
the laser ablation fronts.

4.5 Conclusion
Having performed an extensive series of experiments with Nd:YAG laser pulses at
different focusing conditions, we have found that within a certain range of laser-
pulse energies, covering more than three decades in magnitude, the propulsion
velocity of tin droplets scales as a power law U ∝ Eαod of the energy-on-droplet Eod
(the incident laser energy intercepted by the cross-section of the droplet). The theo-
retical analysis, based on 2D simulations with the radiation-hydrodynamics RALEF
code, has revealed that the scalability range corresponds to a fully developed regime
of laser ablation, where the zone of laser absorption (by inverse bremsstrahlung)
in the ablated plasma settles to a stable configuration. For droplets with radii
R0 ≈ 25µm it starts at Eod & 0.1–0.2mJ. The scaling exponent α = 0.610(5),
obtained from the RALEF results, agrees perfectly with the experimental value of
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α = 0.60(1). The performed analysis demonstrates how the propulsion of metallic
microdroplets by a laser-pulse impact can be a good probe for the plasma ablation
pressure.

It should be noted that our study was done under a rather unique combination
of conditions. A spherical target composed of a high-Z material was irradiated
from one side and propelled by an essentially 2D ablation flow. Since the vast
majority of previous measurements of the laser ablation pressure were done on
low-Z planar targets or on pellets with spherically symmetric irradiation geometry
(see, e.g., Refs. [89–93]), we chose to avoid direct comparison of our results to
those obtained in these other works, as spurious coincidence of two numbers from
different experiments could obfuscate the underlying physics. Instead, we focused
our efforts on analyzing the main physical effects that determine our scaling power.

A thorough examination, facilitated by additional information from the RALEF
simulations, of the physical processes governing the fully ablative regime in our se-
ries of experiments has revealed that the scaling law cannot be directly derived from
any of the existing analytic models of quasi-steady 1D ablation fronts. Moreover,
this cannot be done even after the effects of radiation energy losses and realistic
EOS of tin have been accounted for. The cause must be a complex, essentially
2D (or even 3D) structure of the ablation plasma flow, where the non-local energy
transport by thermal radiation in both lateral and radial directions plays an impor-
tant role. An additional complication comes from the finite pulse length tp = 10ns.
It is difficult to justify the steady-state approximation, usually implied by analytic
evaluation of the scaling exponent, when tp remains fixed. While the timescale of
flow relaxation [49] to a quasi-steady state is comparable with tp at Eod = 0.2mJ,
it decreases by about a factor of 3–4 at the upper end Eod = 30–50mJ of the
explored range.

In conclusion, the established scaling of the plasma-propulsion velocity U of
tin microdroplets with laser energy Eod belongs to a class of scaling laws where
theoretical evaluation of the scaling exponent requires the numerical solution of
partial differential equations that capture the relevant physical effects in two- or
three-dimensions.
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Appendix: Dependence of the propulsion velocity
on the droplet size and laser pulse duration
Having established the scaling Eqs.(4.2) and (4.4) of the propulsion velocity U with
the energy-on-droplet Eod, one can, following the logic of Section 4.3.2 and making
some reasonable assumptions, evaluate the dependence of U on the droplet radius
R0 and the laser pulse duration tp. This might be useful for practical applications.

First of all, we suppose that the exponent α in Eq. (4.2) does not vary with
R0 and tp, and only the dimensional coefficient KU changes. If, when varying R0,
we keep the values of the polar energy fluence Fl,0 =

∫
Il,0(t) dt and of the ratio

R0/dfoc fixed, both the polar pressure impulse jp0 and the form-factor 〈j̄pθ〉 should
remain practically unchanged. Then, having noted that in Eq. (4.5) M ∝ R3

0 and,
as it follows from Eq. (4.7), P ∝ R2

0, we obtain U = KUE
α
od ∝ R−1

0 . Finally,
because for fixed Fl,0 and R0/dfoc one has Eod ∝ R2

0, we arrive at

KU ∝ R−1−2α
0 . (4.13)

Similarly, we can deduce the scaling with the pulse duration tp by assuming
that the Gaussian pulse profile is simply stretched in time by a factor a (tp → atp),
with the peak laser intensity kept fixed. Then, because the local (polar) ablation
pressure pa(t, 0) depends primarily on the local laser intensity, one can surmise
that the corresponding pressure pulse will also be simply stretched in time by the
same factor a. As a result, the propulsion velocity would scale as U → aU . Since
Eod in Eq. (4.2) is directly proportional to tp, the factor KU should scale as

KU ∝ t1−αp . (4.14)

Finally, rounding off the KU and α values from Eq. (4.4), we obtain

KU ≈ 36
(
25 µm
R0

)2.2(
tp

10 ns

)0.4
ms−1mJ−α. (4.15)

Several dedicated RALEF simulations have confirmed that the above assump-
tions and relationships are obeyed with a good accuracy provided that R0 and tp
do not deviate too far from the central values in Eq. (4.15).
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Chapter 5

Laser-to-droplet alignment
sensitivity relevant for
laser-produced plasma
sources of extreme
ultraviolet light

S. A. Reijers, D. Kurilovich, F. Torretti, H. Gelderblom, and O. O. Versolato,
J. Appl. Phys. 124, 013102 (2018).1

We present and experimentally validate a model describing the sensitivity of the tilt
angle, expansion and propulsion velocity of a tin micro-droplet irradiated by a 1µm
Nd:YAG laser pulse to its relative alignment. This sensitivity is particularly rele-
vant in industrial plasma sources of extreme ultraviolet light for nanolithographic
applications. Our model has but a single parameter: the dimensionless ratio of
the laser spot size to the effective size of the droplet, which is related to the posi-
tion of the plasma critical density surface. Our model enables the development of
straightforward scaling arguments, in turn enabling precise control the alignment
sensitivity.

1Dmitry Kurilovich and Sten A. Reijers contributed to this chapter as part of their PhD theses,
the experimental part is provided by Dmitry Kurilovich and the modelling part by Sten A. Reijers.
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5.1 Introduction
Microdroplets of liquid tin are used to create extreme ultraviolet light (EUV) for
next-generation nanolithography [13, 17, 18, 42] that is currently being introduced
in high-volume manufacturing. These droplets, several 10µm in diameter, serve
as mass-limited targets [23, 43] for creating a laser-produced plasma (LPP) in
EUV light sources. In such machines, a prepulse laser beam hits a tin droplet
to obtain an extended disk-like target [20, 21] that increases coupling with the
next pulse. Subsequently, the target is irradiated by a focused nanosecond-pulse
laser at intensities that lead the creation of a high-density plasma [13, 23, 44].
Line emission from electron-impact-excited highly charged tin ions in the plasma
provides the EUV light peaking at 13.5 nm [13, 23]. Maximizing the conversion
efficiency (CE) of laser light into the required EUV light of such sources requires
a careful control over the target shape. This shape is very sensitive to the precise
alignment of the prepulse laser to the initially spherical droplet [70, 94]. Any
deviation from the optimum location for laser impact will produce a suboptimal
target tilt and decrease the target radial expansion, as shown in Fig. 5.1. Moreover,
reflections of the laser light from the incorrectly tilted surface of the target back
towards the laser itself may be detrimental to laser operation stability. In spite
of its obvious relevance, the precise relation between such laser-to-droplet (L2D)
alignment and the resulting target tilt has so far remained poorly explored aside
from activities by Tsygvintsev et al. [95] and the recent work by Hudgins et al. [70]
who combine modeling with experimental efforts. Due to experimental constraints,
however, their model predictions for the tilt sensitivity could not be validated under
conditions of controlled misalignment.

Here, we present and experimentally validate an intuitive model describing L2D
alignment sensitivity. The model is based on a single parameter: the dimension-
less ratio of the laser spot size to the effective size of the droplet target, which
we relate to the position of the plasma critical density surface [49, 96, 97] and
sets the typical length scale for the problem. Our model enables the develop-
ment of straightforward scaling arguments, which in turn enable the minimization
of detrimental alignment sensitivity. We focus our studies on industrially rele-
vant 1-µm-wavelength Nd:YAG laser pulses and experimentally validate our model
predictions for two different laser spot sizes over a wide range of laser pulse ener-
gies. Furthermore, we apply the validated model to predict sensitivities for several
practical cases that are immediately relevant for current state-of-the-art industrial
droplet-based EUV light sources.
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Figure 5.1: Side-view shadowgraphy images taken 2µs after a 40mJ pulse with 115µm
diameter (FWHM) spot impinged on a droplet from the left at (a) optimal alignment
and at (b) a misalignment of ∆x ≈ 100µm leading to a tilt angle θ, accompanied by a
decrease in total propulsion velocity and radial expansion. The white glow visible at the
original droplet position is plasma light, where the deformed droplet has moved further
downwards and sideways (see main text).

5.2 Experiment
Our experimental setup has previously been described in detail [20]. For clarity, the
most important characteristics are repeated here. A droplet generator was operated
in a high-vacuum chamber (∼ 10−7 mbar) and held at constant temperature of
∼ 260◦C. The nozzle produced a 13.4 kHz train of ∼ 43µm diameter (radius R0 ≈
21.5µm) droplets of 99.995% purity tin. The droplets were irradiated by 1064-nm
wavelength, 10 ns (full-width-at-half-maximum: FWHM) long pulses of a Nd:YAG
laser operated at 10Hz repetition rate.

The laser pulse energies were varied between ∼ 1 and ∼ 395mJ. The laser beam
was focused down to a 115µm or 60µm diameter (FWHM) Gaussian spot on the
droplet and was circularly polarized. While significant astigmatism was appar-
ent for a tighter focus, the part of the beam intersecting with the droplet could
still be well described by a 60µm-diameter Gaussian function. Conversely, the
115µm focus produced a circularly symmetric beam spot. In order to capture the
dynamics of the expanding droplets two shadowgraphy systems based on 850-nm-
wavelength, 15-ns pulsed laser diodes and long-distance microscopes coupled with
charge-coupled-device cameras were used. The two systems provide a “front” view
and a side view, 30◦ and 90◦ with respect to the laser propagation direction. By
varying the time delay between the plasma-generating laser pulse and shadowgra-
phy pulses, a sequence of images was recorded. The images obtained from the side
were processed using an image analysis program that tracks the center-of-mass dis-
placement and the size of the expanding droplet as well as the target tilt angle. In
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order to introduce controlled misalignment, the timing of the Nd:YAG laser pulse
was varied around the established time for optimal alignment of laser on droplet,
see Fig. 5.1. Since the droplets vertical velocity Ux stayed constant (∼ 12m/s), this
“mistiming” ∆t resulted in a laser impact off-centered by a distance ∆x, translating
the initial spherical droplet into a tilted disk. The final droplet shape is the result
of complex force interplay and its study is left for future work. The velocity Ux
was obtained by processing the front-view images containing two or more droplets.
The target tilt angle, defined as the angle between the target normal and the laser
beam propagation direction (see Fig. 5.1(b)), was mapped as a function of mis-
alignment, with ∆x = Ux∆t, for different laser pulse energies. At the same time,
we tracked the propulsion velocity uz along the laser light propagation direction.
We obtained an estimate of the droplet expansion velocity Ṙ by measuring its ra-
dius (i.e. the maximum droplet radius along the tilted axis) shortly (1µs) after the
laser pulse impact and assuming a linear expansion on this short timescale, such
that Ṙ ≈ (R(1µs)−R0)/(1µs).

5.3 Model
In this section, we outline an intuitive model for the tilt angle θtilt (see Fig. 5.1(b))
in terms of the axial misalignment and the laser beam width. Figure 5.2 shows a
schematic overview of the problem. A droplet with radius R0 is hit by a Gaussian
off-centered laser pulse having an axial offset ∆x and beam width σ, which relates to
the full-width at half-maximum of the laser beam according to the usual convention
σ = FWHM/(2

√
2 ln 2). The target tilt angle can be deduced from the direction of

the target’s center-of-mass motion. We derive the target’s center-of-mass motion
from the plasma pressure distribution on the surface of the target where the laser
energy is absorbed. This pressure distribution is directly related to the spatial
intensity profile of the laser. Below, we detail these steps.

During the laser impact, a small liquid layer is ablated and forms a plasma
cloud on the illuminated side of the droplet, see Fig. 5.2. The time scale of this
plasma generation is typically much shorter than the laser pulse. As a result, most
of the laser energy is absorbed just before the plasma critical density surface [49]
where the plasma electron frequency equals that of the laser light and no further
light penetration is possible. This gives the system an effective radius Reff ≥ R0,
see Fig. 5.2. The laser intensity profile I at Reff is given by a projection of part of
the Gaussian laser beam profile onto the laser-facing hemisphere with radius Reff
and an offset ∆x. It is insightful to formulate this intensity profile in terms of two
dimensionless parameters: the dimensionless laser beam width α = σ/Reff and the
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Figure 5.2: Schematic cross-section of the problem: a droplet with radius R0 is hit by a
Gaussian-shaped intensity-profile laser pulse with size σ from the left. The laser hits the
droplet off-center with an axial offset ∆x creating plasma (light gray area) surrounding
the droplet on the illuminated side (dashed line), thereby creating an effective radius Reff.

dimensionless laser offset β = ∆x/Reff, which gives in spherical coordinates

I(θ, φ) ∼ exp
(
−

[
sin(θ)2 − 2β sin(θ) cos(φ) + β2

2α2

])
×H(π/2− θ) cos(θ), (5.1)

where θ and φ are the polar angle and azimuthal angle respectively, and H is the
Heaviside step function to limit the intensity profile to the illuminated side of the
droplet. Note that an extra cos(θ) term is included in Eq. (5.1) to account for the
projection of the beam onto the effective radius, which is assumed to be locally
spherical and of constant size.

With the intensity profile at Reff at hand, we now obtain an expression for
the plasma ablation pressure pa acting on this surface. A power-law dependence
between this pressure and the impinging laser pulse energy has been established
in previous work [20, 22, 70], and experimentally shown to be valid to excellent
accuracy over three orders of magnitude in laser energy [20, 22],

pa ∝ (E − E0)δ , (5.2)

where E ∝ I is the fraction of the laser pulse energy that is intercepted by the liquid
target. In the remainder of this work, we take δ = 0.6 in accordance to Ref. [49].
Furthermore we neglect the small offset energy E0, since typically E0 � E (see
Ref. [20]) and use Eqs. (5.1) and (5.2) to find the local pressure pa(θ, φ) acting on
the target’s effective surface.
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The center-of-mass velocity of the target is then obtained from pa. To this end,
we consider the droplet and its surrounding plasma cloud as a single body with
radius Reff that is subjected to a local pressure distribution pa(θ, φ). Note that by
doing so, we neglect the exchange of momentum between this plasma cloud and
the droplet. Furthermore, we assume that the liquid body does not deform on the
time scale of the pressure pulse, which is justified since the timescale of deformation
is typically much longer [20, 21]. The center-of-mass velocity of the body is then
given by

ux(α, β) ∼
∫ π

0

∫ 2π

0
pa(θ, φ, α, β) sin(θ) sin(θ) cos(φ) dθ dφ,

uy(α, β) ∼
∫ π

0

∫ 2π

0
pa(θ, φ, α, β) sin(θ) sin(θ) sin(φ) dθ dφ,

uz(α, β) ∼
∫ π

0

∫ 2π

0
pa(θ, φ, α, β) sin(θ) cos(θ) dθ dφ, (5.3)

where the coordinates x, y, z are defined in Fig. 5.2.
From the direction of the center-of-mass motion, one can now deduce the target

tilt angle. Note that since a pressure always acts perpendicular to the surface it
can never induce any rotation of the body. Therefore the target tilt is a result of
the preferred expansion direction of the liquid, which by definition is perpendicular
to the direction of the center-of-mass motion. As a result, the tilt angle in radians
is given by

θtilt(α, β) = arctan(ux(α, β)/uz(α, β)), (5.4)
which needs to be evaluated numerically. Our approach differs from the one pre-
sented in Ref. [70] as we include the full pressure distribution on the surface of
the droplet, see Eqs. (5.3). Comparing the two models, our approach consistently
yields significantly lower tilt angle sensitivities.

The target tilt angle sensitivity around zero misalignment is of interest for
certain industrial applications [98]. To this end we define the tilt angle sensitivity
around β = 0 as

f(α) = ∂θtilt(α, β)
∂β

∣∣∣∣
β=0

, (5.5)

which enables a straightforward inspection of the influence of the dimensionless
beam width α. The tilt angle sensitivity as expressed by Eq. (5.5) can be approxi-
mated analytically by expanding Eq. (5.1) and (5.4) up to O(β2) and results in

f(α) = Re
(
ux(α, 1)
uz(α, 0)

)
. (5.6)
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The full complex expression is given in its explicit form in the Appendix. The
actual tilt angle in this approximation is given by

θtilt(α, β) ≈ ∂θtilt(α, β)
∂β

∣∣∣∣
β=0

β. (5.7)

Another important industrially relevant parameter is the radial expansion ve-
locity Ṙ as a function of the misalignment. In Fig. 5.1, we observe that laser
misalignment not only induces a target tilt but also significantly decreases the ex-
pansion velocity. We now employ our basic model to obtain a first-order estimate
of this reduced expansion. When the laser beam is misaligned with respect to the
droplet, the laser intensity absorbed by the droplet decreases. As a consequence,
both the center-of-mass speed and the expansion rate of the target decrease. The
partitioning of kinetic energy between propulsion (center-of-mass motion) and ex-
pansion is set by the laser beam (or pressure) profile acting on the droplet as
detailed in Ref. [21]. To obtain an intuitive, first-order estimate of the target ex-
pansion velocity, we assume that this energy partitioning remains fixed and is not
influenced by the misalignment or laser beam energy, such that

Ṙ(∆x/R0)
Ṙ(0)

∼ Ucm(∆x/R0)
Ucm(0) . (5.8)

Here, the left-hand-side is the expansion velocity as function of the misalignment
normalized by the expansion velocity at zero misalignment, and the right-hand-side
is the center-of-mass velocity as function of the misalignment normalized by the
center-of-mass velocity at zero misalignment.

5.4 Results
The experimental results for the tilt angle, the z-component of the center-of-mass
velocity uz and the radial expansion velocity Ṙ are shown in Fig. 5.3 as a function
of misalignment ∆x/R0. The error bars represent the standard deviation of the
measurements where available, otherwise a conservative value of twice the overall
average error was used. In Fig. 5.3(c) the error bars are conservatively set at
20%. We classify three different groups of experimental data. The first data set is
obtained for a 115-µm focus with energies of ∼ 40 to ∼ 395mJ (green diamonds).
The second group represents the experimental data for the same focus spot size,
but with laser energies between ∼ 5 and ∼ 25mJ (red squares). The third group
consists of all data having a 60-µm focus spot size with laser pulse energies between
∼ 1 and ∼ 95mJ (blue circles). In the top panel, we observe that the tilt angle
monotonically increases with the misalignment. A small but significant influence
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of the laser pulse energy on the sensitivity is observed in the grouped data of the
large focus spot size (green diamonds versus red squares) but this could not be
further proven with any measure of significance for the individual (i.e. for single
laser pulse energies) data sets. The small focus spot size (blue circles) results in a
stronger tilt angle sensitivity to misalignment and show some signs of saturation
at large misalignment values. In the center panel, we see that the normalized z-
velocity uz distribution has a typical bell shape, showing no significant influence of
the laser pulse energy in the grouped data of the large focus spot size. The smaller
spot size results in a more sharply peaked distribution. In the bottom panel, we
observe that the normalized radial expansion velocity Ṙ also has a typical bell
shape, which appears to be of slightly larger width than the uz distribution. The
data also shows no significant influence of the laser pulse energy in the grouped
data of the large focus spot size. Again, the smaller spot size results in a more
sharply peaked distribution.

To compare the experimental results in Fig. 5.3 to the model described above,
we numerically evaluate Eq. (5.4) using a local adaptive solver [99]. For each
experimental case we determine α based on the focal spot sizes mentioned above
and the effective radius Reff, which we relate to the location of the critical plasma
surface. We obtain the location of the critical surface for a Nd:YAG laser pulse on
tin droplets from 2D radiation-hydrodynamic simulations [49]. In that work, the
distance from a tin droplet (at R0 = 15µm) to the critical surface is evaluated to
be dcrit ≈ 8µm for a Nd:YAG laser pulse. By assuming the same position of the
critical surface with respect to the droplet surface in our experimental case with
slightly bigger droplets (R0 = 21.5µm), we obtain Reff = R0 + dcrit = 29.5µm,
and hence, α115 = 1.7 (115-µm focus, green diamonds) and α60 = 0.86 (60-µm,
blue circles). The corresponding sensitivity curve is in excellent agreement with
the experimental data (see solid lines in Fig. 5.3).

For laser energies lower than 40mJ and a large focus spot size (red squares), the
experimental data are found to be well described by the model if we set α̃115 = 2.3,
i.e., with the effective radius Reff ≈ R0. This observation could be explained by

Figure 5.3: (Figure is found on the following page.) (a) Tilt angle of the target at
various misalignments. Data for the 115-µm focus with energies below (red squares)
and above (green diamonds) 40mJ have been grouped. Blue circles represent averages
of all data for the 60-µm focus case. Red, green, and blue solid lines depict numerical
predictions of target tilt with α = 2.3, 1.7 and 0.86 respectively. (b) Droplet propulsion
velocity uz in the laser beam propagation direction. The red and green solid lines fully
overlap. (c) Normalized droplet expansion velocity Ṙ. In (b) and (c), the velocities have
been normalized to the maximum value of each data set.
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Figure 5.3: (Continued from the previous page.)
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the reasoning that for such for low-energy and broad focus pulses the plasma is
not fully developed and the critical surface is situated very close to the droplet
surface (dcrit ≈ 0). Unfortuantely, no simulation data is available in this regime to
support this claim. Furthermore, the difference between α115 and α̃115 could also
be the result of different plasma pressure distributions [22] or additional dynamical,
time-dependent effects that we do not consider here.

Using the above mentioned values for α, we observe that all theoretical curves
show good agreement with the experimental data for both the tilt angle and the
z-velocity uz. Following the simple approximation given by Eq. (5.8), we compare
the normalized, experimental radial expansion velocity to the theory predictions
in Fig. 5.3. We find reasonable agreement between data and our model especially
considering the simplifications involved and the experimental uncertainty in deter-
mining Ṙ.

Next, we analyze the model prediction for the tilt angle sensitivity around
zero misalignment (β = 0). Figure 5.4 shows the numerical curve (solid line)
resulting from Eq. (5.5) with the dimensionless beam widths corresponding to the
experimental operating conditions (see Section 5.4). The theoretical curve clearly
shows that f(α) first increases, from unity with α peaking near α ≈ 0.3 after
which a monotonic decrease is apparent. The sensitivity rises for larger droplets,
keeping a constant beam width. Reversely, a smaller beam for a given effective
radius will translate a large sensitivity to its alignment. In the limit α → ∞ one
would illuminate the droplet with a flat-top beam of infinite width and would be
completely insensitive to misalignment. In the limit α → 0 (i.e. a delta peak) the
sensitivity decreases and eventually saturates to unity. In this limit the center-of-
mass velocity ux and uz decay to zero equally fast as all energy is used to deform
the droplet rather then to move its center-of-mass [21]. Hence, the ratio ux/uz
becomes meaningless and one needs to reconsider the definition of the tilt angle.
The maximum in f(α) is caused by a maximum in ux(α, 1), see Eq. (5.6). As α
gets smaller, there is initially an increase in the ux component since pressure on
the surface of the droplet is spread increasingly more onto a surface element that
points in the x-direction. However, as α decreases more this surface element gets
smaller too and eventually disappears completely as α → 0. Therefore, there is a
competition between the decreasing area in this surface element and the increasing
direction of the normal pointing more towards the x-direction. Hence, we find a
maximum in the tilt angle sensitivity for small α ≈ 0.3. However, we note that
the model is not applicable for α � 1, since nonlinear plasma and fluid dynamics
effects become increasingly more important when all laser energy is focused into
a tight spot. In that case, the complete plasma and droplet fluid dynamics must
be taken into account. In practice, for the µm-sized droplets considered here such
tight focus cannot be reached and thus typically α� 0.
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Figure 5.4: The theoretical tilt angle sensitivity f(α) (in degrees) as function of the
dimensionless beam width α around zero misalignment (β = 0). The black curve is the
analytically calculated tilt angle sensitivity from Eq. (5.5), with δp = 0.6. The red square,
green diamond and blue circle represent the values corresponding to the experimental
conditions (see Section 5.4, color coding as in Fig. 5.3).

5.5 Discussion and industrial application
Careful control over the tilt angle sensitivity and target expansion is of crucial
importance for the operating stability and CE of EUV light sources [13, 17, 18,
42]. In the following, we apply our now validated model to predict sensitivities
for several practical cases that are immediately relevant for current state-of-the-art
industrial droplet-based EUV light sources. In the industrial context, tilt sensitivity
is typically expressed as θtilt/∆x (in degrees tilt / µm misalignment). Following
Eq. (5.7), θtilt/∆x = f(α)/Reff.

In Fig. 5.5 we present our model predictions for the sensitivity θtilt/∆x as
function of beam width σ around zero misalignment (∆x = 0) for several values
of the effective droplet size Reff = [10, 15, 25, 35, 50] µm. We note that by plotting
for several effective droplet sizes Reff, we incorporate both the droplet size R0 and
the distance from the droplet surface to the plasma critical surface dcrit for each
case, since Reff = R0 + dcrit (see previous section). In the figure we also show the
experimental parameters studied in the previous sections, analogous to Fig. 5.4.

Figure 5.5 shows that increasing the laser spot size beyond ∼45µm does not sig-
nificantly change the sensitivity for the given effective droplet sizes and is therefore
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Figure 5.5: The calculated tilt angle sensitivity f(α)/Reff expressed in units ◦/µm
as function of beam width σ around zero misalignment (β = 0). The curves are the
analytically calculated tilt angle sensitivities from Eq. (5.5), with δp = 0.6 and for several
relevant values for the effective droplet size Reff = [10, 15, 25, 35, 50]µm. The red square,
green diamond and blue circle represent the values corresponding to the experimental
conditions (see Section 5.4, color coding as in Fig. 5.3).

not useful. However, by increasing the laser spot size, the energy required to main-
tain a similar droplet expansion increases with 1/σ2 due to finite overlap between
the droplet and the laser beam, as discussed in Ref. [20]. Therefore, in practical ap-
plications, one should find the optimum conditions balancing between a maximum
expansion (i.e. minimizing σ) and a minimal tilt sensitivity (i.e. maximizing σ).

Furthermore, from Fig. 5.5 we observe that the tilt angle sensitivity increases
sharply with decreasing laser focus spot size, especially when σ < Reff. Under such
focusing conditions, a change in the effective size of the droplet Reff has a strong
effect on the sensitivity. An interesting way to change the tilt sensitivity, apart
from adapting the actual droplet radius R0, is by changing the laser pulse energy
or its wavelength. Shorter wavelengths or lower pulse energies result in a smaller
dcrit and hence result in a smaller Reff and vice versa.

A particularly interesting industrial application of the model is found in the
use of a nanosecond-long CO2-laser prepulse, at 10.6-µm wavelength. According to
radiation-hydrodynamics simulations [49] of the interaction of such energetic laser
pulses with tin droplets (at an absorbed intensity of 4× 109 W/cm2), the critical
surface extends up to about 28µm from the droplet surface. In the particular case
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of R0 = 15µm tin droplets impacted by a laser beam of σ = 25µm studied in
Ref. [49], we speculate that the effective system size in our model Reff ≈ 15µm +
28µm ≈ 43µm. In addition, recent experimental work using CO2-lasers impinging
on planar solid tin targets showed that the exponent in Eq. (5.2) is significantly
larger, δ = 0.96, compared to the case of a Nd-YAG laser [100]. These results allows
us to estimate the scaling of the propulsion velocity (and thus, radial expansion
velocity [21]) with CO2-laser intensity for the σ = 25µm case. Using these values
for Reff and δ in Eq. (5.9), we get a sensitivity around zero misalignment of θ/∆x ≈
0.98◦/µm, which is about 85% larger than the corresponding sensitivity for Nd:YAG
θ/∆x ≈ 0.53◦/µm. For the low-energy Nd:YAG cases studied in this work, we
found that our experiments were well reproduced assuming Reff ≈ R0, which would
for the current example lead to a sensitivity of 0.36◦/µm, which differs from the
CO2 case by a factor of 2.7. Of course, the extrapolation of our model to other laser
wavelengths requires further experimental validation and is left for future work.

Certain industrial applications may require a finite tilt angle [98]. Our model
Eq. (5.4) offers a direct way to predict what misalignment is required to obtain a
certain amount of target tilt (see also Fig. 5.3(a)). The slope of that curve around
the required misalignment then gives the new tilt angle sensitivity, which can be
calculated numerically by evaluating Eq. (5.5) around this new working point. We
note that there are in-fact two planes in which we can induce a finite tilt angle,
namely in the x−z plane (as discussed in this work) but also in the y−z plane. Both
angles are dependent on misalignments in both x and y directions when the de-
generacy is lifted by choosing a finite target tilt through a well-defined, intentional
misalignment. Further study is required to see how this fact may be advantageously
used to increase source operating stability by minimizing L2D sensitivity along the
machine axis with the largest risk of misalignment.

5.6 Conclusions
In tin-droplet-based LPP sources of EUV light, laser-to-droplet alignment plays an
important role. A slightly misaligned prepulse laser beam can lead to a non-optimal
target shape, which causes an inefficient coupling with the main laser pulse and
lower conversion efficiency of drive laser light into EUV. Moreover, reflections of
the main pulse laser light from the tilted surface may well be detrimental to laser
stability.

In this work we experimentally validated a simple, intuitive model describing
the tilt angle sensitivity of a droplet impacted by a laser pulse with controlled
misalignment. Our back-of-the-envelope model for the tilt angle was derived based
solely on the direction of the center-of-mass velocity. From this model, we were
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able to obtain the local tilt angle sensitivity around zero misalignment. We ex-
perimentally verified the tilt angle and the tilt angle sensitivity by three different
experimental groups with industrially relevant settings of an Nd:YAG laser oper-
ating at its fundamental wavelength. We observed an excellent agreement with the
model over a broad range of laser pulse energies and two laser focus spot sizes.
Furthermore, we applied our validated model to predict sensitivities for several
practical cases that are immediately relevant for current state-of-the-art industrial
droplet-based EUV light sources.

Our model is a simple first-order approximation of the underlying plasma and
fluid physics. Full three-dimensional simulations incorporating the complete plasma
dynamics should be carried out to obtain the tilt angle as function of the full param-
eter space. Nonetheless, the current model already allows to physically understand
the target tilt as a function of the key experimental control parameters.

Appendix
We present the full solution of the tilt angle sensitivity f(α, δ) around β = 0
following (5.5) as used in Fig. 5.4,

f(α, δ) = 2− δ2−3e−
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Chapter 6

Drop fragmentation by
laser-pulse impact

To be submitted as: A. L. Klein, D. Kurilovich, H. Lhuissier, O. O. Versolato,
D. Lohse, E. Villermaux, and H. Gelderblom. “Fragmentation of free-falling drops
by laser-pulse impact.”1

We study the fragmentation of a free-falling liquid drop that is impulsively accel-
erated by the impact of a laser pulse. The drop expands into a thin sheet that
breaks by the radial expulsion of ligaments and the nucleation, growth, and merg-
ing of holes on the thin sheet itself. We identify two Rayleigh–Taylor mechanisms
as cause of the destabilization and derive scaling laws for the characteristic time
and wavenumber of destabilization for both the radial expulsion of ligaments and
the hole nucleation. Combining experimental data from two liquid systems allows
us to reveal how the initial laser-matter interaction affects the late-time fragmen-
tation. The final structure of liquid ligaments is the result of an interplay between
the random hole nucleation, which originates from the amplification of noise as set
by the laser-matter interaction, and deterministic modulations in the local sheet
thickness. The latter are a late-time consequence of the kinematics of the drop
deformation and spatial variations in the laser-beam profile.

1Alexander L. Klein and Dmitry Kurilovich contributed to this chapter as part of their PhD
theses, tin data is acquired by Dmitry Kurilovich and MEK data, model, and analysis by Alexan-
der L. Klein.
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6.1 Introduction
The impact of a laser pulse onto a free-falling liquid drop induces a large-scale
deformation that eventually leads to the fragmentation of the liquid body. Fig-
ure 6.1 shows how a laser impact causes spherical drops to deform into thin, liquid
sheets that subsequently break into a set of ligaments and smaller drops. Two
types of breakup constitute the fragmentation process in our experiments: the ra-
dial expulsion of ligaments from a bordering rim of the sheet (Fig. 6.1 (a, c)) and
the nucleation of holes on the thin sheet itself (Fig. 6.1 (b, d)). Both phenomena
have been observed individually in other experimental realizations, either by the
mechanical impact of a drop on a solid obstacle [101] or by the impact of a shock
wave on a thin liquid film [102]. In these studies, Rayleigh–Plateau and Rayleigh–
Taylor instabilities have been identified as the cause of the fragmentation. The
Rayleigh–Taylor instability is driven by virtue of an acceleration at an interface
between two media of different density [103]. The acceleration in our system is
caused by the laser impact, localized both in time and space, and by capillary
restoring forces. The latter also minimize the surface energy of the system leading
to the Rayleigh–Plateau instability.

The problem in the present work deviates in two important aspects from the
aforementioned studies. First, the laser impact allows to clearly separate the
timescale of the drop acceleration and the subsequent fluid-dynamic response as we
have seen in previous studies [20, 31]. By contrast, during the mechanical impact
of a drop on a solid both deceleration and deformation take place on the same
timescale. Second, the deformation of the drop into a thin sheet and the destabi-
lization of this sheet are ultimately the result of the very same initial acceleration.
This aspect sets our experiments apart from the fragmentation of a liquid film due
to the impact of a shock wave. In this experiment, the film is created manually
and prior to the impact.

A key application that requires understanding of drop fragmentation by laser-
pulse impact is found in laser-produced plasma light sources for extreme ultraviolet
(EUV) nanolithography. In these sources, a dual-pulse sequence results in the
emission of EUV light from a tin plasma [13, 43, 45]: a first laser pulse shapes
a liquid tin drop into a thin sheet to create a suitable target for the impact of a
second, much more energetic, laser pulse that generates the plasma. Line emission
from excited tin ions in the plasma provides the EUV light [13, 23]. In this process,
the spatial distribution of liquid tin during the second pulse is crucial for an efficient
EUV light generation. The distribution is directly affected by the fragmentation of
the sheet after the first pulse. Since both the drop deformation and fragmentation
have their origin in the same acceleration by the first laser impact they are coupled
to each other, which renders the breakup of the liquid an intrinsic part of the
laser impact on a drop. The fundamental understanding of the fragmentation is
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4 mm 250µm

Figure 6.1: Fragmentation of liquid drops consisting of methyl ethyl ketone (MEK)
in (a, b) and tin in (c, d) as a result of a laser impact. The drops are accelerated by
the laser impact and deform into thin liquid sheets that break by the radial expulsion
of ligaments as shown in (a, c) and by the nucleation and growth of holes on the thin
sheet itself (b, d). The two liquid systems differ in the initial radius R0 = 0.9 mm for
MEK and R0 = 24µm for tin, and in the laser-matter interaction that induces the drop
acceleration: the millimeter-sized MEK drops are accelerated by the local boiling of liquid
and the metallic tin drops by an expanding and glowing plasma cloud, which is visible in
(c, d) as white spot.

therefore of great importance to improve laser-produced EUV light sources for
nanolithography.

Here, we aim to understand in detail how the initial laser impact on the spher-
ical drop causes the fragmentation of the liquid sheet that develops as a late-time
response to the very same laser impact. To this end, we study in Section 6.4 the
breakup process for two different liquid systems, which each have their own unique
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advantages for the study of fragmentation. On the one hand, we use millimeter-
sized MEK drops (Fig. 6.1 (a, b)), which expand into semi-transparent sheets that
are accessible for high-resolution and high-speed visualization of small details. On
the other hand, we use micrometer-sized metal drops (Fig. 6.1 (c, d)), which experi-
ence near-perfect axisymmetric impact conditions that do not obscure our view on
any fluid-dynamics instability. The details of the liquid systems and experimental
setups are described in Section 6.2 and Section 6.3. Having developed a qualitative
understanding of the destabilization mechanism as explained in Section 6.5, we aim
to quantify the fragmentation by a description in the framework of fluid-dynamics
instabilities. First, we adapt an existing model in Section 6.6 to describe the charac-
teristic change of the liquid topology as a response to the laser impact: a spherical
drop deforms into a liquid sheet that expands radially under the influence of sur-
face tension. With a description of the kinematics at hand, we turn to the breakup
at the bordering rim in Section 6.7 and the sheet breakup in Section 6.8. We will
address in our analysis how the laser-matter interaction affects both the deforma-
tion of the sheet and an impulsive Rayleigh–Taylor instability. We finally present
scaling laws for the characteristic time and wavenumber for both the breakup at
the bordering rim and the sheet breakup.

6.2 Liquid systems
A laser-induced phase change is a way to move liquids by optical radiation and it
allows for large deformations and flow speeds to be reached. The laser radiation
must be strong enough to supply the energy required for the phase change, which
can be a vaporization or the generation of a plasma. We make use of pulsed lasers to
accelerate a free-falling liquid drop by a laser-induced phase change on a timescale
that is much shorter than the subsequent fluid-dynamic response of the drop. The
observed deformation of the drop upon laser impact is then determined to a large
extent by the Weber number as explained in previous publications [21, 31]

We = ρR0U
2

γ
, (6.1)

where ρ is the liquid density, R0 the initial drop radius, γ the surface tension, and
U the center-of-mass velocity of the drop as a result of the laser impact. The Weber
number has also been identified as an important parameter in the fragmentation
of liquid films and jets [102, 104–106]. To understand now the drop fragmentation
upon laser impact, we make use of two liquid systems that allow us to explore a
large range in We. In this section, we introduce both system together with their
characteristics that are of importance for the study of fragmentation.
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In [31] we focused on the question how a laser pulse can induce fluid motion in
the first liquid system under consideration here: a liquid-dye solution. We showed
that the key driving mechanism for the observed acceleration is the local boiling
of the drop that is induced by the absorption of laser energy in a superficial layer.
The thickness δ of this layer is determined by the amount of dye dissolved in the
liquid and the absorption coefficient of the dye at the laser wavelength λL. The
laser-dye combination and the drop size can then be chosen such that only little
mass of the drop is affected by the laser impact, that is δ/R0 ∼ 10−2 � 1. The
superficial layer δ of the drop is then ejected at the thermal speed u during the rapid
vaporization on a timescale τe ∼ 10µs. On the same timescale, the resulting recoil
pressure pe accelerates the remainder of the drop to the center-of-mass velocity

U ∼ Eabs − Eth

ρR3
0 ∆H u, (6.2)

where Eabs is the energy absorbed by the drop, Eth is the threshold energy that is
needed to heat the liquid layer to the boiling point, and ∆H is the latent heat of
vaporization as we explained in [31]. The scaling law (6.2) motivates our choice to
use the solvent methyl ethyl ketone (MEK) for the current study: the low value of
∆H allows to induce large drop velocities for a given laser energy, which translated
in view of (6.1) to a large Weber number range. An alternative liquid is an aqueous
solution of Acid-Red-1, which is more convenient to handle experimentally but the
range in We is limited due to the large value of ∆H for water. We characterized
both liquid-dye solutions in [107]. In particular, we ensured that γ is not affected
by the dye, which is crucial for the current study as capillary restoring forces affect
both the drop deformation and fragmentation.

The key difference of the second system is found in the driving mechanism of
the fluid dynamics: a metal drop is propelled by an expanding plasma cloud in the
vicinity of the drop surface as already discussed in [20]. We briefly introduce the
concept of this propulsion mechanism, since will see an important influence of the
plasma cloud on the expansion rate of the deforming drop in Section 6.6. The drop
is placed in the focus point of a laser beam where the local fluence exceeds the limit
for plasma generation. The intrinsic extinction coefficient of the metal [61] prevents
the laser light to penetrate the drop by more than a few nanometer. As soon as a
plasma is generated within a fraction of the laser-pulse duration τp = 10 ns, inverse-
bremsstrahlung absorption strongly decreases the initially high reflectivity of the
metallic surface to negligible values. Any further laser radiation is then absorbed by
the plasma cloud that exerts a pressure pe on the drop surface accelerating the drop
as a whole. The timescale of the drop acceleration is set by the plasma dynamics,
which is of the same order as the laser-pulse duration: τe ∼ τp = 10 ns. Therefore,
the description of the drop propulsion by a short recoil pressure pe is analogous to
the vapor-driven drop in the first system. The center-of-mass velocity U for the
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Table 6.1: Characteristics of the two liquid systems used in the present work. MEK
refers to a solution of methyl ethyl ketone and the dye Oil-Red-O enclosed in a nitrogen
environment at ambient temperature (for details on the dye manufacturer see [107]). The
second system consists of liquid tin at an elevated temperature in a vacuum environment
(manufacturer of the liquids given in the text).

Description MEK Tin
T liquid temperature (C) 20 260
ρ liquid density (kg m−3) 805 6968
ν liquid viscosity (m2 s−1) 0.53× 10−6 0.27× 10−6

γ surface tension (N m−1) 0.025 0.544
R0 initial drop radius (m) 0.9× 10−3 24× 10−6

τc capillary timescale (s) 5× 10−3 13× 10−6

τi inertial timescale (s) ∼ 10−4 ∼ 10−6

τe propulsion timescale (s) 10× 10−6 10× 10−9

τp laser duration (FWHM) (s) 5× 10−9 10× 10−9

λL laser wavelength (nm) 532 1064
— propulsion mechanism vapor-driven plasma-driven
We Weber number range 90–2000 5–18500
Re Reynolds number range 3000–14 000 400–22000
Oh Ohnesorge number � 1 � 1

metal drop follows a similar scaling law with respect to the absorbed energy, that
is U ∼ (Eabs − Eth)0.59, where Eabs, Eth, and the exponent now have their origin
in the plasma dynamics, which we explained in [20]. We either use pure liquid tin
(99.995 % purity by Goodfellow), which is motivated by the industrial application
in EUV light sources, or an eutectic indium-tin alloy (50In–50Sn, 99.9 % purity
by Indium Corporation) with a conveniently low melting point. Since both liquids
are almost equivalent in terms of atomic mass, density, and surface tension we can
use them interchangeably in the context of this work and refer to them as the tin
system.

Characteristic to both systems is the clear separation of timescales: the laser-
matter interaction takes place on a nanosecond timescale set by τp and accelerates
the drop on the timescale τe. The drop propulsion is accompanied by a lateral
expansion that occurs on the inertia timescale τi = R0/U and is eventually slowed
down by surface tension on the capillary timescale τc = (ρR3

0/γ)1/2. The clear
separation of timescales then reads

τe � τi < τc, (6.3)



6.3. Experimental setups 81

all of which are listed in table 6.1 for an overview on the two systems. In summary,
the combination of the MEK and tin system allows us to study the fragmenta-
tion upon laser impact for a large range of Weber numbers. We neglect viscous
effects as the Ohnesorge number Oh =

√
We/Re� 1, where the Reynolds number

Re = U R0/ν is larger than We, see table 6.1. The fragmentation then shows the
same features and chronology for both systems as we will see in Section 6.4, while
each setup offers advantages for our analysis. On the one hand, the millimeter-sized
drops in the MEK system expand into semi-transparent sheets that are accessible
for a high-resolution visualization. High-speed recordings of the fragmentation are
only possible for the MEK system, since the timescale τc needs to be long enough
to be resolved by the frame rate of the camera. On the other hand, the micrometer-
sized tin drops allow to achieve much higher Weber numbers under near-perfect
impact conditions that are free of azimuthal modulations in the propulsion mech-
anism as will be explained in the next section.

6.3 Experimental setups
We impact a free-falling drop with a carefully-timed laser pulse to propel and
deform the drop into a thin sheet that finally breaks. The two liquid systems at
vastly different length scale require two individual experimental setups, which are
explained in more detail in [107] for MEK and water drops, and in [20] for the tin
drops. Both setups rely on the same concept, which is sketched in Fig. 6.2, but
differ in the details. Here, we only briefly introduce the experimental setups and
comment on important differences between them.

6.3.1 Key concept of the experiment
In both setups, a drop falls down towards the laser-impact position while it re-
laxes to a spherical shape with radius R0, see Fig. 6.2. On its way, the drop passes
through a horizontal light sheet that generates a precise reference trigger for the
main laser to impact the drop, the energy meter to acquire the laser-pulse en-
ergy EL, and two cameras and a beam profiler for visualization. The complete
arrangement of the trigger laser, photodiode, and equipment for the drop genera-
tion can be moved to align the drop in ~ey- and ~ez-direction. A delay between the
reference trigger and the timing of the laser pulse allows to position the drop in
~ex-direction relative to the laser beam. As the drop reaches the impact position,
a high-energetic pulse of light enters from the left through a focusing lens f1, hits
the drop at x = y = z = 0 m, and exits to the right through the imaging lens f2.

The impact conditions for the drop can be visualized with the laser light cap-
tured by lens f2 as will be explained in Section 6.3.4. The subsequent response of
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Figure 6.2: (a) Concept of a drop-impact experiments illustrating the moment of laser
impact at t = 0 s in a side-view. The laser pulse is focused by a lens with an effective
focal length f1, hits the drop, and is captured by an imaging lens f2 to redirect the beam
onto a charge-coupled device (CCD) for visualization. The drop at the impact location
defines the origin of our coordinate system, which is sketched in (b) for the back-view
(i.e. in ~ez-direction). The experiment is repeated as soon as the next drop falls down in
~ex-direction, which is illustrated by the drop at the top of the sketch.

the drop to the laser impact is visualized in two orthogonal views: the side-view
is aligned to the ~ey-axis, whereas the back-view records images in the direction of
the laser-beam propagation ~ez, see Fig. 6.2 (b). We obtain stroboscopic videos by
performing a single impact experiment per video frame while changing the time
delay between the laser impact and the pulsed light source that illuminates the
scene of interest. Our image analysis then obtains the drop position in all three
coordinate directions as a function of time, which is used to calculate the velocity
U in ~ez-direction. The sheet radius R is determined as the equivalent radius of
a circle with the same area as the shape detected in the xy-plane. Experiments
that suffer considerably from a laser-to-drop misalignment or variations in the laser
energy are excluded in our analysis: the velocity U is constant for t > τe and leads
to an accurate prediction for the center-of-mass position in each video frame. We
then filter typically the worst 10 % of experimental realizations to study the frag-
mentation process at well-defined control parameters, which is important to obtain
unbiased statistics as we will see in Section 6.8. The technical equipment that is
used for the MEK and tin experiments differ, as explained in the following.
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6.3.2 Experimental MEK setup
Drops with an initial radius R0 = 0.9 mm are generated by the quasi-static pinch-
off from a capillary tube. A filter with a pore size of 200 nm is placed at the
inlet to the capillary tube to prevent solid contaminations to enter the drop that
might be introduced when the dye is dissolved into the liquid. The experiment is
performed in a nitrogen environment, since MEK easily forms explosive mixtures
with ambient air. The excitation source is a Nd:YAG laser system at its first
harmonic wavelength λL = 532 nm emitting pulses with a duration of τp = 5 ns
full width at half maximum (FWHM). To improve the uniformity of the incident
radiation on the drop, we use a beam-shaping and near-field imaging technique.
However, for a full description of the beam preparation, drop-impact chamber, and
a study on the stability of the experimental control parameters we refer the reader
to [107].

To resolve all relevant time and length scales a stroboscopic imaging technique
with nanosecond exposure times (High Efficiency Diffuser by LaVision pumped by a
Nd:YAG laser to remove the coherence of the laser light by incoherent laser-induced
fluorescence light illumination (iLIF) [108]) in combination with high-resolution
cameras (pco.4000 by PCO AG and Bigeye G-1100B Cool by Allied Vision Tech-
nologies, each with 4008 × 2672 ∼ 107 pixels) is used. As the drop is propelled
along the ~ez-axis we move the back-view camera with a motorized stage to keep
the deforming drop in the depth of field for each video frame. This procedure is
necessary to resolve small details on the semi-transparent MEK sheets as we will
see in Section 6.4. Since the fragmentation takes place on the timescale τc ≈ 5 ms
in the MEK system, we can record continuous videos of the fragmentation follow-
ing typical criteria for high-speed imaging [109]. Our high-speed system consists
of two continuous light sources (LS-M352A metal halide light source by SUMITA
Optical Glass and a MAX-303 xenon light source by Asahi Spectra) and high-speed
cameras (FASTCAM SA-X2 and SA1.1 by Photron) in a backlit configuration. We
record high-speed videos at a maximum resolution of 1024 × 1024 ∼ 106 pixels
with a frame rate of fcam = 10 000 frames per second. The advantage of the high-
speed recordings in the current study is the ability to follow individual breakup
events, which are not necessarily reproducible due to the stochastic nature of the
fragmentation.

6.3.3 Experimental tin setup
Drops of liquid tin are dispensed from a pressure-driven drop generator with an
initial radius of R0 = 24µm at a temperature of 260 ◦C. The laser is a Nd:YAG
system emitting pulses of τp = 10 ns (FWHM) at the fundamental wavelength
λL = 1064 nm. Since the laser beam is focussed to generate a plasma at the drop
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surface, the experiment is placed in a vacuum vessel, typically at 10−7 mbar, to
prevent an optical breakdown before the laser pulse hits the drop. The vacuum
environment also prevents an oxidization of the metallic surface of the drops.

For stroboscopic visualization of the expanding tin drops we use a shadowgraph
imaging systems based on pulsed lasers and CCD cameras (Manta G-145B NIR
by Allied Vision Technologies) coupled to long-distance microscopes (Infinity K2
DistaMax with CF-1/B objective and NTX tube (2x)). The back-view camera in
the tin system is aligned to the ~ez-axis under a weak parallax angle that leads
to a tilt of the image plane relative to the deforming sheets. This arrangement
leads to an apparent elliptical shape of the tin sheets in the back-view images,
which we correct in our image analysis when quantitative data is obtained. In
early experiments, pulsed laser diodes (PLD) (about 15-ns pulse length) acted as
backlight sources for illumination. In more recent experiments, the PLDs were
replaced by a pulsed dye-laser pumped by the second harmonic wavelength of a
Nd:YAG laser, emitting an approximately 5-ns-long pulse of 560-nm light with a
spectral width of 4 nm. Such illumination enables imaging of small features of the
expanding tin sheets by reducing detrimental effects due to temporal coherence
such as speckle.

6.3.4 Beam profile
The interaction of the laser beam with the liquid gives rise to the pressure pe on the
drop surface that drives the fluid-dynamic response. To get detailed information
on the driving force, we measure the laser beam profile with a CCD in absence
of the drop before an actual impact experiment. In both systems, the imaging
lens f2 (Fig. 6.2) can be used to capture the incident radiation, i.e. the fluence
F (x, y, z = 0) in the impact plane spanned by ~ex and ~ey. The CCD only records
the relative fluence f(x, y, z = 0) that is translated to absolute terms

F (x, y, z = 0) = F0 f(x, y, z = 0) with (6.4)

F0 = EL

(∫
A

f(x, y, z = 0) dA
)−1

, (6.5)

where we measure EL with an energy meter and chose the area of integration A
large enough to enclose the complete beam.

For the MEK system, the driving pressure is caused by the vapor recoil that
is a direct result of the laser-matter interaction at the drop surface. As such, the
pressure preserves any spatial fluctuation present in F (x, y, z = 0) at the drop
location. To determine the drop position and size in relation to the laser beam,
we use the CCD image data during each realization of an impact experiment, see
Fig. 6.3 (a). We then compute the fluence Fabs that is absorbed by the drop as
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shown in Fig. 6.3 (b). The pressure pe on the drop surface is now directly propor-
tional to Fabs, from (6.2) we obtain

pe(r, φ) ∼ Fabs(r, φ)− Fth

∆H
u

τe
. (6.6)

Combined with the measurement in Fig. 6.3 (d) we recognize that the MEK drops
are subject to a driving force that varies in azimuthal direction φ by about ±10%.
Since f is found to be independent of EL, the azimuthal variation in the MEK
experiments is then also independent of EL and fixed in the Galilean reference
frame of the laboratory for all our experiments.

By contrast, the tin drops experience a near-perfect axisymmetric driving force.
A lens with a focal length of a f1 = 1000 mm focuses the laser beam to a circular
Gaussian spot, where the drop is then placed. Such an optical arrangement leads
to a diffraction-limited spot diameter of approximately 100µm, which can be esti-
mated by the extent ω0 of an Airy disk [110] that scales as ω0 ∼ λL f1/d0 with d0 as
the laser-beam diameter before lens f1. However, this optical arrangement dictates
a length scale of a few micrometer for the tin system, that isR0 = 24µm < λL f1/d0.
The advantage of the focussing condition is a homogenous laser radiation at the
impact location, see Fig. 6.3 (e, f). In addition to the homogenous laser radiation,
any spatial fluctuation comparable to R0 is removed by the intermediate step of
the plasma generation during the drop acceleration: the tin drop is not subject
to the direct laser radiation but shielded by its own plasma cloud as explained in
Section 6.2. As a consequence, the fluid dynamics obey a high degree of rotational
symmetry as we will see in Section 6.4.

Figure 6.3: (Figure is found on the following page.) (a) Planar laser-beam profile in the
MEK system as recorded in the absence of the drop for y/R0 ≤ 0 and recorded during an
experiment with the drop for y/R0 ≥ 0. The latter yields the drop radius R0 and position
in the beam profile as indicated by the solid red line (b) Energy per unit area absorbed
by the drop, that is the fluence Fabs taking losses due to Fresnel reflection [110] at the
liquid-air interface into account. Based on approximately 100 recordings of such a spatial
distribution a mean profile (connected red dots) in radial (c) and azimuthal direction (d)
is determined. The solid black line represents the predicted result for a perfect flat-top
beam profile (indicated by Fabs,FT in (d)) (e) Planar laser-beam profile measured for the
tin system and the drop marked in the center (red circle) at its expected position. The
same colorbar as in (a) is used but the profile exhibits less spatial variations at the drop
position, which explains the absence of yellow hotspots in the image. (f) The Gaussian
beam profile in radial direction r recovered from (e).
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Figure 6.3: Continued from the previous page.
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6.4 Chronology
The MEK experiment in Fig. 6.4 illustrates the chronology of the drop fragmen-
tation, which starts with the laser impact and ends with a structure of liga-
ments that subsequently break into smaller drops. First, the drop accelerates
on the timescale τe ∼ 10µs and starts to move forward in ~ez-direction at the
velocity U while it expands in radial direction r. At t = 0.27 ms the drop al-
ready resembles a thin sheet. This time corresponds to the inertia timescale
τi = R0/U = τc We−1/2 = 0.28 ms of that particular experiment. The liquid is
semi-transparent in our visualization, which allows us to observe a thinner outer
region of the sheet that is bordered by a thicker and hence darker rim. Likewise,
the center of the sheet is still thick compared to the outer region. As the sheet ra-
dius R(t) further expands with time the sheet thickness decreases as shown by the
growing gray areas on the sheets at t = 0.54 to 1.7 ms. The variation of gray values
on the sheet in Fig. 6.4 shows that the sheet thickness is a function of time and
space, that is h(r, t). We notice modulations of the sheet thickness in azimuthal
direction φ, but the sheet in the back-view images preserves a near-circular shape
during the expansion, i.e. an axisymmetric evolution about ~ez.

The fragmentation of the drop is observed as a continuous evolution that ac-
companies the deformation of the drop into a thin sheet and the radial expansion of
the sheet thereafter. Two types of breakup can be identified in Fig. 6.4. First, the
breakup of the bordering rim: corrugations are visible on the rim at t = 0.27 ms,
but they are still small in relation to the sheet radius R. The corrugations grow
over time until ligaments are expelled radially outward, which is visible for the
first time in Fig. 6.4 at t = 0.54 ms (t/τc = 0.1). The ligaments break to from
stable drops that continue to move radially outward at a constant speed, which is
comparable to Ṙ at the moment of detachment from the sheet. As a result, the
sheet at t = 1.1 ms in Fig. 6.4 is surrounded by a cloud of tiny drops.

The breakup of the thin sheet is the second type of destabilization in our exper-
iments and follows the same principle as observed for the rim: corrugations appear
on the liquid body that eventually result in a change of the topology with the liquid
mass collected in elongated ligaments. Then, the ligaments break to form stable
drops. Only now, the fragmentation is not localized to an one-dimensional struc-
ture as for the rim but takes place on the two-dimensional sheet. Corrugations are
visible on the sheet at t = 1.1 ms in Fig. 6.4, where a pointer at the top highlights
a patch with large spatial frequency components. We observe such disturbances on
the sheet to precede any hole nucleation, including multiple holes piercing a single
patch of corrugations. Figure 6.4 shows two cases where a single hole nucleates
in a corrugated region: at 1.1 ms the lower pointer marks a hole shortly after it
pierced the sheet close to the outer rim and at 1.7 ms the same process is captured
in the center of the sheet. Once a hole nucleates on the sheet it continues to grow,
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thereby collecting the surrounding liquid mass of the sheet in a rim. The last frame
at t = 2.5 ms in Fig. 6.4 shows the result of multiple holes growing and eventually
merging over time: the liquid of the sheet is finally collected in a two-dimensional
structure of ligaments that breaks into stable drops.

A comparison of the MEK and tin system in terms of the drop deformation and
fragmentation is shown in Fig. 6.5. The first row shows the destabilization of the
bordering rim for an otherwise intact sheet at low Weber number. The rim cannot
be observed directly for the tin sheets, since they appear opaque in the visualization
due to the large extinction coefficient of visible light in tin [61]. Both systems show
the formation of ligaments and the detachment of tiny drops once these ligaments
break. We refer to this fragmentation mechanism as rim breakup. The second and
third row of Fig. 6.5 show how the sheets break by the nucleation of holes at two
distinct regions: either close to the rim or in the center of the sheets. The thinner
neck region at r/R ∼ 1 seems to promote the breakup by hole nucleation, which
we refer to as neck breakup. We observe a second location for hole nucleation at
r/R < 0.5, referred to as center breakup.

The neck breakup is observed before the center breakup and may repeat itself
several times during the sheet expansion. Holes pierce the sheet in the neck region
and continue to grow.Once the holes have reached the outer rim of the sheet, the
rim is basically detached from the sheet and breaks up in tiny drops (see Fig. 6.5 (b)
and (e)). The liquid mass collected by the holes during their growth forms a new
and corrugated rim. The observation of the neck breakup requires a high spatial
and temporal resolution. The process is localized in space to a region close to
r/R ∼ 1 and leaves no other trace behind than a corrugated rim and tiny drops.
The detached drops contribute to the cloud of drops surrounding the sheet that
we already observed for the rim breakup. For example, Fig. 6.1 (c) is shown as an
example for the center breakup but the neck breakup already took place (which is
why the image is taken at a later time t and the sheet appears larger than the one
from the same experiment in (b)).By contrast, the growth of holes during the center
breakup is much easier to observe experimentally, which is why we will base our
quantitative analysis in Section 6.8 mostly on data obtained for the center breakup.

The opaque tin sheets prevent a further comparison of the two systems in terms
of the corrugations that are visible for MEK in Fig. 6.5 (b, c). However, both
systems show identical, qualitative features for the fragmentation. A difference
between the two systems is found in the Weber number at which fragmentation
is observed. While the rim breakup is observed for both systems at a comparable
Weber number (compare Fig. 6.5 (a) and (d)), more than one order of magnitude in
We separates the two systems during the sheet breakup in Fig. 6.5 (b, c) and (e, f).
We will see in Section 6.8 that this difference is caused by the different driving
mechanisms that affect the sheet destabilization.
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Figure 6.4: Sequence of events following the impact of laser pulse on free-falling drops
in the MEK system at We = 330 (τc = 5 ms). Images are recorded in stroboscopic fashion
in a side- and back-view, where the side-view images are shown in a comoving frame with
the propulsion speed U subtracted.At the inertial timescale τi = τc We−1/2 = 0.27 ms, the
semi-transparent liquid allows to recognize a thin sheet of radius R(t) and non-uniform
thickness h(r, t) that is bordered by a rim. The pointers in the subsequent three pictures
mark the onset of fragmentation during the sheet expansion: radial expulsion of ligaments
at t = 0.54 ms, corrugated areas and a hole piercing the sheet close to the rim a t = 1.1 ms,
and hole nucleation close the center of the sheet at t = 1.7 ms. A final web of ligaments
is shown for t = 2.5 ms.
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Figure 6.5: (Continued on the following page.)
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Figure 6.5: (Figure is found on the previous page.) Fragmentation regimes for vapor-
driven MEK drops (a–c, R0 = 0.9 mm) and plasma-driven tin drops (d–f, R0 = 24µm).
In both systems, the fragmentation of the sheets starts at three distinct locations: the
bordering rim (first row: (a, d)) and the breakup at the neck (second row: (b, e)) and
center of the sheet (third row: (c, f)). The apparent elliptical shape of the tin sheets is
caused by a weak parallax angle of the camera relative to the propulsion in ~ez-direction.
The white spot in figure (b) and (c) is an artifact of the plasma that propels the tin drop.
Both MEK and tin drops show the same features during the fragmentation, which we
refer to as rim, neck, and center breakup (see text).

6.4.1 Some comments on jetting
In addition to the sheet evolution, one observes the ejection of mass on the opposite
site of the laser impact in form of a liquid crown (notice the thin and hence gray
areas at the tip, visible at t = 0.27 ms in Fig. 6.4). The ejected mass moves at a
speed larger than U , collapses on the ~ez-axis (t = 0.54 ms), and forms a jet that
detaches from the sheet and finally breaks up (t = 1.1 to 2.5 ms). The jetting,
or in general the ablation of mass, is also observed in the tin system as shown in
Fig. 6.6 (a, b). However, the effect of this early jetting on the sheet evolution is
observed to be small as the ejected mass is small compared to the remainder of the
drop. A description of the phenomena is therefore beyond the scope of the present
study, while we recognize that it may results in a slightly tampered center region
of the sheet when it becomes sufficiently thin as illustrated in Fig. 6.6 (d). Here,
we briefly comment on the physical cause that may lead to the jetting phenomena.

The early jetting is not a direct consequence of the pressure pulse driving the
expansion: detailed simulations of the drop-shape evolution by a boundary-integral
(BI) method, which is capable to reproduce jetting phenomena in principle [111],
do not show this feature as we saw in [21], compare also Fig. 6.6 (c). A possible
explanation for the jetting is the occurrence of a cavitation bubble that could
give rise to a fast jetting phenomena [112–115]. However, a nucleation of a bubble
inside the drop by direct laser radiation is unlikely in our systems. The penetration
depth of the laser light for both MEK and tin is limited to fraction of the drop,
that is δ/R0 � 1 as already explained in Section 6.2. Acoustical effects could
however induce a cavitation bubble [115, 116]: pressure transients induced on one
side of the drop travel to the opposite side or may even be focus inside the drop.
Thermoelastic pressure waves are caused by the rapid heating of the superficial layer
of the MEK drops under isochoric conditions2 [117–119]. The same effect leads to

2Thermoelastic pressure transients under isochroic conditions [117] are achieved in the MEK
system since c τp/δ ∼ 1, where c is the speed of sound in the liquid, δ the layer thickness heated
by the laser and τp the laser-pulse duration.
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Figure 6.6: (a, b) Side-view images showing the formation of a jet in the center of the
drop in the MEK (a) and tin system (c). (c) Sheet contour obtained from a BI simulation
illustrating the cross section of the axisymmetric shape for We = 790 (taken from [21]).
(d) Sketch of the sheet showing a bordering rim and a tampered neck and center region.

pressure transients in tin drops [54], where in addition the plasma generation is
accompanied by shock waves [120, 121]. We recognize that the compressibility of
the liquid and acoustic effects may cause the jetting phenomena. However, the
inclusion of these effects in our study on fragmentation is out of scope given the
small effect of the jetting on the overall system response, especially the late-time
sheet dynamics.

6.5 Interpretation
The laser impact on a free-falling liquid drop can be understood as a rapid acceler-
ation on the timescale τe that acts on the spherical surface of the drop and causes
the subsequent deformation into a thin sheet bordered by a rim. The destabiliza-
tion of this liquid body is then observed on the timescale τi and τc as a continuous
evolution: corrugations appear and eventually lead to a change of topology such
that the liquid mass is collected in elongated ligaments. Then, the ligaments break
to form stable drops. This fragmentation process was observed in Section 6.4 in two
different configurations: the breakup of the bordering rim, which we referred to as
rim breakup, and the hole nucleation on the sheet itself called the sheet breakup.
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The latter was observed at two different locations on the sheet, which we denoted
by neck and center breakup. We now evaluate what the mechanisms are that can
possibly cause and amplify corrugations on the deforming liquid drops in our ex-
periments. As we will demonstrate below, the accelerations by the laser impact
and capillary restoring forces each induce fluid-dynamic instabilities that lead to
the breakup.

The kinematics of the sheet in our experiments are in striking agreement with
the impact of a drop on pillar [101]. Also there, the topology of a drop is rapidly
changed to an expanding thin sheet that is bordered by a rim. Not surprisingly,
we observe the same destabilization and breakup for the rim as described by [101].
The rim diameter was found to reach an equilibrium value such that the rim is
affected by a Rayleigh–Plateau instability, similar to the breakup of an elongated
liquid cylinder of constant diameter. In addition, the liquid in the rim is subject
to an acceleration that is determined by the expansion and recoil dynamics of the
sheet leading to a Rayleigh–Taylor mechanism. Our observations for the nucleation,
growth, and merging of holes on a sheet are in agreement with a previous study
by [102]. In their experiment, a thin liquid film is accelerated by the reflection of
a traveling shockwave at the liquid film itself. The hole nucleation is explained
with an impulsive Rayleigh–Taylor instability driven by the strong accelerations
perpendicular to the sheet. By contrast, the sheets in our experiments are not
subject to a direct acceleration. A possibly candidate in our experiments for a
strong acceleration is the initial acceleration of the drop, i.e. an acceleration at
a time when the thin sheet has not yet developed. Our analysis then needs to
address when both the evolving liquid sheet and a simultaneous Rayleigh–Taylor
instability are in such a state for breakup to occur.

Having identified Rayleigh–Plateau and Rayleigh–Taylor instabilities as likely
candidate for the destabilization of the liquid sheet, we realize that both the rim
and the sheet breakup depend on the sheet kinematics: the radius R(t) determines
the acceleration during the rim breakup and the thickness h(r, t) is required to
follow the evolution of an instability during the sheet breakup. Consequently, we
first seek an analytical description in terms of R(t) and h(r, t) for the deformation
and expansion of the drop in Section 6.6. With a description of the kinematics at
hand, we then turn to the analysis of the breakup itself: in Section 6.7 we study
the rim breakup and in Section 6.8 the breakup of the sheet.

6.6 Expansion dynamics
As discussed in [21], the deformation of a drop by virtue of a laser impact can
be described in three stages: an early-time stage (0 ≤ t ≤ τe) where the spherical
drop is accelerated and gains kinetic energy as a result of a recoil pressure pe acting
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on its surface. Then follows an intermediate stage (τe < t . τi) where the drop
deforms into a sheet, and a late-time stage (t � τi) where the sheet undergoes a
surface-tension limited expansion. In the early-time analytical model the partition
of kinetic energy of translation and deformation Ek,d/Ek,cm is obtained from the
recoil pressure pe, which is set by the laser-matter interaction recalling for example
expression (6.6). This energy partition is then fed into a late-time model that
describes the expansion dynamics in terms of a rescaled Weber number based on
the kinetic energy of deformation

Wed = Ek,d

Ek,cm
We. (6.7)

In [21] we used a simple late-time model assuming a sheet of uniform thickness.
However, in our MEK data we observe a clear radial dependency of the sheet
thickness and need to apply a slightly more sophisticated sheet model to accurately
describe our expansion data. To this end, we use a model that was previously used
to describe the sheet evolution after the drop impact on a pillar [101]. This model
described the sheet dynamics away from the pillar region and includes a spatial
dependency in the description of the sheet thickness h(r, t) ∼ 1/r, which has been
validated experimentally by [122]. In this model too, it is assumed that the drop
impact itself is decoupled from the subsequent dynamics of the sheet, an assumption
that is well justified for our systems in view of the separation of timescales (6.3).
Following [101], we describe the sheet radius R(t) as

R(t)−R0

R0
=
√

3 Wed
t

τc

(
1−
√

3
2

t

τc

)2

. (6.8)

The only modification introduced is the rescaling of We in analogy to the approach
described in [21]. We choose the rescaling such that the energy partition of the
thin sheet at t = τi, i.e. when the topology of the drop changed to a thin sheet,
matches the analytical result from the early-time model, see appendix Section 6.9
for the details.

The energy partition allows to incorporate different laser-matter interactions
that set the recoil pressure pe on the liquid interface during the drop acceleration.
Since the relative fluence f(x, y, z = 0) in the impact plane is kept constant for all
MEK experiments and is directly related to the pressure pe as explained in §6.3,
the energy partition is independent of EL and can be calculated analytically to
Ek,d/Ek,cm = 1.8, which we already used in [21]. In this calculation, we neglect
the threshold fluence Fth in expression (6.6) as we operate the experimental setup
at Fabs � Fth, which is necessary to reach large Weber numbers. By contrast, the
energy partition for the tin drops is a function of EL, since the plasma dynamics
is a function of the incident laser energy, even at constant focusing conditions. We
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find Ek,d/Ek,cm to follow a power law with respect to EL, see Fig. 6.7. A theoretical
prediction of the scaling law requires a profound understanding of the plasma dy-
namics during the laser impact and goes beyond the scope of this study. However,
the trend with the laser energy can be explained: a comparison of Fig. [s]6.7 (b–d)
shows that at lower laser energy the plasma cloud covers a smaller area of the drop
surface, which results in an effective focusing of the recoil pressure to a confined
region. The more focused a pressure distribution is, the more kinetic energy goes
into deforming the drop without translating it as we saw in [21]. This relation then
translates to an increase in Ek,d/Ek,cm as the laser energy EL decreases, which is
in agreement with our experimental observations.

The comparison of the analytical expression (6.8) to experimental data for both
MEK and tin experiments is shown in Fig. 6.8 (a) and (b), respectively. The ini-
tial expansion to the maximum radius Rmax, the moment when Rmax is reached
at tmax = 2 τc/

√
27 ≈ 0.38 τc, and the recoil of the sheet due to surface-tension

forces are accurately captured by the model. Especially for tin the agreement
between model and experiment holds over nearly four decades in Weber number
(Fig. 6.8 (b)). The model deviates from the experimental results only for cases where
the fragmentation severely affects the topology of the sheet. The onset of the sheet
breakup is earlier for MEK in comparison to tin as we will see in Section 6.8. Con-
sequently, we observe the model here to deviate earlier in Fig. 6.8 (a) for MEK when
compared to tin in (b), especially for large Weber numbers that lead to a severe
neck breakup as explained in the following.

In the collapsed view of Fig. 6.8 (c) a few cases are highlighted to illustrate how
fragmentation affects the comparison between model and experiment. A reference
case in absence of any fragmentation is given by We = 5 that follows the model
perfectly. Second, for tin at We = 130 the sheet itself is stable and we only
observe the rim breakup, which leads to an apparent over-expansion of the sheet
radius in the experiment for t > tmax. In the corresponding inset in Fig. 6.8 (c)
we see how ligaments are expelled radially outward and do not follow the recoil
of the sheet for t > tmax. Our image analysis excludes detached ligaments and
tiny drops in the calculation of R, but ligaments that are connected to the sheet
still cause the apparent over-expansion. The same behavior is observed for MEK
at We = 90 in Fig. 6.8 (a). Interestingly, the effect of the rim breakup on the
sheet dynamics decreases with increasing Weber number: for We = 960 the model
follows the experimental data points perfectly during the recoil phase (Fig. 6.8 (b)),
although the rim breakup is observed in the experiment. Indeed, the sheet model
(6.8) predicts the rim diameter b and hence the mass contained by the rim to
decrease with Weber number as b/R0 ∼ We−1/4

d [101]. However, with increasing
Weber number the sheet fragmentation leads to a deviation between model and
experiment, which is illustrated for We = 330 in Fig. 6.8 (c). Holes nucleate in the
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Figure 6.7: Energy partition Ek,d/Ek,cm as function of laser energy EL for MEK (solid
blue line) and tin drops (red squares) in (a). The values for MEK are calculated analyti-
cally to Ek,d/Ek,cm = 1.8, independent of EL(see text). The values for tin (red squares)
are determined for each experiment by the best fit of expression (6.8) to the experimental
curves shown in Fig. 6.8. The solid black line is then the power law that follows from a
linear regression yielding Ek,d/Ek,cm = 0.19 (EL/E0)−0.27 with E0 = 1 J. The three insets
(b–d) visualize the white plasma clouds that result in the deformation of the tin drops.
The initial undeformed tin drops are marked by the red circle in each inset.
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Figure 6.8: Sheet-radius evolution as function of dimensionless time t/τc for MEK ((a),
circle markers in (c)) and tin drops ((b), square markers in (c)). The solid black line is the
trajectory expected from (6.8). Experimental curves are shown with a reduced marker
density in (a, b) for better visualization. (c) Rescaled experimental data comparing all
experiments of (a) (gray circles) and (b) (gray squares) to the analytical prediction (6.8).
Experimental curves are stopped in case the sheet evolution is strongly affected by the
fragmentation, which is shown in the two insets for the rim breakup (tin drop at We = 130)
and sheet breakup (MEK drop at We = 330).
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neck region of the MEK sheet at t/τc < 0.2 and start to grow. Our image analysis
is able to deal with holes on the sheet that have not yet reached the outer rim,
such that the calculation of R is not affected. However, as holes reach the outer
rim and cause the rim to partially detach from the sheet as shown in the inset, the
experimentally determined radius R decreases rapidly. The rapid decrease in R due
to the neck breakup is also visible for tin sheets, e.g. for We = 2600 in Fig. 6.8 (c)
at t/τc > 0.5. Since the sheet breakup is observed for tin later in time as compared
to MEK, this deviation sets in later as well for tin.

The model (6.8) includes a sheet thickness description h(r, t) that applies in a
region away from the drop center and reads in terms of this thesis [101]

h(r, t) ∼ R2
0 τc√

Wedrt
. (6.9)

Four our discussion on the sheet breakup later in Section 6.8 we need a description
of the center region where we cannot employ (6.9). We therefore describe the
late-time dynamics of the sheet thickness in a mass-averaged sense as

h

R0
∼

(
R

R0

)−2
, with (6.10)

R

R0
∼ Rmax

R0

t

τc
∼We1/2

d

(
t

τc

)1/2
, (6.11)

where we made use in the latter expression of the linear radial expansion, which is
valid for Wed � 1 and t ≤ tmax according to (6.8). The scaling (6.10) is robust as
the same relation is found for the neck region, i.e. r = R(t), based on s (6.9), (6.8),
and using τc/τi ∼We1/2

d .
In conclusion, the sheet model (6.8, 6.9) captures the kinematics of the de-

forming drop accurately until the fragmentation severely changes the topology of
the deforming liquid body. The kinetic-energy partition Ek,d/Ek,cm allows for a
treatment of different impact conditions in the MEK and tin system that originate
from the different laser-matter interactions. As a consequence, drops in the MEK
system expand faster into thin sheets as compared to tin drops for the same We-
ber number. The sheet model leads to the same scaling for a characteristic sheet
thickness in the center and neck region of the sheet, where we observe the first hole
nucleation during the sheet breakup. With a solid description of the kinematics
for the liquid sheet at hand we now turn to the rim breakup in Section 6.7 and the
sheet breakup in Section 6.8.
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6.7 Rim breakup
Our goal is to find a prediction for the number of ligaments N` that are expelled
radially outward as a result of the rim breakup. To this end, we determine at what
time t` a Rayleigh–Plateau and Rayleigh–Taylor instability manifest themselves
on the rim. From the sheet radius and the characteristic wavenumber k` at that
time follows then the number of ligaments N` ∼ R(t`) k`. Based on the similarity
between our expanding sheet and the one occurring after the mechanical impact of
a drop on a solid, we follow a similar approach as [101].

The evolution of the rim breakup that finally results in the radial expulsion
of ligaments is illustrated for tin at Wed = 140 in Fig. 6.9. Corrugations with
an amplitude ξ develop on the rim and are visible in the experiments initially
as mere noise and later as a perturbation with a characteristic wavenumber k`.
We define the latter moment as the time t` of rim breakup. Once the ligaments
have manifested themselves on the rim, their number N` only changes due to the
compression of the rim at t > tmax when the sheet starts to recoil: individual
ligaments that are still attached to the sheet approach each other such that they
merge at their base as shown in Fig. 6.9 (c, d). The corresponding decrease of N`
over time in Fig. 6.9 (a) is thus not a result of an instability rearranging the fluid,
but a mere consequence of the compression of the rim.

We observe the development of ligaments before the sheet starts to recoil at tmax
as shown in Fig. 6.10: the moment we observe the manifestation of the corrugations
as radial ligaments decreases with increasing Weber number. Following [101], we
describe the rim as a liquid cylinder of diameter b ∼ R0We−1/4

d and neglect its
curvature, which is valid for our experiments since k`R� 1. The rim is stretched
over time at a rate Ṙ/R and sits in a decelerating frame with a time-dependent
acceleration −R̈(t). Two destabilization mechanisms play a role in such a case.
First, the capillary destabilization by a Rayleigh–Plateau mechanism affects the
rim of constant diameter b. The associated timescale of the capillary instability
is then (ρ b3/γ)1/2 ∼ τcWe−3/8

d , which is in agreement with our experimental ob-
servation in Fig. 6.10. Second, a Rayleigh–Taylor mechanism is at play, where an
associated body force proportional to −ρ R̈ pushes the fluid particles in the rim
radially outward. The growth rate of the corrugation in a local frame tangent to
the rim is then [101]

d
dt ln

(
ξ

R

)
= − Ṙ

R
+ Re(−iω), (6.12)

where ω is the instantaneous growth rate.The first term on the right-hand side
in (6.12) is the stretching of the rim that actually damps the growth of the per-
turbation during the expansion of the sheet for t < tmax. The timescale of the
damping is set by τc, independent of the Weber number [101]. The second term



100 Chapter 6. Drop fragmentation by laser-pulse impact

0

10

20

30

N
`

R
(t)

ξ

1
k

0 0.1 0.2 0.3 0.5 0.6
1

2

3

4

5

tmax
τc

t/τc

R
/
R

0

(a)

(e)

(b) (c) (d)

Figure 6.9: Evolution of the rim breakup for Wed = 140 as function of dimensionless time
t/τc obtained for a tin experiment that exhibits a near-perfect axisymmetric expansion.
(a) Total number of ligaments N`, where blue circles indicate individual realizations of
the experiment and the dashed black line is a running average. The inset (b) shows the
sheet radius R(t), the amplitude ξ, and the wavenumber k of the corrugation as observed
at t/τc = 0.2. During the recoil of the sheet at t > tmax two or more ligaments may
merge as shown in inset (c) and (d). (e) Sheet radius R(t) for each realization and the
trajectory (solid black line) from (6.8).

on the right-hand side in (6.12) amplifies the corrugation with an instantaneous
growth rate ω that depends on Wed. The associated timescale of the amplifica-
tion is ω−1 ∼ (ρ R̈3/γ)−1/4 ∼ τcWe−3/8

d , which is the same timescale as found for
the Rayleigh–Plateau mechanism. In our experiments, Wed � 1 such that the
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Figure 6.10: The time t` when corrugations similar to the ones in Fig. 6.9 (b) become
visible on the bordering rim as a function of Weber number Wed. The data is acquired
manually from a subset of tin experiments that are recorded at identical camera and
lighting conditions to exclude an influence of the image resolution. The prefactor of the
scaling law (solid black line) is 1.1.

timescale of the Rayleigh–Taylor instability is separated from the expansion dy-
namics. As a consequence, the damping due to the stretching is irrelevant for large
Weber numbers allowing for the instability to manifest itself on the rim at early
times, that is

t` ∼ τc We−3/8
d . (6.13)

The wavenumber k` for which ω in (6.12) reaches a maximum is k` ∼ (−R̈ ρ/γ)1/2

= We1/4
d /R0 [101]. From the timescale t` of the destabilization and the correspond-

ing wavenumber k` we can determine N`. The expansion dynamics (6.8) can be
approximated for t ≤ tmax by R/R0 ∼We1/2

d t/τc leading finally to

N` ∼ k`R(t`) ∼We3/8
d . (6.14)

The scaling exponent of 3/8 in (6.14) deviates from the scaling of 3/4 in terms of the
Weber number as proposed by [101]. In their study, the time of maximum expansion
is assumed to be the characteristic time of the destabilization, i.e. t` = tmax ∼ τc.
And indeed, in Section 6.6 we saw that at t ∼ tmax the rim breakup affects the
sheet kinematics considerably, but we observe the manifestation of the instability
at an earlier point in time leading to the different scaling with Weber number.

We validate the scaling (6.14) experimentally as shown in Fig. 6.11. Since the
number of ligaments in the experiments only changes by the rim compression for
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Figure 6.11: (a–d) Radial expulsion of ligaments during the rim breakup for increasing
Weber number Wed (left to right). The back-view images are taken from experiments with
tin drops that exhibit a near-perfect axisymmetric expansion. The optical resolution may
limit the detection of ligaments to a fraction ∆φ/2π of the rim as illustrated in (c).In such
cases, the expected total number of ligaments N` is estimated by N` = 2π (∆N − 1)/∆φ.
(e) Number of radially expelled ligaments N` as function of the Weber number Wed for
tin (red squares) and MEK drops (blue circles). The data for MEK is limited to two
experiments, since the early hole nucleation in the neck region affects the rim breakup
and prevents an accurate measurement for larger Weber numbers. The prefactor of the
scaling law (solid black line) is 4.4.

t > tmax, we can obtain N` as function of Wed by simply counting the number
of ligaments that are pointing radially outward during t` ≤ t ≤ tmax, which is
illustrated in Fig. 6.11 (a–d). The obtained scaling with Wed in Fig. 6.11 (e) is in
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good agreement with our prediction (6.14) with a prefactor of 4.4. The limited
range in Wed for which data can be obtained for the MEK experiments prevents
a detailed comparison for the two systems in terms of the scaling exponent. The
sheet breakup takes place in the MEK system much earlier in comparison to the
tin system as we already mentioned in Section 6.6. The neck breakup in direct
vicinity to the rim limits then the range in Wed for which can obtain a reliable
measurement of N` in the MEK system. However, the MEK data points (blue
circles) that we did mange to obtain follow the same scaling (6.14) with the same
prefactor as the tin data (red squares). Hence, we conclude that the difference in
rim breakup between MEK and tin is completely captured by the rescaled Weber
number Wed that accounts for the different driving mechanism, in particular the
effect of the plasma dynamics on the expansion of the tin sheets.

6.8 Sheet breakup
The questions we aim to answer in the analysis of the sheet breakup are analogous to
the rim breakup: When does the sheet break and which characteristic wavenumber
is selected during the breakup? We already found an agreement in Section 6.5
between our observations for the nucleation, growth, and merging of holes and
an analogous process for a manually prepared liquid film that is accelerated by
a shockwave [102]. The analogy suggest the same mechanism as cause of the
sheet destabilization for the laser impact on a drop: an impulsive Rayleigh–Taylor
instability. However, the sheets in our experiments are not subject to a direct
acceleration of either one of their interfaces. Only the spherical drop is accelerated
on the timescale τe and the sheets, as well as a potential Rayleigh–Taylor instability,
must develop simultaneously until the sheet breaks on the timescale τc. As a
consequence, we study the sheet breakup in Section 6.8.1 in more detail to convince
ourselves that it shows typical features of an instability before we propose a model
in Section 6.8.2 to answer our questions.

6.8.1 Observations
We first recognize that the Weber number not only sets the expansion dynam-
ics (6.8) and (6.9) when rescaled by the energy partition Ek,d/Ek,cm, but also
represents the initial drop acceleration a on the timescale τe. In comparison
to τi and τc the acceleration can be considered impulsive and is then given by
a ∼ U/τe = R0/(τc τe) We1/2. Since R0 and τc are kept constant in each exper-
imental setup and τe is found to be constant as well for both vapor-driven and
plasma-driven drops, We1/2 is a direct scale for the impulsive acceleration in our
experiments. As a result, our observations cannot distinguish between a stronger
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accelerations on the one hand and a faster expansion on the other hand. Both are
coupled and cannot be set independently, unless Ek,d/Ek,cm could be controlled
experimentally in both systems.

Figure 6.12 shows the breakup of MEK sheets for one decade in Weber number.
In case the laser impact is severe enough a minimum Weber number is achieved to
observe the sheet breakup. A further increase in Weber number (Fig. 6.12 (b–e))
leads to a more severe fragmentation process as the number of holes Nb that pierce
the sheet per unit area A and the corresponding wavenumber kb ∼ (Nb/A)1/2 are
increased. Our observation for the increase in kb with We is a clear signature of
a fluid-dynamics instability and in agreement with the study on liquid films by
[102]. The mode selection, i.e. the characteristic wavenumber kb observed in their
experiments, was captured in the analysis by an impulsive Rayleigh–Taylor insta-
bility. In addition, the characteristic time of the instability development was found
to be a function of We as well. Our experiments also reveal a faster fragmentation
process for an increase in Weber number, see Fig. 6.12 (b–e). However, only the
analysis can reveal whether the time dependency in our experiments is a result of
a stronger acceleration or mere consequence of faster sheet dynamics.

A characteristic scale for the sheet thickness hb at the moment of breakup
shall help to exclude other mechanisms than a fluid-dynamic instability as cause
of the destabilization. The minimum Weber number for sheet breakup to occur in
the MEK system (Fig. 6.12 (a)) translates to a radial sheet expansion of R/R0 > 6
(similar expansions are required to cause destabilization for tin sheets). The scaling
(6.10) leads then to the typical sheet thickness hb/R0 ∼ 10−2. We confirm by high-
speed recordings of individual piercing events on MEK sheets that the hole-opening
speed agrees with the Taylor–Culick speed v ∼

√
γ/hbρ ∼ 1 m/s [123] as set by

Figure 6.12: (Figure is found on the following page.) Sheet breakup for increasing
Weber number We in back-view images taken from MEK experiments. (a) The sheet is
smooth and starts to recoil from its maximum radius Rmax/R0 = 6 reached at t/τc =
2/
√

27 ≈ 0.38, the moment the image is taken. The rim breakup leads to the formation
of ligaments but the breakup of the thin sheet itself is not observed. A slight increase
in the Weber number leads however to single breakup events on the sheet (not shown).
(b–e) The sheets are first pierced near their neck and in the center before Rmax is reached.
The images are taken shortly after the first piercing event to allow for a characteristic
hole density to develop, since the piercing is subject to fluctuations. The dimensionless
time of each image is decreasing t/τc = 0.3, 0.2, 0.15, 0.12 (b–e) with increasing Weber
number. The shadowgraph visualization with a small numerical aperture is sensitive to
any light refraction such that corrugations on the thin sheet just before breakup become
visible. With increasing We, we observe a larger hole density resulting in a finer web of
ligaments.
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4 mm

We = 170, t/τc = 0.38(a)

We = 1180, t/τc = 0.15(d)

We = 330, t/τc = 0.30(b)

We = 530, t/τc = 0.20(c)

We = 2000, t/τc = 0.12(e)

Figure 6.12: (Continued from the previous page.)
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our estimate of hb. The typical scale of hb in absolute terms is then a few tens of
micrometer for the MEK sheets and a fraction of a micrometer for the tin sheets.
We prevent solid impurities of such a length scale to enter the initial MEK drops
by an appropriate filtration as explained in Section 6.3. Furthermore, we exclude
by high-speed recordings for selected experiments that the breakup is caused by
individual fragments impacting on the sheet. The ejected mass during the early
jetting phenomena, a likely candidate for fragments, travels at a velocity larger
than the center-of-mass velocity U of the expanding sheet preventing any collision
with the sheet at later times. Van der Waals forces can be important when the film
thickness is in the range of several tens of nanometer [124], but even the tin sheets
at a micrometer-scale are not yet thin enough for this effect to be relevant. The
combination of two liquid systems at vastly different scales is to our advantage here:
any mechanism proposed as cause for the breakup must hold for both systems, the
framework of an impulsive Rayleigh–Taylor instability being the most likely one in
view of our observations.

A Rayleigh–Taylor instability amplifies initial perturbation until their ampli-
tude severely affects the topology of the liquid body. Following [102], the sheets
in our experiment are then most likely pierced when the amplitude of the insta-
bility is of the order of the local sheet thickness. A fragmentation process based
on the amplification of initial perturbations, which can be as small as the thermal
noise in a system [105], is expected to show a stochastic nature. We therefore
elucidate whether the hole nucleation and the formation of the characteristic web
of ligaments (Fig. 6.12 (b–e)) is set by deterministic or stochastic influences, or a
combination of the two.

The patches of corrugations that precede the hole formation as described in
Section 6.4 are also visible in Fig. 6.12 (b–e) and are an indication for the destabi-
lization of the liquid sheet to occur. Vice versa, corrugations with a high spatial
frequency are absent on stable sheets (Fig. 6.12 (a)). We observe no direct relation
between the spatial frequency of the corrugation kcorr and the wavenumber kb of
holes piercing the sheet in a corrugated area: only a few holes pierce a corrugated
area on MEK sheets, i.e. kcorr � kb. However, we can use the appearance of cor-
rugations as an indication where holes are likely to occur. To this end, we use an
image-analysis algorithm that is sensitive to spatial frequencies much larger than
the hole density, see Fig. 6.13 (a). From the data of approximately 100 experimen-
tal realizations, one of which is shown in Fig. 6.13 (b), we obtain the probability
density function (PDF) for likely areas of hole nucleation in radial direction as
shown in Fig. 6.13 (c). Not surprisingly, our quantitative analysis recovers the ar-
eas of hole nucleation that we already identified visually in Section 6.4: the neck
and center region of the sheet breakup. With the two regions identified by a bi-
modal Gaussian distribution we recover the PDF in azimuthal direction for each
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Figure 6.13: Hole nucleation on MEK sheets at We = 440. (a) Magnified section
of the sheet in (b) illustrating the result of an algorithm to detect corrugations that
precede the sheet breakup: a cross-correlation of the image and a Gaussian kernel with
a standard deviation σ ∼ 1/kcorr identifies local corrugations (open blue circles), where
1/kcorr is a scale for the spatial frequency of the corrugations. (b) Sheet from a single
realization of the experiment, where the center and neck region of the sheet breakup as
identified by the analysis shown in (c) are highlighted (neck in yellow, center in red).
(c) Probability density function (PDF) for the radial location r/R of the local sheet
corrugations found in approximately 100 realizations of the experiment. The PDF is
approximated by PDF = 2 r/R g(r), where g(r) is the radial modulation that describes the
deviation of the hole nucleation location from a random distribution. The experimental
data (connected blue circles) is well described by a two-component Gaussian mixture
model g(r|µi, σi) (solid black line) with µi and σi being the mean and standard deviation
of the radial location of hole nucleation. The highlighted areas, i.e. µi−σi ≤ r/R ≤ µi+σi,
illustrate the preferred hole locations in the center (red area, µ = 0.37, σ = 0.13) and the
neck region (yellow area, µ = 0.96, σ = 0.180) of the sheet. (d) PDF of the azimuthal
position φ of preferred hole locations for the center (red line) and neck region (yellow line)
of the sheet breakup.
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radial region (Fig. 6.13 (d)). Also here, we recognize a deterministic influence with
three preferred locations of hole piercing in the center region and approximately six
preferred areas of destabilization in the neck region. In agreement with these find-
ings, the final web of ligaments preserves the deterministic influence as illustrated
for a large Weber number We = 2000 in Fig. 6.14.

The deterministic facets of the sheet fragmentation are not in contradiction to
a Rayleigh–Taylor mechanism. The instability can very well be the cause for the
hole piercing but its visual appearance is convoluted by a deterministic profile in
the sheet thickness h. We clearly observed a radial dependency in the sheet thick-
ness that needed to be included in our quantitative description of the expansion
dynamics in Section 6.6 to accurately describe our experimental data. In addition,
we noticed azimuthal modulations in the sheet thickness in Section 6.4. Although
these modulations do not affect the expansion dynamics considerably, the sheet
thickness varies locally during the late-time expansion. The physical cause for
azimuthal modulations can be found in the driving mechanism as explained in

(b)

φ
=

0

π/4
3/
4π

π

5/4π 7/
4π

0 2 4 6 8

r/R0

(a)

φ
=

0

π/4
3/
4π

π

5/4π 7/
4π

0 2 4 6 8

r/R0

Figure 6.14: (a) Back-view of a single experiment for an MEK drop at We = 2000 and
t/τc = 0.15. The nucleation, growth, and merging of holes on the sheet leads to a web
of ligaments. (b) Overlay of 31 back-view images at t/τc = 0.15 ± 0.006 for the same
experimental condition as in (a) but taken from separate, independent realization of the
same experiment. The gray value in the overlay image is a measure for the probability that
ligament are present at the same position in all 31 realization of the same experiment,
where a black pixel means that in all experiments a ligament is found at a particular
position. The overlay reveals a deterministic influence on the final web of ligaments
during the sheet fragmentation.
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Section 6.2: the vapor-driven MEK drops are subject to azimuthal modulations in
the initial acceleration of about ±10% in amplitude. As these modulations are
deterministic, that is fixed in the lab reference frame, the fragmentation also shows
deterministic aspects.

To observe the stochastic nature of hole nucleation we then need to find an
experiment where the characteristic wavelength of hole nucleation is small in com-
parison to the spatial extent L of local thickness variations, that is kbL � 1. In
Fig. 6.15 we show a corresponding case for the center breakup of a tin sheet at
We = 30 000. The hole nucleation with a wavenumber kb in the center of the sheet
is observed to take place on an area with radial extent Lc such that kbLc � 1.
Such a case allows us to sample the process of hole nucleation in large numbers
to obtain unbiased statistics, i.e. unaffected by large-scale variations in the sheet
thickness. Our analysis for the location of piercing events recovers a distribution
as expected for a stochastic process (Fig. 6.15 (b, c)). With the experimental ob-
servation of random hole nucleation we conclude on the destabilization mechanism.
The physical mechanism of the sheet breakup is a fluid-dynamic instability that is
affected by large-scale variations in the sheet thickness. In particular, we antici-
pate a Rayleigh–Taylor instability that is driven by the impulsive acceleration of
the drop at τe. Our analysis in the next section then leads to a prediction for the
characteristic time of destabilization, which we can validate experimentally.

6.8.2 Model derivation and comparison to experiment
Here, we describe the model to predict the sheet breakup taking into account the
characteristics of the laser impact. We identified a Rayleigh–Taylor instability as
mechanism for the sheet destabilization that is initiated by the impulsive accelera-
tion of the drop surface at τe. Any perturbations that are present on the accelerated
interface of the drop are then amplified during this early-time of sheet breakup.
At later times t > τe the perturbations continue to evolve in absence of an ex-
ternal acceleration, while still affected by capillary restoring forces as the overall
topology of the drop is changing as well. We aim to capture two characteristics of
the drop evolution in our analysis: the change from a spherical drop to a sheet on
the timescale τi and the expansion of the drop into a thin sheet at τc, both are a
late-time consequence of the initial acceleration. Our arguments are based on the
analysis by [102] for thin liquid films that were also accelerated impulsively. In our
case, the sheets are then most likely pierced when the perturbation amplitude is
of the order of the sheet thickness. We therefore trace the perturbation amplitude
from the early-time τe to the late-time τc, where we observed the breakup in the
experiments.

Figure 6.16 sketches the evolution of a Rayleigh–Taylor instability on a de-
forming drop in three distinct phases. The first phase (Fig. 6.16 (a)) describes the
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Figure 6.15: Hole nucleation in the center of tin sheets at We = 30 000. (a) A single
realization of the experiment with individual holes highlighted (open blue circles) as de-
tected by an image-analysis algorithm that is sensitive to variations in the gray value.
Approximately 100 realizations of the experiment lead to a spatial distribution of hole
nucleation events, where the area that holds 90 % of these events is marked by the cir-
cle Lc/R0 = 2.7 in (a). For this area, the radial (b) and azimuthal distribution (c) of
nucleation events is obtained. The experimental distributions (in blue) agree with the
corresponding prediction for a random nucleation process (black line), where it follows
from geometric arguments: PDFr = 2r/Lc and PDFφ = 1/(2π). The wavenumber kb of
hole nucleation is found from the total number of holes Nb identified in n realizations of
the experiments to be kbR0 = (R2

0Nb/(πnL2
c))

1/2 = 0.86.
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Figure 6.16: Sketch of a model to describe the evolution of an impulsive Rayleigh–Taylor
instability on a deforming drop. (a) One side of the drop is accelerated perpendicular to
the surface by the pressure pe on the timescale τe. The acceleration a amplifies the
Fourier modes of initial amplitude η0 and wavenumber k0. (b) The drop deforms into a
sheet on the timescale τi in absence of any external acceleration. (c) The sheet expands
considerably until it breaks at the time tb when the perturbation amplitude is of the
order of the sheet thickness hb. (d) A thickness profile showing two regions of size Ln and
Lc where the criterion for breakup is fulfilled and holes are expected to nucleate with a
characteristic wavenumber kb.

acceleration of the drop, where in comparison to τi and τc the acceleration can be
considered impulsive and is then given by a step function equal to a ∼ U/τe =
R0/(τc τe) We1/2 for 0 ≤ t ≤ τe and equal to 0 for t > τe. In our model the drop
is assumed to be a sheet with thickness h0 ∼ R0 and density ρ that is surrounded
by a gas phase of negligible density. One interface of the sheet is then accelerated
perpendicular to its surface. The acceleration a amplifies any initial modulation of
the surface, which can be represented by the Fourier modes

η(s, t) = η0 f(t) eiks, (6.15)

where η0 is the initial amplitude and s a generalized coordinate tangent to the
sheet in the following analysis. The temporal evolution f(t) is determined by the
instantaneous growth rate ω(k), i.e. the dispersion relation specific to each of the
three phases.In the second phase (Fig. 6.16 (b)), the drop is not accelerated any
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more but the Fourier modes continue to exist on a drop that evolves into a sheet
on the timescale τi. The third phase (Fig. 6.16 (c)) is characterize by the large
expansion of the sheet on the timescale τc, during which we observe the actual
breakup. The sheet is then pierced when the thickness modulations are of the
order of the sheet thickness [102], compare also Fig. 6.16 (d). We neglect in our
analysis the local thickness variations (marked by Lc and Ln in Fig. 6.16 (d)) that
lead to the preferred areas of hole nucleation as seen in the previous section, since
the underlying mechanism of destabilization is unaffected by those imperfections.
Consistently, we make use of the robust scaling (6.10) for the overall kinematics of
the sheet.

Lengths and times are made non-dimensional in the analysis by the initial drop
radius R0 and capillary time τc,

ω̂ = ω τc, t̂ = t

τc
, k̂ = kR0, and k̂c =

√
ρaR2

0
γ

, (6.16)

where k̂c is the capillary wavenumber. Following [102], we treat the acceleration a =
R0/(τc τe) We1/2 in the first phase as impulsive, i.e. we assume 1/ω̂1 � τ̂e. Since
k̂c,1 = We1/4τ̂e

−1/2 � 1, the sheet can be considered thick with respect to the
capillary length, which leads to the dispersion relation [102]

ω̂2
1 = k̂3 − k̂2

c,1k̂. (6.17)

The initial conditions for the shape function f(t) in (6.15) are

f1(t̂ = 0) = 1 and f ′1 = df1

dt̂
= 0, (6.18)

such that we allow all unstable modes that fit inside the drop, that is 1 ≤ k̂ ≤ k̂c,1,
to grow with the same initial amplitude and zero initial speed. The solution of
f1(t) then follows from [102, 125]

d2f1

dt̂2
= −ω̂2

1f1(t̂) (6.19)

and is found to be

f1(t̂) = cos
(
k̂3/2t̂

)
+ We1/2

k̂2τ̂e

(
1− cos

(
k̂3/2t̂

))
. (6.20)

Assuming an impulsive acceleration, we expand this solution for τe → 0 and find
for the amplitude and growth rate at the end of phase 1: f1(τ̂e) ≈ 1 and f ′1(τ̂e) ≈
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We1/2k̂. Each mode has therefore a specific growth rate as a result of the impulsive
acceleration. However, the amplitude remains unchanged in phase 1, which is a
direct consequence of our assumption 1/ω1 � τe.

The Fourier modes in phase 2 and 3 are not directly amplified by an acceleration,
that is k̂c,2 = k̂c,3 = 0. In phase 2, the dispersion relation (6.17) reads then ω̂2

2 = k̂3

and the mode development is in view of (6.19) described by f ′′2 = −k̂3f2. The initial
conditions

f2(t̂ = 0) = 1 and f ′2(t̂ = 0) = k̂We1/2 (6.21)
match the second phase to the result obtained in the first phase. The solution is
then a free harmonic oscillator

f2(t̂) = cos
(
k̂3/2t̂

)
+ We1/2

k̂1/2
+ sin

(
k̂3/2t̂

)
. (6.22)

This solution for phase 2 is derived under the assumption of thick sheet, i.e. the
dispersion relation characteristic of an infinite medium, i.e. ω̂2

2 = k̂3, was used.
Consequently, as the drop expands into a thin sheet the solution (6.22) will in-
evitably be invalid at some point during the expansion when the two interfaces of
the sheet are coupled by the Laplace pressure. This time defines the transition
from the second to the third phase of the model and is most likely given by τi,
i.e. the timescale on which we observed the transition of the drop to a thin sheet
in Section 6.4.We now assume a sheet expansion that is fast in comparison to the
frequency of the harmonic oscillation described by (6.22), i.e. the sheet is thin at τi
while all Fourier modes are still in their first oscillation. Comparing τi to the period
of oscillation for each mode requires then k̂3/2 We−1/2

d � 1 for the assumption to
be valid, which is justified for our experiments with Wed � 1. As a consequence,
we expand the solution (6.22) in the limit k̂3/2t̂→ 0 to obtain

f2 ≈ 1 + We1/2k̂t̂− 1
2 k̂

3t̂2, (6.23)
f ′2 ≈ We1/2k̂ − k̂3t̂, (6.24)

which is used to determine the mode k̂max with the largest growth rate according
to d(f ′2)/dk = 0. The result k̂max = We1/4/(3t̂)1/2 is time dependent, since each
mode resonates with its intrinsic frequency during the second phase. Our choice for
the transition to the third phase of the model determines then the fastest growing
mode k̂max(τi) at the end of the second phase.

Phase 3 is characterized by the expansion of the sheet to R̂� 1 until the ampli-
tude of the fastest growing mode is of the order of the sheet thickness (Fig. 6.16 (d)).
We describe the mode development in the third phase by the thin-sheet dispersion
relation, since we assume k(tb)h(tb) � 1. In absence of any acceleration the dis-
persion relation for a thin sheet is ω̂3 = (kh)4

/2 [102] and when normalized in
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agreement with definition (6.16) we obtain ω̂3 = ĥk̂4/2.In phase 1 and 2, we ne-
glected the effect of the sheet expansion on the dispersion relation of the modes.
However, the characteristic of the third phase is just this expansion and simultane-
ous thinning of the sheet. We now take the effect of the sheet expansion on ω̂3 into
account by a self-similar stretch. Each quantity before the stretch, i.e. at the end of
the second phase, is denoted by the subscript 0 such that the self-similar stretching
reads k0R0 = kR and η0/k

2
0 ∼ η/k2. The former is the effect of the radial sheet

expansion that stretches the wavelength of a given perturbation and the latter is
the contraction of the perturbation amplitude resulting from mass conservation.
Introducing the kinematics (6.10) of the sheet then leads to

k̂ = k̂0 R̂
−1 and η

h
= η0

R0
. (6.25)

Combining this self-similar stretching with the scaling laws (6.10) and (6.11) for
the sheet kinematics we now recognize that the instantaneous growth rate during
the expansion in phase 3 decays much faster then the sheet thins: ω̂3 ∼ t̂−6 and
ĥ ∼ t̂−2. In conclusion, the sheet expansion and simultaneous thinning literally
freezes the growth rate of the perturbation in its state at the end of the second
phase, that is f ′′3 ≈ 0 for t > τi. As a result, the amplitude of the instability than
evolves as

f3(t̂) = f2(k̂max, τ̂i) + f ′2(k̂max, τ̂i)t̂ ≈We
(
Ek,d

Ek,cm

)1/2
t̂, (6.26)

where we made use of τ̂i = We−1/2
d . We now acknowledge that the choice for τi

as the characteristic time for the sheet thinning introduces the energy partition
Ek,d/Ek,cm for the first time in our analysis.

Following [102], the time of breakup tb is now found when the perturbation
amplitude is of the order of the sheet thickness, that is

η0

R0
f3(tb) = 1, (6.27)

where we take into account the thinning (6.25). Once tb is known the wavenumber
at breakup k̂b is obtained by applying the stretching (6.25) to the result k̂max(τ̂i)
from the second phase. As a final result, we obtain as prediction for the sheet
breakup

tb
τc
∼

(
η0

R0

)−1
We−1

(
Ek,d

Ek,cm

)−1/2
, (6.28)

kbR0 ∼ η0

R0
We
(
Ek,d

Ek,cm

)1/4
. (6.29)
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These scaling laws for the breakup time tb and the characteristic wavenumber kb of
hole nucleation are expressed in terms of the initial amplitude of the perturbation
in relation to the drop size η0/R0, the Weber number We, and the energy partition
Ek,d/Ek,cm. The stronger dependency of tb on We in comparison to Ek,d/Ek,cm
as expressed by the scaling exponents is evident for our experiments. We already
recognized that Weber number affects both the initial acceleration and the sheet
kinematics. It entered our model therefore already in the first phase when the
growth rate of the Fourier modes are set. In addition, the Weber number also set
the scaling for the kinematics (6.10) and (6.11) that we used in the third phase of
our model. In contrast to the Weber number, the energy partition only influences
the late-time evolution of the sheet. Ek,d/Ek,cm enters therefore our model only
in the third phase: it affects the characteristic time τi, i.e. the time phase 3 is
assumed to begin, and the expansion rate of the thin-sheet, which leads to the
weaker scaling exponent for Ek,d/Ek,cm in comparison to We.

The comparison of prediction (6.28) with experimental data for MEK and tin
is shown in Fig. 6.17. The breakup time tb is rescaled by Ek,d/Ek,cm according to
the prediction (6.28) to allow a direct comparison of MEK and tin as their kinetic-
energy partition Ek,d/Ek,cm differs. We find a good agreement for the scaling with
the Weber number over three decades for the combined data of MEK and tin.
We also show in Fig. 6.17 the time of destabilization in the neck region of MEK
sheets. Also here, the experimental data and the prediction (6.28) agree in terms
of the scaling with the Weber number. The different prefactor between the neck
and center region can be explained by the radial thickness profile h(r, t): the neck
region reaches the critical thickness hb for a given Weber number at an earlier
point in time compared to the center region. However, the kinematics of the neck
and center region are described by the same scaling (6.10) and the development of
the perturbation amplitude is assumed to be independent of the position on the
sheet: a global Rayleigh–Taylor instability that is responsible for the breakup in
the neck and center region alike. Consequently, the scaling exponent for the neck
and center breakup are identical and in agreement with our prediction.

The prediction (6.29) for the characteristic wavenumber kb explains the large
Weber number We = 30 000 in Fig. 6.15 that was required to recover the random
hole nucleation by unbiased statistics. A strong acceleration as set by the Weber
number affects the mode selection such that the wavelength of the fastest growing
mode at the end of the second phase is small enough to be sampled experimentally
during the breakup in the third phase. As a consequence, the scaling for the
wavenumber kb cannot be validated experimentally for a sufficiently large range
of Weber numbers. In both systems, it is a challegne to recover kb in unbiased
statistics unless extremley large Weber numbers are reached.

The initial perturbation amplitude η0/R0 is a property that is assumed to be
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Figure 6.17: Breakup time tb for MEK (blue circles) and tin drops (red squares) obtained
for the sheet breakup in the center of the sheet. The experimental data points are obtained
by finding the moment in time where the first hole in the center of a sheet r/R ≤ 0.5
is observed. The solid black lines are the prediction (6.28) with η0/R0 = 10−2 for MEK
and η0/R0 = 1.6× 10−3 for tin, both with a prefactor of 1. For MEK the corresponding
data for the neck region is shown as gray circles, which follows the same scaling law with
η0/R0 = 10−2 and prefactor of 0.5 (dashed grey line).

characteristic to each liquid system and independent of the wavenumber k. It is
therefore equivalent to a white noise with a constant amplitude that is present dur-
ing the acceleration phase of our model. This initial noise explains the early sheet
breakup for MEK in comparison to the tin system in our analysis: the amplitude
of perturbations during the early-time acceleration phase affects the destabiliza-
tion at later times in the same way as the Weber number. The two liquid systems
apparently exhibit different noise levels, which will be part of our discussion in the
next section.
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6.9 Discussion & conclusion
We study the fragmentation of a free-falling liquid drop that is propelled by a laser-
induced phase change. We consider two liquid systems that differ in their propulsion
mechanism: vapor-driven drops of methy ethyl ketone (MEK) and plasma-driven
tin drops. The fragmentation shows the same features in both systems and is a
late-time consequence of the initial drop acceleration that ultimately leads to the
destabilization of the deforming liquid body. The deformation is characterized by a
change of topology from the spherical drop into a flat sheet on the inertia timescale
and a surface-tension limited expansion into a thin sheet on the capillary timescale.
We identify two accelerations that are orthogonal to each other in the flat-sheet
limit and amplify perturbations by Rayleigh–Taylor instabilities on the deforming
liquid body. First, the impulsive acceleration of the drop surface by virtue of
the laser impact causes a destabilization of the thin sheet, which we referred to as
sheet breakup. The second acceleration is caused by capillary restoring forces: a rim
develops at the edge of the expanding sheet and is subject to a local acceleration in
the same way as it was described for the mechanical impact of drop on a pillar [101].
We referred to this type of destabilization as rim breakup. As the drop deformation
and fragmentation are ultimately the consequence of the very same laser impact
we find a signature of the laser-matter interaction in the fluid-dynamic response.

The plasma dynamics affects the expansion of the liquid sheet by how the kinetic
energy is transferred to the drop at its surface. We describe this effect by a power-
law scaling for the partition of kinetic energy into translation and deformation
energy in relation to the laser energy. Once included in the description of the
sheet kinematics, the rim breakup in both systems is entirely described in terms
of the Weber number and the kinetic-energy partition. We then obtain scaling
laws for the characteristic time and wavenumber of the rim breakup, which we
validate by experimental data. Capillary restoring forces also cause a Rayleigh–
Plateau instability during the rim breakup. Our analysis predicts the timescale
of the Rayleigh–Plateau and Rayleigh–Taylor instability to be decoupled from the
late-time expansion of the sheet for large Weber numbers, which is confirmed by
experimental observations.

The Rayleigh–Taylor instability that leads to the sheet breakup already starts to
develop during the initial drop acceleration by the laser-matter interaction. Con-
sistently, our analysis of the sheet breakup leads to a third parameter, beside
the Weber number and energy partition, that is necessary to distinguish between
the different driving mechanisms: the amplitude of perturbations η0/R0 that are
present during the initial acceleration of the drop. We trace the amplitude of these
perturbations from the early-time acceleration to the late-time deformation of the
drop.The evolution of the instability is described by the dispersion relation char-
acteristic of each of the following three phases: the impulsive acceleration in the
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first phase is followed by an intermediate phase where the drop deforms into a
flat sheet. Then follows a late-time phase where the expansion of the flat sheet
into a thin sheet freezes any further development of the instability except for a
self-similar stretching. We then obtain scaling laws for the characteristic time and
wavenumber of the sheet breakup. The former is validated in both liquid sys-
tems by experimental data to find a good agreement between our model and the
experiment.

We conclude from the time of sheet destabilization that the plasma-driven sys-
tem exhibits an initial noise level of one order of magnitude lower than the vapor-
driven system. The typical scale of η0/R0 ∼ 10−2 in the vapor-driven system ex-
cludes the thermal noise as source for initial perturbations, since the thermal noise
was found to be several orders of magnitude smaller in comparable systems [126].
We therefore attribute the difference in η0/R0 between the two systems to a macro-
scopic noise that originates in the different laser-matter interaction at the drop sur-
face. The sheet breakup is then caused by a global Rayleigh–Taylor instability that
leads to a destabilization in areas where the perturbation amplitude is of the order
of the local sheet thickness. In both systems, a radial dependency is introduced in
the sheet thickness by virtue of the topology change from a spherical drop to a flat
sheet. In addition, azimuthal modulations in the initial laser radiation for vapor-
driven drops translate to deterministic variations in the sheet thickness during the
late-time expansion. As a consequence, likely areas of destabilization emerge on
the sheet in azimuthal and radial direction during the fragmentation. The hole
nucleation itself is found to be a randomly distributed process when observed on a
length much smaller than the extent of the deterministic thickness variations.

The analysis of the fluid-dynamic instabilities in combination with experimental
data leads to a phase diagram for the onset of fragmentation by laser-pulse impact
(Fig. 6.18). At low Weber number, only the rim breakup is observed while the
sheet remains stable. In this regime, the initial acceleration is not strong enough
to amplify the initial perturbation sufficiently for the sheet breakup to occur. For
increasing Weber number the rim destabilizes at earlier times before the maximum
expansion of the sheet is reached. The trajectory of fragments that originate from
the rim breakup is set by the sheet expansion rate at the moment of detachment,
which leads to a cloud of small drops surrounding the sheet at maximum expan-
sion. The sheet breakup occurs at two distinct regions that are set by the radial
thickness profile during the late-time expansion: the neck and the center region
of the sheet. Both regions follow the same scaling law for the characteristic time
of destabilization, which is the consequence of a global Rayleigh–Taylor instability
that is responsible for the breakup in the neck and center region alike.

Both the rim and sheet breakup lead to a structure of elongated ligaments: in
case of the rim breakup, the ligaments point radially outward, whereas the sheet
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Figure 6.18: Overview on the stability of free-falling drops upon laser impact in terms of
the Weber number and the radial expansion R/R0. The parameter range of stable liquid
sheets (blue area) is separated from the unstable domain (red area) by the rim breakup
at R(t`) and the sheet breakup at R(tb). The diagram is based on the MEK system
for which the energy partition Ek,d/Ek,cm = 1.8 and the initial perturbation amplitude
η0/R0 = 10−2 for the sheet breakup. The radii R(t`) and R(tb) follow then from the sheet
kinematics (6.8) and the corresponding scaling (6.13) and (6.28) for the breakup time,
where the sheet breakup R(tb) is given for the neck (dashed red line) and center region
(solid red line). The prefactor in each scaling is obtained from the experimental data in
Fig. 6.10 and Fig. 6.17, respectively. The maximum radius Rmax (solid black line) follows
from the sheet kinematics (6.8) for tmax/τc = 2/

√
27. At the same time, the radius Rfrag

(solid gray line) is an estimate for the extent of the cloud of fragments (gray area) that
originate from the rim breakup. The fragment trajectory is assumed to be set by the
expansion rate at the moment of destabilization, i.e. Rfrag = R(t`) + Ṙ(t`)(tmax − t`).

breakup leads to a two-dimensional web of ligaments. The parameter range where
such a collection of ligaments is formed is marked as unstable domain (red area)
in Fig. 6.18. The last stage of the drop fragmentation is then characterized by the
breakup of individual ligaments into stable fragments. The collection of all resulting
fragments, which finally relax to a spherical shape, leads then to the overall size
distribution of stable drops. The elementary size distribution coming from a single
ligament breakup depends on the roughness and the size of the ligament [101, 106,
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127]. Depending on the history of a ligament, i.e. the way it was created before
its breakup, the elementary distribution is then more or less broad. Experimental
data for the elementary distribution after ligament breakup is best described by
a gamma distribution [127]. The linear superposition of all elementary gamma
distributions, one for each typical type of ligament, leads then to the overall size
distribution of stable drops. The remaining problem is then to obtain the statistics
for the typical ligaments that form in course of the rim and sheet breakup.

The final size distribution of the rim breakup for the mechanical impact of a drop
an a pillar was successfully described by the linear combination of two elementary
gamma distributions [101]. Each of the two distribution accounted for the breakup
of a typical class of ligaments: one distribution for the radial ligaments and a
second one for the remnant rim not completely converted into radial ligaments. As
pointed out by [101] the experimental data for the size distribution was obtained
under very symmetric impact conditions. In the current study, the high degree
of symmetry observed in the tin system, especially the clear observation of the
characteristic wavenumber k`, leads to the expectation that a bimodal distribution
is sufficient as well to describe the rim breakup. In contrast to the tin system, the
rim breakup in the MEK system is affected by the sheet breakup, which already
limited the amount of data we could obtain for the rim breakup in that system.
In turn, this interaction of the rim and the sheet may also require more than two
elementary distributions to capture the rim breakup in the MEK system.

The statistics for the fragmentation of a web of ligaments has been described in
detail by [106]. In this study, a planar Savart sheet is seeded with small air bubbles
to cause a random hole piercing on the sheet. The growth and merging of holes in
this experiment lead then to a web of ligaments, similar to the one observed in our
study. The fragmentation of the ligament structure leads to a broad size distribu-
tion of fragments that was almost fully recovered by the elementary distribution
for a single type of ligaments [106]. Since the ligaments are strongly corrugated
by large-amplitude random capillary waves, even a single elementary distribution
leads to a broad collection of drop sizes. Other contribution, e.g. drops originating
from the nodes of the web of ligaments, lead then to a slightly broader final size
distribution. A possible source of very small drops that was observed by [106] but
lay outside the parameter domain is a secondary sheet formation due to the inertia
of colliding rims: if the hole-opening speed is large the colliding rims do not merge
but splash, forming a secondary sheet that is oriented orthogonal to the original
one. We observe a similar process in our experiments, in particular for rims that
originate from a hole nucleation in the neck region where the sheet is thinnest and
the hole-opening speed the largest: the rims collide in an asymmetric fashion and
form highly corrugated ligaments or even splash to first form a collection of thinner
ligaments before they finally break into stable drops. The manifestation of such a
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collection of ligaments can be seen in Fig. 6.19 for a single MEK sheet. We observe
a variation in the typical size of ligaments by more than order of magnitude. Fur-
thermore, the inset Fig. 6.19 (c) reveals the highly-corrugated cylindrical geometry
of ligaments. We now recognize the necessity to consider more than one elemen-
tary size distribution to capture this broad size distribution already observed for
the ligaments themselves.

Given the aforementioned considerations the final size distribution of the laser
impact on a drop is expected to be broad distribution as a result of multiple elemen-
tary size distributions. The experimental investigation for both systems in terms
of the size distribution is a challenge. On the one hand, the optical resolution of
the shadowgraph images limits the range of fragment sizes that can be detected in
the tin system. The small ligaments in Fig. 6.19 (c) for the MEK system suggest
a typical size of d`/R0 ∼ 10−2, which is in absolute terms then a few hundred
nanometer for the tin system, i.e. far below the resolution of optical imaging in the

(a) (b)

(c)

4 mm

Figure 6.19: The web of ligaments for a MEK sheet at We = 750 in (a) and two magnified
parts from the center (b) and neck region (c) of the sheet. The typical diameter of
ligaments d` varies by more than one order of magnitude as indicated by the two pointers
in (b, c) that mark ligaments with approximately d` = 100µm and d` = 4µm.



122 Chapter 6. Drop fragmentation by laser-pulse impact

visible spectrum. Measurement techniques based on light scattering seem to be a
viable approach, but require suitable calibration particles to measure reliable size
distributions, which are difficult to obtain for metals [128]. On the other hand,
the MEK system shows large-scale facets that are set by the laser-beam profile
(compare Fig. 6.14) and not of universal nature. These influences need to be incor-
porated in an statistical analysis in a transparent way to obtain a description that
holds for both the tin and MEK system. Such an analysis clearly deserves further
investigation, where the work presented here is the first step towards a full de-
scription of the drop fragmentation that incorporates the chaotic and deterministic
facets of the ligaments formation.
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Appendix: Rescaling the late-time sheet model
The impact of a drop with the velocity U and initial radius R0 on a pillar of
the same size leads to the development of a radial sheet of thickness h(r, t) and
radius R(t) with dynamics [101]

R(t)−R0

R0
=

√
W̃e t

τc

(
1−
√

3
2

t

τc

)2

, (6.30)

h(r, t) ∼ R3
0

Urt
= R2

0 τc√
W̃e rt

, (6.31)

ur(r, t) = r

t
, (6.32)

where ur is the radial velocity inside the sheet. Here, the rescaled Weber number
W̃e accounts for different initial conditions during a laser impact in comparison to
a mechanical impact on a pillar. In analogy to [21] we find W̃e from a matching to
the initial kinetic energy partition obtained from an early-time (t ≤ τe) model of
the drop, termed Ek,d

Ek,cm
. Matching to the energy partition in terms of sheet model

(6.30-6.32) then reads

Ek,d

Ek,cm
=
∫ R

0 u2
r hr dr

U2
∫ R

0 hr dr
= R2

3U2t2
, (6.33)

where Ek,d is the kinetic energy associated with the deformation (expansion) of
the sheet and Ek,cm with the kinetic energy of the centre-mass-motion. For t� τc

and Wed � 1 we approximate (6.30) by R ≈ R0
√

W̃e t/τc such that by using that
U2 = WeR2

0/τ
2
c we find

W̃e = 3 We Ek,d

Ek,cm
= 3 Wed, (6.34)

with Wed as defined in (6.7). This results explains our rescaling in (6.8). The
energy partition for the flat-top beam profile used in the MEK system is obtained
analytically from the early-time model as Ek,d/Ek,cm ≈ 1.8 [21].
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Chapter 7

Expansion dynamics after
laser-induced cavitation in
liquid tin microdroplets

D. Kurilovich, T. de F. Pinto, F. Torretti, R. Schupp, J. Scheers, A. S. Stodolna, H.
Gelderblom, K. S. E. Eikema, S. Witte, W. Ubachs, R. Hoekstra, and O. O. Ver-
solato, Phys. Rev. Appl. 10, 054005 (2018).

The cavitation-driven expansion dynamics of liquid tin microdroplets is investi-
gated, set in motion by the ablative impact of a 15-ps laser pulse. We combine
high-resolution stroboscopic shadowgraphy with an intuitive fluid dynamic model
that includes the onset of fragmentation, and find good agreement between model
and experimental data for two different droplet sizes over a wide range of laser
pulse energies. The dependence of the initial expansion velocity on these exper-
imental parameters is heuristically captured in a single power law. Further, the
obtained late-time mass distributions are shown to be governed by a single parame-
ter. These studies are performed under conditions relevant for plasma light sources
for extreme-ultraviolet nanolithography.
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7.1 Introduction
Intense, short-pulse laser radiation can produce strong shock waves in liquids lead-
ing in some spectacular cases to explosive cavitation and violent spallation of the
material [24–26, 129, 130]. Such dramatic physical phenomena can readily find
application, a very recent example of which is found in the field of nanolithogra-
phy where microdroplets of liquid tin are used to create extreme ultraviolet (EUV)
light [13, 18, 131]. These tin droplets, typically several 10µm in diameter, serve as
targets for a high-energy, ns-pulse laser, creating a laser-produced plasma (LPP).
Line emission from highly charged tin ions in the LPP provides the required EUV
light. Currently, a dual-laser-pulse sequence is employed [18]. In a first step, a
ns-laser prepulse is used to carefully shape the droplet into a thin sheet that is
considered to be advantageous for EUV production with a second, much more en-
ergetic, main pulse. Recent developments [17, 18], however, produced tentative but
tantalizing evidence for significantly improved source performance when replacing
the ns-prepulse with a ps-prepulse laser to produce a shock-wave-induced explosive
fragmentation. Although some notable progress was made very recently [24–27],
this process requires further investigation.

This paper advances the understanding of the aforementioned systems by pro-
viding an experimental and theoretical study of the late-time dynamics of the
deformation of free-falling tin microdroplets. Being initially spherical, the droplets
are subjected by strong shock waves generated by ps laser pulse impact, giving rise
to cavitation [24–27]. This centralized cavitation explosively propels the liquid to
very high (∼100m/s) radial velocities, producing a rapidly thinning liquid-tin shell
(see Fig. 7.1). The initial spherical symmetry of the system is broken when the
intensity of the shock wave exceeds a certain threshold and dramatic spallation is
observed on the side of the droplet facing away from the laser impact zone. We
focus our studies on the rich physics of the dynamics set in motion by the central
cavitation.

We develop a model description for the time evolution of a stretching spherical
shell, including the onset of fragmentation. Using stroboscopic shadowgraphic
imaging, this model is experimentally validated over a wide range of laser pulse
energies, 15 ps in duration, and for two droplet sizes. The dependence of the initial
expansion velocity on these experimental parameters is heuristically captured in
a single power law. The late-time mass distributions, experimentally obtained
from front-view shadowgraphy, are furthermore shown to be governed by a single
parameter.
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Figure 7.1: Stroboscopic shadowgraph images of expanding tin microdroplets (23µm
initial radius) taken at different time delays for three different laser pulse energies (or
Weber numbers, see Sec. 7.3.1) at a pulse length of 15 ps, as seen from two viewing angles
(90◦ side view and 30◦ front view). Laser impacts from the left; images are cropped and
centered individually to improve visibility. A 500-µm-length scale bar is provided in the
left-lower corner.
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7.2 Experimental methods
Our experimental setup has previously been described in detail [20]. For clar-
ity, the most important characteristics, as well as experimental upgrades, are dis-
cussed here. A droplet generator is operated in a vacuum chamber (10−7 mbar)
and held at constant temperature of 260◦ C, well above the melting point of tin.
The nozzle produces an on-axis multi-kHz train of 15 or 23µm radius droplets of
99.995% purity tin, with density ρ=7g/cm3 and surface tension σ=0.532N/m.
The droplets relax to a spherical shape before they pass through a horizontal light
sheet produced from a helium-neon laser. The light scattered by the droplets is
detected by a photomultiplier tube, whose signal is reduced in frequency to 10Hz
to trigger a Nd:YAG laser system. This laser system produces tunable ps pulses
of 1064 nm wavelength light as described in more detail in Ref. [37]. The laser
pulse energy is varied between 0.5 and 5mJ employing a suitable combination of a
waveplate and polarizer; the pulse length is kept constant at approximately 15 ps
for the experiments described here. The laser beam is focused down to a 100µm
full-width-at-half-maximum (FWHM) diameter Gaussian spot. To maintain cylin-
drical symmetry, the laser light has circular polarization. An accurately timed laser
pulse provides a radially-centered interaction with a falling droplet that occurs in
a reproducible manner. Only a small fraction of the droplets interact with a laser
pulse due to the mismatch in repetition rates of the droplet generator (multi-kHz)
and laser (10Hz).

Two shadowgraph imaging systems capture the dynamics of the expanding
droplets. These systems are based on a single pulse from a broadband 560±2 nm
wavelength 5-ns-pulse dye laser. Combined with two long-distance microscopes
coupled with CCD cameras, this laser source provides back-lighting that is care-
fully rendered incoherent both temporally and spatially, with a 4µm resolution.
One of these microscopes is aligned orthogonally to the laser beam to obtain side-
view images; the other one is at 30◦ angle to the beam direction for a (tilted) front
view. Both microscopes are equipped with bandpass filters to suppress the plasma
radiation. The images obtained are used to track the size, shape, and velocity
of the droplet expansion employing an image-processing algorithm. Stroboscopic
time series of different droplets are constructed by triggering the shadowgraphy
systems once per drive laser shot with increasing delay, typically with time steps
of 50–100 ns [132].
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7.3 Results and interpretation
The response of a tin droplet to laser pulse impact is shown in Fig. 7.1 for three
laser pulse energies. A qualitative description of the relevant physical processes
leading to cavitation and spallation was recently given in Ref. [25]. We summarize
the crucial steps in the following, combining it with our experimental observations.
The laser-pulse impact ablates a thin (less than 1µm) layer of tin. At the lower
pulse energies (see the 0.7 or 1.5mJ cases presented in Fig. 7.1), this ablated mass
is clearly visible and seen to move away from the droplet in the direction opposite
to the laser light. The remarkably sharp outer boundary of this ablated mass may
be explained by the existence of an inhomogeneous two-phase, gas-liquid mixture
of low average density but approaching liquid density in the vicinity of the ablation
front [133, 134].

The ablation pulse gives rise to a pressure wave starting from the laser-impacted
region of the droplet. This pressure is applied on a short, picosecond time scale
that is several orders of magnitude shorter than the time scale on which pressure
waves travel through the droplet.

As a consequence, the liquid is locally compressed and pressure waves travel
through the droplet [116]. Converging pressure “shock” waves superimpose in the
center of the droplet where they cause tensile stress. Once this tensile stress is
above the yield strength of the liquid it ruptures and a thin shell is formed. Theo-
retical modeling [25] has shown that there is a high sensitivity of both the rate of
expansion and the morphology of the deformed droplet to the details of the, poorly
known, metastable equation-of-state (EOS) of tin in the region of the liquid-vapor
phase transition and to the parameters of the critical point. Thus, precise the-
ory predictions of the post-cavitation dynamics of liquid tin microdroplets cannot
yet be made and, instead, measurements as presented in this work may provide a
sensitive instrument for probing the EOS of liquid metals [25].

After passing through the droplet center, the shock wave reaches the back side
of the droplet (i.e. the side facing away from the laser) and is reflected from this
free interface, where it can again rupture the liquid and give rise to spallation that
rapidly propels, at several hundred meters per second, a small mass fraction of the
droplet along the laser beam propagation direction (see Fig. 7.1) [25, 26]. The fluid-
dynamic description of this spallation is very rich and will be left for future work.
However, it is noteworthy that there is a regime where a strong spallation occurs,
but is mitigated under capillary action (compare the t=1 and 2µs shadowgraphs
for the 1.5mJ case in Fig. 7.1).

The higher-energy cases in Fig. 7.1 also hint at the existence of a hole on the
side of the droplet facing the laser, which may possibly be attributed to ablation-
thinning of the droplet shell. In combination with the spallation, a “tunnel” is
thus created (see the front view shadowgraphs in Fig. 7.1), and may later form a
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doughnut-type mass distribution. Another scenario, when fragmentation following
the collapse of the shell results in high-speed jetting, corresponding to the lowest
laser pulse energies, is reported on in Refs. [27, 112, 135].

In the following, we focus on the late-time dynamics set in motion by the central
cavitation. Firstly, a basic model for the time evolution of the intact liquid shell is
presented. Secondly, we study the time scale at which first holes close to the equator
of this shell become visible, after which full fragmentation of the shell rapidly sets
in. This results, eventually, in a late-time mass distribution, the understanding of
which is of particular relevance for producing EUV radiation at high conversion
efficiencies.

7.3.1 Time evolution of the shell
The shadowgraphs such as those presented in Fig. 7.1 clearly show a cylindrically
symmetric expanding shell, the radius R(t) of which is tracked for each time step
by measuring the maximal transverse (vertical in Fig. 7.1) size of this feature from
the side-view shadowgraphs. By fitting a linear function to the first few R(t) data
points after the laser impact, we obtain values for the initial droplet expansion
velocity Ṙ(t=0). Figure 7.2(a) shows a monotonic increase of this radial expansion
velocity Ṙ(t=0) as a function of laser pulse energy. Using a heuristic argument, we
collapse all obtained data onto a single curve, scaling the obtained velocities with
the initial droplet radius R0 (see Fig. 7.2(b)). To arrive at this scaling, we hypothe-
size that the magnitude of the induced shock wave, and its related cavitation event,
scales with the laser-facing surface area, ∝R2

0 (the droplet is much smaller than the
laser spot size). Meanwhile, the expansion is impeded by the droplet mass ∝R−3

0 .
By ignoring the possible differences in the dissipation of the shock wave, one thus
arrives at the aforementioned simple scaling Ṙ(t=0)∝R−1

0 . Ablation-induced mo-
mentum exerted on the droplet, leading to propulsion, is expected also to scale with
absorbed energy, again as ∝R2

0 [20, 22], counteracted by the droplet mass as ∝R3
0,

leading to an identical scaling law. However, in contrast to the ns laser pulse impact
studied in those works [20, 22], the resulting droplet propulsion is limited here. As
seen from Fig. 7.2(b), such a rescaling causes all data to fall on a single curve that
appears to be represented quite well by a power-law function Ṙ(t=0)R0 =A×Eα
with fit parameters A=9.4±1.4 m2/s and α=0.46±0.02. Although such power-law
behavior is well established in the relevant literature on ablation [91, 93, 136], these
fit parameters cannot be straightforwardly predicted from available theory, given
their sensitivity to the EOS and the details of laser-matter interaction.

To describe the time evolution of the liquid droplets in Fig. 7.1, we hypothe-
size that a small (micrometer-sized), high-pressure (kilobar-level) cavitation bubble
expands the liquid quickly into a thin shell. Thus, a spherically symmetric shell ex-
pands at a certain initial velocity Ṙ(t=0), with the cavitation pressure having done
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Figure 7.2: (a) Initial radial expansion velocity Ṙ(t=0) of tin microdroplets as a function
of total laser pulse energy E. Yellow diamonds are for R0 =15µm and blue squares are for
R0 =23µm. The error bars represent 10% uncertainty on the velocity measurements and
20% uncertainty on the energy measurements. (b) The same data, rescaled by multiplying
by the initial droplet radius R0. The solid red line is obtained by fitting a power-law
function to the concatenated data.

its thermodynamic work effectively at time zero. Given that the droplet expands
into the vacuum, the only limitation to its expansion is surface tension.

The liquid tin shell has thickness h(t) which decreases quadratically with time
as mass conservation implies, in the limit of a thin shell (R(t)�h(t)), that h(t) =
R3

0/(3R(t)2) ≈ R3
0/(3t2Ṙ(t=0)2). The expansion of the shell can be described

by the Rayleigh-Plesset equation, which in the limit of a thin shell reads [137]:
p(R−h)−p(R) ≈ ρhR̈, where p is pressure. Imposing dynamic boundary conditions
at the two liquid-vapor interfaces p(R − h) and p(R), and noting that the only
force acting on the shell is the Laplace pressure, the net value of which is given by
p = 4σ/R(t) (in contrast to Ref. [137], where this contribution was negligible), we
find

R̈(t) = −p
ρh(t) = − 4σ

ρh(t)R(t) = −12σR(t)
ρR3

0
. (7.1)
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From the above expression, using the boundary conditions of a given Ṙ(t=0) and
initial radius R0, we obtain

R(t)
R0

= cos(πt/τc) +
√

We
12 sin(πt/τc), (7.2)

introducing the capillary time scale here as τc=π
√
ρR3

0/12σ and the relevant We-
ber number as We= ρR0Ṙ(t=0)2/σ. The above solution is identical in form to that
obtained previously for a disk-type expansion of a droplet following ns-laser pulse
impact [20, 21].

Next, we apply the theory developed above with zero fit parameters taking as an
input the experimental values for Ṙ(t=0). The results are presented in Fig. 7.3(b),
where the experimentally obtained radius R(t) (see Fig. 7.3(a)) is rendered dimen-
sionless by dividing by R0 (and subtraction of the unity value offset), and plotted as
a function of dimensionless time t/τc. For R0 =15 the capillary time is ≈ 6µs, for
R0 =23µm it is ≈ 11µs. Given the simplicity of our arguments, we find excellent
agreement between model and experiment. The observed late-time “overshoot”
that is apparent in the experimental data shown, with theory predicting a more
rapid retraction of the shell, can be understood by considering the process of hole
formation and ensuing fragmentation, which strongly reduces the restoring forces.

7.3.2 Hole opening time
The expanding shell is subjected to Rayleigh-Taylor instabilities (RTI), here as
instabilities of the liquid-vapor interface driven by the radial acceleration and de-
celeration of the liquid sheet [137]. Surface tension provides mode selection of the

Figure 7.3: (Figure is found on the following page.) (a) Radius R(t) of shell driven
by cavitation in R0 = 15µm droplets (open symbols) and R0 = 23µm droplets (colored
symbols) for similar Weber numbers. Open squares, We = 304; black squares, We = 368;
open circles, We = 705; brown circles, We = 754; open triangles, We = 1923; green
triangles, We = 1778. The inset (500× 700µm2) represents a side-view image of the We =
754 case at 2.5µs. (b) Rescaled, dimensionless radius as a function of dimensionless time
t/τc. The solid curves represent the model predictions (see Eq. (2)) for the 23µm initial
radius droplet; the dashed curves show the same but for the smaller, 15µm droplet. The
solid gray line depicts the destabilization radius R(t∗) as obtained from the fit of Eq. (7.3)
to the data (see Fig. 7.4), applied to Eq. (7.2). The data are grayed out beyond this line.
(c) Sequence of side-view shadowgraphy images taken from Fig. 7.1 for We = 368 and
We = 1778, for R0 =23µm droplets, with indication of the corresponding dimensionless
time t/τc.



7.3. Results and interpretation 133

2R
(t

)

(c) 0.540.360.18

0.7 mJ
(We = 368)

4 mJ
(We = 1778)

Figure 7.3: (Continued from the previous page.)



134 Chapter 7. Expansion dynamics after laser-induced cavitation in liquid tin
microdroplets

RTI [102, 125, 137, 138]. This phenomenon will lead to hole formation after which
rapid hole opening and merging will lead to full fragmentation of the shell. In our
system, there are two acceleration mechanisms that act along the surface normal
and that thus will contribute to RTI growth. Firstly, the liquid is strongly accel-
erated by the cavitation pressure. Secondly, after the initial fast expansion, the
shell much more slowly decelerates under the influence of surface tension. Holes
will form at the shell piercing time t∗, when the size of a growing instability is of
the order of the shell thickness [137]. In the available literature (e.g., see Refs. [102,
137]), quite generally a scaling relation is found of the type

t∗
τc
∝We−β , (7.3)

resulting in a rough scaling for the corresponding destabilization radius [137]
R(t∗)
R0

− 1 ∝We1/2−β . (7.4)

Here we have, for simplicity, linearized the expansion rate to a constant Ṙ∝We1/2

and in Eq. (7.3) dropped the usual weak scaling term (η0/R0)β , where η0 is the
initial amplitude of RTI. The positive power β is typically smaller than unity [102,
137, 139]. Obtaining a theoretical value for this power is complicated because of
the two competing mechanisms driving RTI. We take instead the rather general
form of Eq. (7.3) and let the experiment provide the relevant value for β and for
the proportionality constant. In the experiments, a hole close to the equator of
the shell becomes clearly visible in side view shadowgraphy only when another
hole simultaneously appears on the opposite side. This naturally introduces a
slight detection bias. However, it is possible to reliably and reproducibly obtain an
estimate for t∗ based on optical inspection of the experimental data supported by
the fact that for times t> t∗ (where we take 100 ns time steps) the shell becomes
permeated with holes. We observe a monotonically decreasing value for t∗ with
increasing Weber number as expected from Eq. (7.3). Furthermore, the absolute
time of breakup t∗ is seen to decrease with droplet size for similar Weber number.

Rescaling t∗ → t∗/τc in Fig. 7.4 indeed collapses the data for the two different
droplet sizes onto a single curve. The resulting fit values of the power law Eq. (7.3)
are given by β=0.34(4) and 3.0(8) for the proportionality constant. The apparent
similarity of the hole opening times for the larger droplet for We> 1500 should be
considered to be purely coincidental, linked to the finite accuracy of the optical
inspection method of a selected data set with limited temporal resolution. As
we clearly find β < 1/2 we can now immediately conclude from Eq. (7.4) that the
destabilization radius R(t∗) increases with Weber number, and thus with laser
energy. The fit values obtained will serve as input for predicting the late-time
mass distribution produced by the laser impact.
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obtained from inserting Eq. (7.3) into Eq.( 7.2). The dashed red line is based on Eq. (7.4)
taking β=0.34 (see the main text).

7.3.3 Late-time mass distribution
Having achieved good agreement between experiment and model, we now sum-
marize our findings in Fig. 7.5 to facilitate a more direct, industrial application of
our findings. The maximum amplitude of an intact retracting shell is given by
maximizing Eq. (2). The resulting dashed black curve in Fig. 7.5 is close to the
well-known scaling ∼

√
We (as was pointed out in Ref. [31]). The maximum at-

tainable shell size without any holes (i.e. the destabilization radius) is obtained
by inserting Eq. (7.3) into Eq. (7.2) as in Fig. 7.3. The result is shown as a solid
black line in Fig. 7.5. Once this line is crossed in the expansion phase, the rapid
breakup and fragmentation of the shell, associated with large Weber numbers here,
precludes capillary collapse and the droplet target fragments ballistically expand.
For the low Weber numbers shown the shell collapses and jetting may ensue [27].

In Fig. 7.5 we have also indicated ranges of Weber numbers that we associate
with different spallation regimes. For Weber numbers belowWe≈ 500, no spallation
is visible at all; for 500.We. 1000 the spall is nearly fully retracted due to surface
tension; and for We& 1000 there is a rather abrupt and violent breakout of the spall.
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For We& 1000, we find that hole formation in the “tunnel” wall leads very quickly
to complete breakup of the shell, where the fragments continue on their ballistic
trajectories with radial velocities close to the initial Ṙ(t=0).

From an application perspective, it is interesting to study the “final” late-time
fragment mass distribution that might serve as a target for a main laser pulse in
an actual industrial EUV-source based on tin plasma. In the following analysis,
we present some brief guidelines based on the here presented data but keep the
full analysis of the relevant fragmentation process (including fragment size distri-
butions) for later, dedicated work. We find that the final mass distribution changes
very dramatically over a relatively small range of Weber numbers as can be seen
from the shadowgraphs presented in Fig. 7.6(a) as well as from their angularly
averaged, radial projections shown in Fig. 7.6(b). These projections can loosely
be interpreted as a column-density mass distribution along the line-of-sight of the
backlight illumination. The projections are not corrected for the small parallax
angle or for the limited depth of focus. Still, we expect to track a large fraction
of the total droplet mass. Similar mass distributions are found for 15 and 23µm
droplets at comparable Weber numbers (see Fig. 7.6).

For We=544 we observe that the mass distribution has a maximum in the
center of the image, as is to be expected from a collapse. For just very slightly
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Figure 7.6: (a) Late-time front-view (30◦) shadowgraphs of expanded and deformed
droplets of different droplet sizes representing cases of similar Weber numbers. The rect-
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Inverted, angularly averaged, radial projections of the obtained gray scale of correspond-
ing images from (a), which gives a qualitative measure of the radial column-density-mass
distribution. The dashed red line corresponds to the data from R0 =15µm droplets; the
solid black line is for R0 =23µm.

larger Weber numbers, we find instead a toroidal profile that becomes more and
more pronounced for larger Weber numbers. We attribute this observation to the
RTI-driven breakup of the “tunnel” wall (thus preventing collapse) as well as by
a pronounced spallation that modifies the mass distribution, as was also noted in
Ref. [25].

The sensitivity of the final state mass distribution to the Weber number estab-
lished and quantified here can readily find application. As an example, we note
that a typical target size used in the industry is in the order of a few hundred
micrometers [18], several microseconds after prepulse impact. In our experiments,
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a relevant ∼450µm diameter target is, for example, obtained from a R0 =15µm
initial droplet size after expanding for 2.5µs, see Fig. 7.6(a) for We=1923. In this
case, the main pulse would not find a significant mass fraction in its focus. Thus,
it may well be opportune to choose a lower Weber number, by tuning down the
laser energy, and obtain a more homogeneous mass distribution which could im-
prove the conversion efficiency of drive laser light into useful EUV radiation by,
e.g., increasing the absorption of drive-laser light.

7.4 Conclusions
We present an analysis of the cavitation-driven expansion dynamics of liquid tin
microdroplets that is set in motion by the ablative impact of a 15-ps laser pulse.
High-resolution stroboscopic shadowgraphy of the expanding tin shells is combined
with an intuitive fluid dynamic model that includes the time and size at which the
onset of fragmentation becomes apparent. This model will aid follow-up studies
of the fragmentation pathways. Good agreement between model and experimen-
tal data is found for two different droplet sizes over a wide range of laser pulse
energies. The dependence of the initial expansion velocity of the liquid shell on
these experimental parameters is heuristically captured, for application purposes,
in a single power law. A summary phase diagram of the expansion dynamics is
presented. It covers regimes with and without spallation, as well as a transition
regime where the spalled material is retracted under surface tension. This transi-
tion regime enables finding conditions for a maximum shell expansion velocity with
strongly suppressed forward-moving debris. This phase diagram facilitates a more
direct, industrial application of our findings.

Further, the experimentally obtained late-time mass distributions are shown to
be governed by a single parameter, the Weber number. These studies are of partic-
ular relevance for plasma sources of extreme ultraviolet light for nanolithography.
In such plasma sources, the tin mass distributions obtained upon cavitation-driven
shell fragmentation, as studied in this work, are shown to be promising targets for
efficient laser coupling [17, 18].
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