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1
Introduction

1.1 Motivation

Our society produced major scientific and technological breakthroughs in the
last three decades such as in renewable energy resources [1], in biomedicine
with the Human Genome Project [2], and in advanced materials by exploring
man-made photonic metamaterials [3]. International efforts to answer some
of the fundamental open questions are large-scale experimental facilities, e.g.:
the Laser Interferometer Gravitational-Wave Observatory (LIGO) [4] and the
Large Hadron Collider (LHC) [5]. But especially in the way we process and
store information, relevant to all aforementioned fields, a fundamental change
took place. Today’s economy is more than ever organized around knowledge
and information, rather than industrial goods, and the way our society stores
and communicates information is evolving rapidly. Consequently, the current
period of human history is described as the information age [6, 7].

The transition to the information age is accompanied by, and to a large
extent enabled by, the digital revolution. The world’s technological capacity to
store, communicate, and compute information shifted from analog to digital
electronics within just twenty years and follows an exponential growth. In
1986 only 1 % of the information was stored digitally, but in 2007 an astonishing
94 % were already available on digital media [8]. The impact on the society and
our everyday life is enormous: in less than one generation’s time we got used
to share information, for example via instant messaging or the World Wide

1



2 CHAPTER 1. INTRODUCTION

Web, almost independently of our whereabouts and distances the information
needs to travel around the globe.

The foundation to store and process such amount of data are integrated
circuits or microchips. As such, this technology needs to advance with the
exponential growth of information and the society’s expectations of ever faster,
smaller and yet more powerful electronic devices. Both trends, the exponential
growth of the capacity of microchips and the impact of the technology on our
society, were sketched in 1965 by Gordon Moore [9], the co-founder of the
Intel Corporation (today’s largest semiconductor company). Just seven years
after the first realization of a microchip by Jack Kilby and Robert Noyce [7]
he envisioned handheld electronic devices and home computers as part of
everyday life (see Fig. 1.1). It took about five decades for this vision to become
reality as we can easily convince ourselves today by browsing the latest news
on our smartphones.

Figure 1.1: An everyday scene sketched in 1965 by Moore [9].

Moore’s prediction of exponential growth for the number of transistors
per unit area that can be integrated in a microchip is well-known as Moore’s
law. Although it is not a natural law but an extrapolation based on five data
points, it proved accurate for several decades and underlines the ever-growing
importance of the microchip technology. Our society got used to such rapid
progress and its benefits, setting high expectations for future developments.
Not surprisingly, Moore’s law has been used in the semiconductor industry
to guide long-term planning and to set targets for the next generation of
microchip manufacturing.

Progress in semiconductor manufacturing is all about reducing the size
of the features that make up the microchip designs. Smaller features allow
for faster and more advanced microchips that consume less power and can
be produced at lower cost [10]. This progress is enabled by a continuous
evolution of the technology to manufacture microchips: the leading candidate
for the next generation is extreme ultraviolet (EUV) nanolithography [10, 11].
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1.2 EUV Nanolithography

Figure 1.2: A portrait of Alois
Senefelder, reproduced from Pen-
nell and Pennell [12].

Lithography is a method of surface print-
ing that was invented by Alois Senefelder
(Fig. 1.2) in the eighteenth century as a cost-
effective method to reproduce text or art
work. The name lithography is a combination
of the two ancient greek terms lithos, mean-
ing stone, and graphein, which means to write.
In this method, a drawing may be produced
either by the artist directly upon stone, or it
may be made upon paper, and transferred
and affixed to the stone. Thereby, the stone
is partially protected during the subsequent
etching process where a chemical treatment
creates a hydrophilic surface, that is a water-
attracting surface, at areas that are not cov-
ered by the drawing. An oil-based ink can
then be applied and, as it sticks only to the hydrophobic, i.e. water-repellent,
part of the drawing, transferred to a blank sheet of paper [12]. Lithography al-
lows for autographic reproductions of the original including smallest features
in a fast and cost-effective way.

The current technique for the production of microchips with a cost-effective
throughput is photolithography, a method that combines Senefelder’s idea of
lithography with the principles of photography. The artwork of reproduction
is the designed pattern of the microchip called photomask or reticle, which
would be the modern equivalent to the stone in traditional lithography. Expos-
ing the photomask with light projects an image of the pattern on the silicon
wafer and, thereby, transfers the photomask. A series of chemical treatments,
that is the etching process, then either engraves the pattern into the wafer, or
even enables deposition of a new material on the pattern. A repetition of this
photolithographic cycle allows to build microchips based on two-dimensional
patterns. In contrast to traditional lithography, the artwork is not directly
reproduced but the microchip is assembled in multiple layers. However, the
original idea of transferring complex two-dimensional patterns in a single
step allows for a cost-effective mass production.

The smallest length scale that can be assembled today by photolithography,
also known as the critical dimension CD, is of the order of a few nanometers
giving the method its name nanolithography. The history of photolithography
is a continuous effort to decrease CD [10] and continues to follow Moore’s law.
One key physical limit for CD is set by the photographic imaging step and
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scales according to the Rayleigh criterion [13] as

CD ∼ λ

NA
, (1.1)

where λ is the wavelength of the light and NA is the numerical aperture that
characterizes the resolving power of the optical system used for the projection
of the photomask onto the silicon wafer. The evolution of the technology
in terms of λ is shown in Fig. 1.3 with EUV nanolithography as the latest
step of the development. The wavelength is decreased to λ = 13.5 nm, an
improvement by more than one order of magnitude compared to current
state-of-the-art lithography machines that operate at λ = 193 nm.
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Figure 1.3: Since the mid-1980s, the wavelength of light used in lithography systems
has reduced by almost half from 365 nm to 193 nm in the deep ultraviolet (DUV).
The switch to EUV nanolithography involves a further reduction in wavelength by
another factor of almost 15 (reproduced from Wagner and Harned [10]).

EUV nanolithography requires a complete redesign of the lithography
machines since the technology departs from any previous technique in a
key aspect: all matter, including air or any known material available for
optical lenses, absorbs EUV radiation. Consequently, all the optical elements
responsible for the imaging step must use reflective lenses, that is mirrors,
rather than refractive lenses [10, 14]. Furthermore, the entire optical path from
the light source to the wafer must be in a near-vacuum (see Fig. 1.4). This
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EUV light source

Illuminator

Projection optics

Intermediate focus

Collector

Reticle stage

Wafer stage

Tin drops

Plasma

Laser

Figure 1.4: A sketch of a nanolithography system including the EUV light source
based on a laser-produced plasma of tin. Because all matter absorbs EUV radiation,
the optics for collecting the light (collector), conditioning the beam (illuminator) and
pattern transfer (projection optics) must use mirrors, and the entire optical path must
be housed in a near-vacuum environment (adapted from Wagner and Harned [10]).

renders previous technologies to optimize NA, such as immersion techniques
where the gap between the final lens and the wafer surface is filled with a
liquid medium that has a refractive index greater than one, inapplicable in
EUV nanolithography. Nevertheless, the combined effects of NA and the major
decrease in λ lead to a significant advantage in microchip manufacturing [11],
that is a further reduction of CD.

One of the major challenges in EUV nanolithography is to create a suf-
ficiently high-power EUV light source. Otherwise, the high throughput in
microchip manufacturing for the current and future needs of our society can-
not be met. As extensive research has shown the best conversion efficiency,
that is the ratio of useable EUV energy extracted in the chosen bandwidth for
λ to the energy input, is achieved by sources based on tin plasmas [10].

ASML, the leading manufacturer of lithography systems and co-funder of
the research program for this thesis, develops laser-produced plasma sources.
In this design (Fig. 1.4), micrometer-sized high-speed-jetted liquid tin drops
are ionized by high-intensity laser radiation in a vacuum environment. The
resulting hot plasma emits EUV radiation, which is collected by a mirror and
guided through a dedicated optical system to project the photomask onto the
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silicon wafer. It is beneficial to apply a dual-pulse sequence [15–17]: the first
laser pulse carefully shapes the drop into a larger and thinner sheet that is
a suitable target for plasma generation. The second, much more energetic,
main pulse leads to optical breakdown and the creation of a high-density and
high-temperature plasma [15, 18, 19]. Line emission from excited tin ions then
provides the actual EUV light [15, 18].

1.3 Fluid dynamics in EUV light sources

To make the EUV light source (see Fig. 1.4) operational, several major fluid-
dynamic obstacles have to be overcome. These obstacles involve the shaping
of the tin drops into suitable targets for plasma generation, the fragmentation
of the tin targets by the laser pulses, the interaction of liquid tin with plasma,
and the impact and splashing of tiny tin drops on the surrounding environ-
ment and the mirrors. It is an interdisciplinary challenge that combines fluid
dynamics, plasma physics, and surface chemistry.

The focus of this thesis is on the fluid dynamics involved in the laser
impact on tin drops that are shaped into suitable targets for plasma generation.
The shape, position, and stability of the liquid-tin targets directly affect the
conversion efficiency of the EUV light source. The detailed understanding
of the fluid-dynamic response of the liquid drop to the laser impact poses
two fundamental challenges. First, one needs to resolve how momentum is
transferred from the laser to the drop. Second, the subsequent deformation
dynamics, often accompanied by fragmentation of the deforming drop, have
to be quantified.

The application for research on laser-induced fluid motion is not limited
to microchip manufacturing, but is of great importance for a broad range of
applications. The laser impact leads to a localized forcing, both in time and
space, that drives the fluid dynamics. A well-known application is found
in non-invasive surgery [20], e.g. in refractive eye surgery. During such an
operation, the cornea of a human eye is reshaped by laser pulses to eliminate
the patient’s dependency on glasses or contact lenses. A novel technique
combining a laser-induced phase change and fluid motion is found in the three-
dimensional printing of metals by laser-induced forward transfer (LIFT) [21]:
the laser impact first melts a solid material locally, i.e. induces a phase change,
and then transfers it to a receiver substrate. The preparation of liquid and solid
samples for mass spectroscopy by laser-induced desorption or ionization [22,
23] are examples where the phase change itself is of primary interest and the
induced motion is a secondary effect. Similarly, in pulsed laser deposition [24],
the vaporization of the target is the primary goal to transfer the material of
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interest, including liquids [25], to a thin film on a substrate. In summary, the
laser impact on flying drops, i.e. free-falling and unconfined drops, combines
fundamental research and direct applications.

When the drop is hit by a laser pulse with sufficient energy a part of the
liquid tin drop is converted into a plasma state. This laser-induced phase
change is the driving force of the fluid dynamics and has been studied before:
the complete vaporization or even explosion of micrometer-sized drops can
result from the linear absorption of laser energy [26–28]. Self-focusing and
dielectric breakdown may lead to plasma formation in transparent drops [29–
32]. Laser impact has also been used to generate liquid motion by vaporization
or plasma formation in confined geometries [33–35], sessile drops [36], and
biological matter [20, 37–39]. However, the controlled deformation of a free-
falling liquid drop by the impact of a laser pulse is unexplored.

A concept widely used in fluid dynamics shall also be used here to put the
laser impact on a drop into perspective: a dimensional analysis according to
the Buckingham-π-theorem [40, 41] leads to three dimensionless parameters*.
The Reynolds number

Re =
U R0

ν
(1.2)

with ρ as the liquid density, ν the liquid kinematic viscosity and U the typical
velocity imparted to the drop of initial radius R0 by the laser impact. This
parameter compares the fluid inertia to viscous forces. Similarly, the Weber
number

We =
ρ U2 R0

γ
(1.3)

compares the forces due to inertia and surface tension γ. Both parameters,
Re and We, can be combined to the Ohnesorge number Oh =

√
We/Re =

ν/
√

γR0/ρ, which compares viscous to surface forces. The third independent
parameter can be expressed as an energy ratio,

N =
ρ U2 R3

0
EL

, (1.4)

and relates the kinetic energy of the drop to the laser-pulse energy EL. It
takes into account that in our problem the driving force originates from a
laser-matter interaction that is represented here in a general way by EL. An
important part of this thesis is to reveal in detail how the laser energy is
converted to kinetic energy of the drop.

*Taking into account n = 6 physical variables such as fluid density ρ, surface tension γ,
kinematic viscosity ν, the initial drop radius R0 and the laser-pulse energy EL that induces
a characteristic fluid velocity U leads to k = 3 physical dimensions and p = n − k = 3
dimensionless parameters.
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Table 1.1 gives an overview for the laser impact on a drop in terms of its
dimensionless parameters. Next to the tin drops as encountered in the EUV
light source the corresponding values for a water experiment with closely
matching Weber and Reynolds numbers are given. Remarkably, the length
scale of the water experiment, expressed by R0, is increased by almost two
orders of magnitude in comparison to the tin drops. The dimensional analysis
identifies an opportunity for our research: an upscaled experiment shows
the same fluid-dynamic response to the laser impact but is much easier to
handle experimentally due to the increase in length scale and availability of
liquid water at room temperature. This fact motivates an integral part of this
thesis: the design, planning, and construction of an experimental setup that is
based on water drops and dedicated to the fluid dynamics. The length scale is
chosen such that a variety of visualization techniques at improved temporal
and spatial resolution as compared to the tin drops can be applied to the laser
impact on a drop.

The dimensional analysis characterizes the fluid-dynamic response in
a general way, independent of the actual experimental realization and the
particular choice of the liquid or length scale. As a consequence, results
obtained from the water experiments can be transferred to tin and vice versa.
Furthermore, one may draw analogies between features of previous studies
and the laser impact on a drop. An important analogy is given in Fig. 1.5 that
shall guide the reader in this thesis: the mechanical impact of a drop on a

Table 1.1: Parameters for tin drops under typical EUV source conditions taken from
§ 5 and water drops with similar dimensionless parameters. For both liquid systems,
micrometer-sized tin drops and millimeter-sized water drops, viscous effects can be
neglected (Oh� 1) and the driving mechanism is energetically inefficient (N � 1).

parameter unit tin water

ρ liquid density (kg/m3) 6968 998
γ surface tension (N/m) 0.544 0.072
ν liquid kinematic viscosity (m2/s) 0.27× 10−6 10−6

R0 initial drop radius (m) 25× 10−6 10−3

U drop velocity (m/s) 100 10
EL laser-pulse energy (J) 10−2 10−1

We Weber number 3200 1400
Re Reynolds number 9300 10000
Oh Ohnesorge number 6× 10−3 3× 10−3

N modified Stuart number 10−4 10−3
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(b)

(a)

30µst = 0µs 60µs

90µs

6 ms 12 ms 18 mst = 0 ms

2 R0 ≈ 6 mm

2 R0 ≈ 2 mm

Figure 1.5: Deformation and fragmentation of a drop upon impact. (a) An ethanol
drop falls down under the influence of gravity and impacts on a mechanical pillar.
The sequence is viewed from the top (adapted from Villermaux and Bossa [42]). (b) A
focused laser pulse hits a magenta-dyed drop that is falling from top to bottom of the
image at very low speed. The laser impact leads to optical breakdown in the water
and the resulting plasma emits a white glow and drives the fluid dynamics. The
sequence is viewed from the side, perpendicular to the direction of the laser-pulse
propagation (taken from § 3).
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pillar [42] is compared to the laser impact on a flying drop. The impulsive
acceleration of the drop due to the laser impact is similar to the impulsive stop
of a drop impacting on a pillar. Both experiments share common features as
the drop is initially a sphere, deforms due to the impact and finally breaks
up in tiny fragments. The scale of the experiment, the driving mechanism of
the fluid dynamics and especially the timescales vary between the two cases.
However, the most important dimensionless parameter, the Weber number, is
of the same order.

Results obtained for the deformation dynamics of a drop upon mechanical
impact and ideas developed for the analytical treatment of the fragmenta-
tion shall guide the analysis in this thesis. The impact of drops onto a solid
substrate has been studied thoroughly (see e.g. Ref. [42–48]). However, no
consensus on the deformation dynamics has yet been reached. The frag-
mentation of drops, liquid sheets, and ligaments has been studied in a wide
context [49, 50]. In these studies, the fragmentation was caused by, for exam-
ple, hole nucleation by bursting bubbles [51, 52], shear instabilities with the
surrounding medium [53–55], or impact upon an object [42, 56]. By contrast,
the fragmentation of a liquid drop induced by a laser pulse has not been
studied before. The goal of this thesis is to describe and understand the life of
the drop: starting with the laser impact, followed by the deformation of the
drop and how it depends on the laser-pulse properties up to the final breakup
of the liquid body into tiny fragments.

1.4 A guide through the thesis

In § 2 a brief introduction to the laser impact on a drop based on the water
experiment is given. The details of the experimental setup, the design of which
is an integral part of this thesis, are presented in § 3. The remaining chapters
follow the chronology of the drop impact. First, the driving mechanism
for water and tin experiments is studied in § 4 and § 5, respectively. The
induced drop deformation and how it depends on the laser-pulse properties
is described in § 6. All of this lays the foundation to understand the breakup
of the drop presented in § 7. Finally, § 8 condenses the thesis in an overall
conclusion and gives an outlook.



2
Laser impact on a drop*

Our contribution to the Gallery of Fluid Motion (Fig. 2.1) received the Milton-van-
Dyke award in 2014 for showing that the response of a liquid drop to the impact of
a nanosecond laser-pulse is violent: the drop gets strongly deformed and propelled
forward at several m/s, and subsequently breaks up or even explodes. Detailed
understanding of this process is of key importance for the generation of extreme
ultraviolet (EUV) light in the latest nanolithography machines. For the video, we
recorded the drop’s response to various laser-impact conditions by high-speed imaging
at 20 000 frames per second (FPS) and by stroboscopic illumination at an effective
frame rate of 10 million FPS. We present a scaling law and compare experimental
results to boundary-integral simulations, in order to elucidate how the drop is propelled
and deformed.

Figure 2.1: Scan the quick response code with your
smartphone to watch the Milton-van-Dyke winner
of the Gallery at Fluid Motion 2014 at https://www.
youtube.com/watch?v=bRbHDtPbHe0.

*Invited publication for the Milton-van-Dyke award of the Gallery of Fluid Motion 2014:
Alexander L. Klein, Claas Willem Visser, Wilco Bouwhuis, Henri Lhuissier, Chao Sun, Jacco H.
Snoeijer, Emmanuel Villermaux, Detlef Lohse, and Hanneke Gelderblom. Laser impact on a
drop. Physics of Fluids, 27(9):091106, 2015.

11
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The impact of a laser pulse on a highly-absorbing liquid drop can lead to
a violent response: the drop is accelerated, strongly deforms, and eventually
fragments. Shock waves, the ejection of matter, and even plasma formation
can accompany this process (see Fig. 2.2).

The total energy absorbed by the drop and its spatial distribution in the
superficial layer determine the hydrodynamic response to the laser impact.
For a localized energy deposition the threshold of optical breakdown in water
is exceeded, which provokes a violent drop explosion (Fig. 2.2 (a)). When
the energy density in the superficial layer is decreased, plasma generation
is avoided and a fluorescence effect shifting the green laser light to yellow
becomes visible (Fig. 2.2 (b, c)). Momentum conservation for the ablated mass
due to the vaporization yields a scaling law for the propulsion speed of the
drop

U ∼ Eabs − Eth

ρ R3
0 ∆H

u. (2.1)

This speed scales linearly with the absorbed laser energy Eabs beyond the
threshold energy Eth needed to heat the liquid layer to the boiling point, where
∆H is the latent heat of vaporization and u the thermal speed of the ablated
mass in vapor state. The derivation can be found in § 4 and an extension to
plasma-driven drops is presented in § 5.

The deformation of the drop changes with the spatial distribution of the
absorbed energy: from a strongly curved thin liquid sheet in Fig. 2.2 (b) to a
flatter liquid sheet in Fig. 2.2 (c). A quantitative analysis of this relation is given
in § 6. The deformation occurs on the inertial timescale τi = R0/U ∼ 10−4 s,
and is eventually slowed down by surface tension γ on the capillary timescale
τc = (ρR3

0/γ)
1/2 ∼ 10−3 s (see Fig. 2.3). Both timescales are clearly separated

from those of the laser-matter interaction, namely, the laser pulse duration
τp = 10−8 s and the duration of the ejection of matter τe ∼ 10−5 s. The
timescales relevant to the laser impact on a drop can thus be ordered:

τp � τe � τi < τc. (2.2)

The separation of timescales requires an elaborate combination of strobo-
scopic (Fig. 2.2) and high-speed (Fig. 2.3 (a)) imaging techniques to resolve the
physical phenomena experimentally, see § 3. However, it eases the modeling
of the fluid dynamics: the complex laser-matter interaction can be replaced by
an appropriate pressure pulse acting on the spherical drop. The last example
in Fig. 2.3 (b) makes use of this modeling strategy and shows the compar-
ison between experiments and boundary-integral (BI) simulations for the
deformation of the drop perpendicular to the laser pulse.
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(a)

(b)

(c)

2 R0 ≈ 2 mm

30µst = 0µs 60µs 90µs

τp = 10 ns
λL = 532 nm

Figure 2.2: Laser pulses of duration τp, wavelength λL and constant total energy
impacting from the left on magenta-dyed water drops with an initial radius R0 =
0.9 mm. The dye limits the penetration depth of the laser light δ to a superficial
layer of the drop, i.e. δ/R0 � 1. The density ρ and surface tension γ of the liquid
are unaffected by the dye (see § 3.7). Images are taken 30µs, 60µs, and 90µs after
impact with a color camera and stroboscopic backlight illumination. The sketches in
the first column illustrate the respective optical arrangements: (a) Tightly focused
laser beam leading to a white plasma glow and a violent ablation from the drop. A
spherical shockwave emitted from the location of laser impact is visible at t = 30µs.
(b) Moderately focused laser beam resulting in a strongly curved liquid sheet. (c)
Uniform laser irradiation ablating the drop surface by a local vaporization and ejecting
a cloud of mist in opposite direction to the laser beam. Note that the laser energy
actually absorbed by the drop varies between (a), (b), and (c). The shutter of the
camera is open during the whole experiment to capture both, the light emitted by the
plasma or fluorescent effect just after laser impact and the hydrodynamic response of
the drop. See § 3 for more details on the experimental setup.
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Figure 2.3: Drop deformation dynamics for an uniform laser irradiation (configura-
tion Fig. 2.2 (c)) at different laser-pulse energies. (a) High-speed images for a dyed
water drop with initial radius R0 = 0.9 mm hit by a laser pulse at t = 0 s. Eabs is the
energy that is absorbed by the drop (increasing from bottom to top). (b) Comparison
between experiments (markers) and BI simulations (solid lines) for the radial expan-
sion of the drop at different laser energies. The simulations are parameter-free, that is
all parameters are determined a priori, which is explained in § 4 and § 6.



3
Experimental setup*

We present an apparatus to control and visualize the response of a liquid target to a
laser-induced vaporization. A millimeter-sized drop serves as target and we present
two liquid-dye solutions that allow a variation of the absorption coefficient of the laser
light in the drop by seven orders of magnitude. The excitation source is a Q-switched
Nd:YAG laser at its frequency-doubled wavelength emitting nanosecond pulses with
energies above the local vaporization threshold. Absorption of the laser energy leads to
large-scale fluid motion at timescales that are separated by several orders of magnitude,
which we spatiotemporally resolve by a combination of ultra high-speed and strobo-
scopic high-resolution imaging in two orthogonal views. Surprisingly, the large-scale
fluid motion upon laser impact is completely controlled by the spatial energy distribu-
tion obtained by a precise beam-shaping technique. The apparatus demonstrates the
potential for accurate and quantitative studies of laser-matter interactions.

*To be submitted as: Alexander L. Klein, Detlef Lohse, Michel Versluis, and Hanneke
Gelderblom. Apparatus to control and visualize the impact of a high-energy laser pulse on a
liquid target.
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3.1 Introduction

Light moves liquid matter in various ways. The direct interaction of an elec-
tromagnetic wave with a liquid surface exerts a pressure on the interface
that may move the liquid: photons exchange momentum with the liquid
as the light path changes at the interface between two media of different
refractive index, an effect described as optical radiation pressure [57]. The
observed motion is normally small [58] unless competing forces such as cap-
illary forces are weakened, for example under near-critical conditions when
surface tension vanishes [59]. Intense field strengths are required to exert the
radiation pressure onto the liquid target, and therefore focused laser light is
used. Laser radiation can also induce thermocapillary forces, which can be
applied to control liquids. The localized heating by a laser, either directly by
linear absorption of the light in the liquid sample or indirectly by heating
the substrate the liquid sample is in contact with, introduces thermocapillary
stresses [60, 61] that drive the fluid dynamics. This effect of induced fluid
motion by thermocapillary stresses is well-known as the Marangoni effect [62].

A laser-induced phase change is another way to move liquids by optical
radiation and it allows for large deformations and flow speeds to be reached,
see Fig. 3.1. Here, the local field strength or energy density must be high
enough to supply the energy required for the phase change, such as a va-
porization or plasma generation. Local vaporization is achieved by linear
absorption of the laser energy in the liquid, or by additives, e.g. dyes or dyed
particles [26–28, 33, 34, 63]. Self-focusing and a dielectric breakdown may lead
to plasma formation in otherwise transparent liquids [29–32, 35, 36]. Both
effects are for example important in biological matter [20, 39] as encountered
in medical applications. An application where the material is initially solid
and needs to melt, i.e. the liquid phase is an intermediate step, is found in the
laser-induced forward transfer of metals [21]. The preparation of liquid and
solid samples for mass spectroscopy by laser-induced desorption or ioniza-
tion [22, 23] are examples where the phase change itself is of primary interest
and the induced motion is a secondary effect. Similarly, in pulsed laser de-
position [24] the vaporization is the primary goal to transfer the material of
interest, including liquids [25], to a thin film on a substrate.

The setup presented here is motivated by the physical processes found in
laser-produced plasma light sources for extreme ultraviolet (EUV) nanolithog-
raphy [11, 15, 17]. In these sources a liquid tin drop is impacted by a first laser
pulse to shape the drop into a suitable target for plasma generation. A second
pulse creates the plasma, where the line emission from excited tin ions pro-
vides the EUV light [15, 18]. Our setup can be understood as large-scale model
system to study the fluid dynamics of the target formation by the first laser
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(a)

(b)

(c)

2 R0 ≈ 2 mm

30µst = 0µs 60µs 90µs

τp = 10 ns
λL = 532 nm

Figure 3.1: Side-view images taken stroboscopically with a color camera (Nikon
D5100) and a broadband pulsed light source (NANOLITE KL-K by HSPS) for three
laser focusing conditions (illustrated by a sketch in the left column): (a) Tightly
focused laser beam leading to a white plasma glow and a violent ablation from the
drop. A spherical shockwave is visible at t = 30µs. (b) Moderately focused laser
beam resulting in a strongly curved liquid sheet. (c) Uniform laser irradiation ablating
the drop surface and ejecting a cloud of mist in opposite direction to the laser beam.
Note that the laser energy actually absorbed by the drop varies between (a), (b), and
(c). The liquid used in the experiments is an aqueous magenta-colored ink (IJC-5920
by Sensient Imaging Technologies). Images are taken from § 2, where a laser with
τp = 10 ns is used as opposed to τp = 5 ns used in the remainder of this chapter.

impact. However, the features and capabilities of the setup described here can
be used to study laser-matter interactions and laser-induced liquid motion
for a much broader range of experiments: the target, in our case a free-falling
spherical drop, may be replaced with planar geometry such as a liquid film
to study the laser-induced forward motion, for example for non-Newtonian
liquids or viscoelastic hydrogels. In general, the laser impact upon a liquid
target results in a forcing, concentrated both in time and space, and can be
visualized in our setup. This allows for accurate and quantitative studies of
laser-matter interactions that induce fluid motion.

We present in § 3.2 to § 3.8 an experimental setup that not only allows to
study but also to control the fluid dynamics driven by a laser-induced vapor-
ization. The scale of the experiment is set by the initial radius R0 ≈ 1 mm of a
free-falling drop that is hit by a laser pulse emitted with a duration of τp = 5 ns
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and at a wavelength of λL = 532 nm. We control the deposition of laser energy
in the liquid by adding a dye such that the linear absorption coefficient α
at the wavelength λL can be varied in comparison to R0 over several orders
of magnitude, i.e. 5× 10−5 ≤ R0 α ≤ 400. The spatial distribution of laser
energy can further be tuned by the focusing condition of the laser in relation
to the drop. We explain in detail how the energy distribution can be visualized
and changed, either by a beam-shaping technique or varying α. The purpose
of our setup is to study the fluid-dynamic response of the liquid target to a
laser impact. To this end, the experimental apparatus allows for extensive
visualization of the complete process by high-speed and stroboscopic imaging.
Having introduced the experimental apparatus, we present a few results of
the system in § 3.9: the stability of the control parameters of our experiment
is discussed, followed by a brief introduction to the laser impact on a drop
based on the stroboscopic imaging. Finally, we use the high-speed imaging for
experiments on how the fluid dynamics can be controlled by the laser-beam
profile. We then give a summary of our work in § 3.10.

3.2 System overview

A key feature of the experimental apparatus is the ability to control the laser
impact in terms of the laser-pulse energy: both the absolute scale and the
spatial distribution of energy can be controlled and visualized. We present
two optical configurations to impact the liquid target, which each have their
own advantages. First, a free beam propagation is introduced together with
the overall layout (Fig. 3.2) of the setup in § 3.3. This beam path leaves enough
freedom to integrate other components such as additional optics to change
the polarization state of the laser beam. In case more control over the spatial
distribution of laser energy at the impact location is required we present a
second configuration in § 3.4. This optical path incorporates a beam-shaping
technique to first modify the beam profile in the near-field of the laser. Then,
an imaging technique is applied to propagate the near-field image to the
impact location where the drop is placed.

Equally important is the next aspect of our experiment: the visualization
of the fluid-dynamic response of the drop to the laser impact. We describe in
§ 3.5 a combination of high-speed and stroboscopic imaging techniques that
are incorporated in the laser-beam path. The response of the drop to the laser
impact is then visualized in two orthogonal views: a side-view perpendicular
to the laser beam and a back-view that is along the laser-beam propagation.

The spatial scale of the experiment is set by the initial radius R0 of the
drop, where we chose for a millimeter-sized drop based on two considerations.
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First, the ease to create drops of that size for common liquids as described
in § 3.6. Second, the timescale of the fluid dynamics, or at least the late-
time dynamics, is accessible for high-speed imaging, see § 3.5. Furthermore,
stroboscopic imaging at this scale allows for recordings with high spatial
and temporal resolution. The repetition rate of the experiment is then set
to fexp = 1 Hz, limited by the frame rate of the high-resolution cameras used
during stroboscopic recordings.

Preliminary experiments showed that to propel a millimeter-sized drop a
laser pulse with an energy of a few 100 mJ is required. Commonly available
at such pulse energies are Nd:YAG lasers with wavelength of λL = 532 nm.
However, to tune the linear absorption of light at that wavelength, i.e. to
control the length scale on which the laser energy is absorbed in the liquid, the
addition of a dye is necessary for common liquids such as water as explained
in § 3.7. A high degree of control over the fluid dynamics and laser-impact
conditions, required especially for stroboscopic imaging techniques, goes
along with a precise control system, which is described in § 3.8.

3.3 Laser system and free beam propagation

The layout of the experimental apparatus with a free beam propagation is
shown in Fig. 3.2. The main laser used to impact the liquid drop is a Q-switched
Nd:YAG laser system (Q-smart 850 by Quantel) at its fundamental frequency.
Its output is frequency-doubled in a temperature-stabilized crystal (second
harmonic generator (SHG) by Quantel) to generate laser light at a wavelength
of λL = 532 nm emitted within a pulse duration of τp = 5 ns full width at
half maximum (FWHM). The cavity optics and alignment are altered by the
manufacturer to meet the design repetition rate of our experiment fexp = 1 Hz
and delivers a slightly elliptical flat-top beam profile. The laser beam is linearly
polarized, which allows for a convenient attenuation by splitting the beam in
a polarizing beam splitter (PBS, PBS25-532-HP by Thorlabs or 2-HPCB-B-0254
by Altechna), see also Fig. 3.2. The split-up ratio between the energy redirected
into a beam dump and the remaining energy used in our impact experiment
is set by a λ/2-plate in a motorized rotation mount (K10CR1/M by Thorlabs).
That way we can set the energy EL manually or by software control in the
range EL,min = 1 mJ ≤ EL ≤ EL,max = 420 mJ.

A continuous-wave laser diode (CPS532 by Thorlabs) serves as light source
for the alignment laser. It is coupled in the laser-beam path at the same PBS
used for the attenuation of the main laser (Fig. 3.2). The beam diameter of the
diode laser is increased by a factor of three in a Galilean beam expander [64]
(f1 = −50 mm, f2 = 150 mm) and can be matched precisely to the main laser
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by a diaphragm (see Fig. 3.2). The alignment laser allows safe operation
without laser-safety goggles when attenuated sufficiently by a neutral density
(ND) filter. The optical path of the main laser is not affected by the optical
positioning of the alignment laser. Thereby, the total optical path length can be
minimized, which is of particular importance when imaging the near-field as
described in § 3.4. In this section, we continue our description of a free beam
propagation and general features such as the energy measurement that are
also used later in combination with the near-field imaging technique.

The laser energy EL is measured by the energy meter 1 (energy sensor is a
QE12LP-S-MB connected to an energy monitor S-LINK-2 by Gentec Electro-
Optics). We use a wedged beam sampler (BSF10-A by Thorlabs) for in-plane
polarized light to split-off 1% by reflection at 45◦ incidence. In case we change
the polarization state, either to a out-of-plane or a mixed polarization state
as will be done for the beam-shaping in § 3.4, we place a wedged window
(WW11050-A by Thorlabs) as beam sampler at near-zero incidence to split-
off approximately 0.5 % of laser light, independent of the polarization state
in that case. A focusing lens fEM = 150 mm matches the beam diameter to
the sensor size of energy meter 1. For calibration purposes a second energy
meter (same type as energy meter 1 but protected from the high-energy beam
by an attenuator QED-12 by Gentec Electro-Optics) can be placed directly
in the path of the main laser. This way the readout at the energy meter 1
can be calibrated against an arbitrary position along the laser-beam path. In
particular, the dimensions of the sensor head allow for a direct placement at
z = 0 mm within the drop-impact chamber (Fig. 3.4) to include any loss of
light at optical elements in an appropriate calibration curve.

The laser beam is expanded in a Galilean beam expander (f3 = −250 mm,
f4 = 500 mm), raised in height in a periscope assembly before it is focused
by lens f5 = 400 mm into the drop-impact chamber (see Fig. 3.2 and 3.4).
The beam expansion by a factor of f4/|f3| = 2 is required to increase the
initial beam diameter dL = 9 mm to a size that prevents the local fluence F
to exceed the laser-induced damage threshold (LIDT) on any optical ele-
ment. All optics have appropriate laser-line coatings for λL = 532 nm with
a typical LIDT of FLIDT = 5 J/cm2 leading to a minimum spot size dmin ≥
2 (EL,max/(π FLIDT))

0.5 = 3.2 mm for each optical element at maximum laser
energy. The periscope assembly allows us to adapt the height of the laser-beam
path to about 250 mm above the optical table to accommodate the high-speed
cameras that are placed on translational stages. Before the laser beam enters
the chamber a dichroic mirror combines the laser-beam path and the optical
path of the back-view visualization, which is explained in more detail in § 3.5.

The diameter d0 of the laser beam at the drop location can be adjusted by
setting the position of lens f5 along the beam-propagation axis~ez. The smallest



3.3. LASER SYSTEM AND FREE BEAM PROPAGATION 21

ND Filter

ND Filter

Laser diode

Alignment laser

f1

f2 

Diaphragm 

CCD Beam profiler

Dual-cavity pulsed 
Nd:YAG and SHG
10 ns, 200 mJ,
532 nm

Beam
dump

PBS

PBS

Pulsed light source

Beam
sampler

LDM

Si
de

-v
ie

w

2nd Harmonic
generator (SHG)

Pulsed Nd:YAG
850 mJ, 1064 nm

Main laser

PBS

Beam
dump

Beam
dump

Periscope

Beam sampler

Energy meter 1

Negative lens f3

M
1

Positive lens f5

Beam focussing
and imaging

Visualization in side-
view and back-view

Collimator
lens

Imaging lens Diffusor

Notch filter 532 nm

Window

Light
source

Light
source

Drop-impact chamber

Dichroic mirror

Astigmatism
correction

LD
M

Back-view

O
D

 6
 

N
ot

ch
fi

lte
r 

53
2 

nm

4 m

4 miL
IF

iL
IF

fEM

Positive lens f4

Drop and origin of
coordinate system 

TL

PD

ey
ez

λ/2 plate
motorized

λ/2

λ/2 plate
motorized

τp = 5 ns

EL,max = 420 mJ

ex

λL = 532 nm

λL = 532 nm
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beam diameter at the drop position is set by the beam waist ω0, which is of
the order of a few tens of micrometer given our laser system and focusing
conditions. This means that we can cover the range ω0/R0 ≈ 0 < d0/(2R0) <
5. In principle, even larger values are possible but out of scope from a fluid-
dynamics point of view, since the laser fluence is too low in such a case to
induce a considerable fluid motion.

Laser light that passes the drop is captured by a lens combination f6,7 to
image the drop-impact location onto the charge-coupled device (CCD) of a
beam profiler (BC106N-VIS/M by Thorlabs). The combination of a plano-
convex lens f6 = 750 mm and a meniscus lens f7 = 300 mm to a lens with an
effective focal length [65] of f6,7 = (1/f6 + 1/f7)

−1 = 214 mm is advantageous
for two reasons. First, the flat surface of the plano-convex lens easily seals the
drop-impact chamber against the ambient atmosphere (see Fig. 3.4). Second,
the combination reduces spherical aberrations and improves the image quality
on the CCD. To protect the delicate CCD from the high-energy beam, an
attenuation by more than six orders of magnitude is required. The amount of
attenuation must be insensitive to the polarization state of the light to capture
all phase components at the same relative intensity. Otherwise, the sensor may
only capture the beam profile for light with in-plane polarization which may
be different from the profile for the out-of-plane component (a corresponding
polarization state occurs for the beam-shaping in § 3.4). As first attenuation
step, we choose a wedged window at near-zero incidence. The final step is a
neutral density (ND) filter that can be exchanged easily to match the sensitivity
of the CCD to a change of laser energy. The position of lens f6,7 on the optical
path relative to the drop as well as the position of the CCD thereafter, are fixed
by the Gaussian lens formula [65], which is explained in more detail in § 3.4.

For experiments that require laser energies much lower than EL,min, we
introduce an additional step of attenuation not shown in Fig. 3.2. Two wedged
windows can be placed between the beam sampler and lens f3 in a Z-configu-
ration to use the reflection of the first face of each window. The coating on the
windows can be chosen to reach an additional attenuation by a factor of 104

for two coated windows or a factor of 102 in case one window is replaced by a
laser-line mirror.

The free beam propagation described here is simple since it does not pose
many restriction on the optical path. The distance between lens f3 and f4 is
fixed to the sum of the focal length, f3 + f4, to keep a collimated beam after
the expansion. The position of lens f5 relative to the drop is crucial to set the
focusing condition. This leaves enough freedom to integrate other components
in the beam path such as a λ/4- or λ/2-plate to change the polarization state.
In case more control over the beam shape is required we present an imaging
and beam shaping technique in the following section.
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3.4 Beam shaping and near-field imaging

A drawback of a free beam propagation as described in the previous section
is the deterioration of the flat-top beam profile as it propagates from the
near-field to the far-field at the drop-impact location (z = 0 mm). This can be
solved by imaging the flat-top profile from the near-field (at a distance of about
400 mm from the laser head) to the drop-impact location (a distance of about
2500 mm) as described in this section. In addition, the intrinsic properties
of an imaging technique are beneficial when combined to a beam-shaping
operation, which we explain in this section as well.

A near-field imaging is advantageous when a beam-shaping operation is
performed at, or close to, the image plane that has its conjugated focal plane
at the drop-impact location: the image is then propagated to its conjugated
focal plane independent of the actual light path (of course, as long as clipping
or spherical aberrations are minimized). As a consequence, a deviation in
the propagation angle, inevitably introduced by the beam shaping, does not
compromise the beam profile and, more importantly, its final position in the
conjugated focal plane where the target of the laser impact is placed. As a
result, once the imaging is implemented and properly aligned the beam shap-
ing can be performed with minimum alignment effort. These considerations
motivated the beam path presented here: a beam-shaping realized within the
near-field distance such that any linear combination of the laser beam with a
rotated version of itself can be imaged onto the drop. In addition, we place
the CCD of the beam profiler in another conjugated focal plane behind the
drop-impact location for the visualization of the beam shape as experienced
by the drop (already explained briefly in § 3.3). Such a setup allows to study
the response of the drop to different laser-beam profiles.

The complete laser-beam path including the beam shaping is shown in
Fig. 3.3. As before, we make use of the polarization state of the main laser and
create two orthogonal fields by a λ/2-plate and a PBS. Two dove prisms allow
for an arbitrary image rotation θ of the two fields. The multiple reflections
inside the dove prism cause a slight change of the polarization state of each
beam, which leads to a loss of laser energy of about 10% when the two fields
are recombined in another PBS. Such an arrangement allows to create any
linear combination of the input beam profile with a rotated version of itself.
We use this feature to transform the elliptical beam profile to a near-circular
profile to achieve axisymmetric impact conditions on the drop. The complete
arrangement including attenuation as described in § 3.3 is achieved within the
near-field of the laser system (about 400 mm).

In principle, the beam can be left freely propagating from this position
(marked by the position of lens f3 in Fig. 3.3) to the drop-impact location as
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described in § 3.3. But as discussed before, any deviation in angle inevitably
introduced by the dove prisms would lead to a large offset at the drop-impact
location due to the long optical path of about 2500 mm. This would need a
careful re-alignment for each rotation of the beam, which we avoid by the
near-field imaging. However, a beam-imaging technique imposes several
restrictions upon our setup:

1. Any intermediate focus point of the high-energy laser beam needs to
be covered with a vacuum tube to avoid optical breakdown in ambient
air before the laser pulse hits the drop, i.e. for z < 0 mm. Otherwise,
the plasma at the focus spot absorbs and scatters nearly 100 % of the
incident laser energy.

2. No optical element can be placed in the vicinity of the drop to avoid
the impact of fragments onto optical elements causing a damage or
alteration to the laser-beam path in subsequent experiments.

3. The damage threshold FLIDT for each optical element must be respected
as explained before in § 3.3.

4. Two dichroic mirrors with a diameter of 50 mm at 45◦ incidence need to
be incorporated to allow sufficient access for the back-view visualization.

5. The optical elements placed at the laser entrance and exit of the drop-
impact chamber need to allow for a proper seal of the inert atmosphere
(compare Fig. 3.4).

6. In order to visualize the high-energy beam on the beam profiler we must
attenuate the light once transmitted through the chamber. When the
beam shaping is to be used, the laser beam contains an in-plane and
out-of-plane polarization state and the attenuation must be performed
equally for all phase components. We described a possible technique,
a reflection at 0◦ incidence, already in § 3.3, but its implications on the
path length must be considered here as well.

We design the laser path by an iterative procedure using geometrical optics,
which is justified as the length scales to be considered here are large compared
to the wavelength of the laser, that is R0/λL � 1. Each imaging step is then
described by the Gaussian lens formula [65],

1
si
+

1
s′i

=
1
fi

, (3.1)

Mi =
s′i
si

=
d′i
di

, (3.2)
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that relates the distances from the object to the lens si and the distance from
the lens to the image s′i to the focal length fi and magnification Mi of the
imaging step i. The above equations need to satisfy the following restrictions:
the magnification of the near-field from the first imaging step to the drop
Mdrop = ∏

drop
1 Mi ≥ 2 R0/dL = 0.25, in order to illuminate the drop com-

pletely. Likewise, the magnification from the drop to the CCD of the beam
profiler MBP = ∏BP

drop Mi ≤ dBP/(dL Mdrop) ≈ 2.9 to visualize the complete
beam on the CCD.

As the required magnification to match the beam size in the near-field
to the drop size satisfies Mdrop < 1, the occurrence of an intermediate focus
point would inevitable be close to the conjugated focal plane if a collimated
laser beam was imaged (the position of the intermediate focus point would be
at the focal point of the imaging lens at z < 0 mm). We then recognize that at
least one additional imaging step is required to create a diverging beam such
that the intermediate focus point is shifted to a position z > 0 mm while the
conjugated focal plane is kept at z = 0 mm. Despite those considerations and
restrictions, the described system is still underdetermined given the choices of
optical elements available. Therefore, we first pick a set of optical elements,
choose s1 and calculate any remaining quantities according to Eqs. (3.1) and
(3.2). We calculate the local fluence at all optical elements to evaluate our
choice based on restrictions 1 to 6. Next, we need to determine and evaluate
the consequences for the back-view visualization.

The illumination for the back-view visualization needs to be partially
incorporated in the optical path of the main laser given the position of the
dichroic mirrors. We calculate the image of the light source along its optical
path based on Eqs. (3.1) and (3.2). However, the optical elements that are part
of the combined optical path of the main laser and back-view visualization
are already fixed in terms of their position and focal length. In addition, the
divergent nature of the light source requires the first lens in the back-view
path to be a lens (or focusing mirror) with a large numerical aperture (NA)
to capture most light of the source (we select an aspheric collimator lens
f8 = 32 mm). This narrows down the choice for the set of lenses already
considerably. The remaining criterion to check for the back-view illumination
is then given by its sole purpose: the required magnification to illuminate
the drop-impact position in a uniform way. As will be discussed in § 3.5 the
size of the field of view (FOV) dFOV = 20 R0 = 20 mm and given the lateral
extension of the light source, typically about dLight = 8 mm, we find for the
required magnification MBV = dFOV/dLight ≥ 2.5.

Our solution to above problem is illustrated in Fig. 3.3 with one imag-
ing step for the laser beam path before and after the drop. The back-view
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illumination includes two imaging steps before the drop, which is necessary
to compensate for the effect of the shared lens f6,7 = 214 mm in the back-
view by lens f9 = 50 mm. The image of the laser beam at the position of
lens f3 = 300 mm is propagated to the drop position (image and conjugated
focal planes are highlighted in red in Fig. 3.3). These arrangements leads to
the first intermediate focus after lens f3, which is covered by a vacuum tube.
As required, the next conjugated focal plane created by f5 = 200 mm at the
drop-impact position is located before the second intermediate focus at about
z = 30 mm (see also Fig. 3.4). This means that no laser energy is lost in an
intermediate focus by plasma generation before the impact onto the drop.

The focus point behind the drop, i.e. the point of optical breakdown and
plasma generation, cannot be covered by a vacuum tube. However, the
distance of about 30 mm between the drop and the focus point is sufficiently
large in order not to interfere with our side- and back-view visualization. Care
must be taken to measure the beam profile, which is obtained in the absence
of the drop by the beam profiler (Fig. 3.3), at energies low enough to avoid
optical breakdown. Please note, that the intermediate focus just before energy
meter 1 does not require a vacuum enclosure as the energy in that part of the
laser-beam path is far below the threshold for optical breakdown. Therefore,
lens f3 is not only used to image the near-field but also used to match the laser
beam to the size of the sensor for energy meter 1.

Figure 3.3 also illustrates the point that limits the maximum size of the
FOV in the back-view: at the position of lens f6,7 the path of the back-view
exhibits its maximum lateral extension. Reversing the order of lens f6,7 and
the dichroic mirror could solve this issue but requires an additional window
to seal the chamber before the dichroic mirror can be placed. This would
make the dichroic mirror the element that clips the FOV leading to no further
improvement. Using lens f6,7 to seal the chamber as sketched in Fig. 3.4
minimizes the required path length and is thus our preferred choice. In this
configuration, the light enters the back-view at the bottom of Fig. 3.3 and forms

Figure 3.3: (Figure is found on the following page.) Unfolded optical path for the
main laser and back-view visualization. The drawings for the beam imaging and
back-view are to scale and aligned, but make use of two different scales in ~ez- and
~ey-direction to accommodate the complete beam path of about 2500 mm in length,
while the maximum lateral extension in ~ey is only 30 mm. As a consequence, the
split-off at energy meter 1 and the beam profiler are shown at 45◦ AOI for illustration,
whereas it is actually performed at near-zero AOI. Similarly, the reflections at 45◦ AOI
at any mirror are omitted in this unfolded representation of the optical path (mirror
M1 is marked as reference point to compare with Fig. 3.2).
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a real image after lens f8. This image is propagated by lens f9 and f6,7 to the
drop impact location with the appropriate magnification. The light source is
divergent as illustrated in Fig. 3.3 and light is lost in the additional imaging
step. Therefore, a diffusor with fine control over diffusing angles is required
(holographic diffusers by Edmund Optics, version with 5◦ to 20◦ diffusing
angle). This selection allows to find a compromise between light intensity and
uniformity. Sufficient light must be captured by each camera as described
in § 3.5 while the FOV needs to be illuminated uniformly to ease subsequent
image analysis and interpretation.

3.5 Visualization

The purpose of our setup is to study the fluid-dynamic response of the liquid
target to a laser impact. To this end, the experimental apparatus allows for
extensive visualization of the complete process by high-speed and stroboscopic
imaging as explained in this section. The response of the liquid drop to the
laser impact involves several timescales. The laser impact itself takes place on
a nanosecond timescale set by τp = 5 ns. The timescale of the drop dynamics
ranges from a few microseconds (compare Fig. 3.1) up to the capillary timescale
τc = (ρR3

0/γ)
1/2 ≈ 1 ms, where ρ and γ are the liquid density and surface

tension, respectively. The frame rate fcam to resolve the largest timescale τc
properly is at least 5000 frames per second (fps) following typical criteria for
high-speed imaging [66]. Any other process in our experiment requires a
frame rate of orders of magnitude larger.

The spatial scale of interest is set by R0 but needs to allow for an expan-
sion of the initially spherical drop into a larger geometry, where preliminary
experiment suggested a field of view (FOV) of about dFOV = 20 R0 = 20 mm
in diameter. However, the smallest features to be resolved are those of drop
fragments� R0, see Fig. 3.1. This requires an imaging technique with a high
spatial resolution to capture both, the large FOV and the details of drop frag-
mentation. Furthermore, the liquid target is allowed to move freely in space
after the laser impact, which requires that no optical element is present in the
vicinity of the drop to avoid liquid fragments reaching the optics and causing a
damage or alteration to the laser-beam path in subsequent experiments. Since
the laser impact can be violent as shown in Fig. 3.1, a distance from the drop
of about 100 R0 to 300 R0 for each optical element is preferred. Thus, imaging
at a large working distance in comparison to dFOV is required.

Our visualization techniques must allow for an optimum temporal and
spatial resolution given the aforementioned considerations, which is difficult
to meet with a single system. Therefore, we choose for high-speed and strobo-
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scopic imaging [66] techniques to be used interchangeable in our setup. The
latter requires an experiment with a high degree of reproducibility to allow for
multiple experiments being recorded under identical conditions but imaged
at different times to give the perception of a continuous movie.

To image the laser impact and drop onto the different cameras we use
a long-distance microscope (LDM, K2 DistaMax by Infinity Photo-Optical
Company) for both high-speed and stroboscopic imaging. It supports full-
frame camera chip sizes (36 mm x 24 mm) as found in the high-resolution
cameras (4008× 2672 ∼ 107 pixels) that we use for stroboscopic imaging. The
high-speed cameras feature smaller chip sizes (20 mm x 20 mm, 1024× 1024 ∼
106 pixels) that require the magnification to be adapted by exchangeable
objectives. Fortunately, the magnification required in our case, given the
FOV and camera chip sizes, is of the order of one, which does not pose great
demands for the imaging optics except the large working distance.

The high-speed system consists of a continuous light source (LS-M352A
metal halide light source by SUMITA Optical Glass for the back-view and
a MAX-303 xenon light source by Asahi Spectra for the side-view) that is
prepared by critical illumination (see Fig. 3.2). An aspheric collimator lens
(ACL5040U-A by Thorlabs) creates an image of the light source on a diffusor
with a high transmission efficiency (ED1-C50 by Thorlabs and holographic
diffusers by Edmund Optics). A second aspheric lens (AL50100-A) projects a
magnified version of that image to fill the FOV of the side-view in a uniform
way (the optical path for the back-view is described in § 3.4). To allow for
a precise alignment the optics for each light source are mounted on a yaw-
and-pitch platform on top of a translational stage. The high-speed cameras
(FASTCAM SA-X2 and FASTCAM SA1.1 by Photron for the back- and side-
view, respectively) are mounted on translational stages. The one for the
back-view is motorized to move the image plane along the optical axis~ez by
software control. This helps to tune the camera position to visualize the part
of the drop dynamics that is of interest: the drop is propelled along~ez and,
therefore, leaves the depth of field at some point in case the camera position is
fixed, even at nearly-closed aperture of the LDM.

The back-view poses another challenge: it needs to be combined with the
laser-beam path as already discussed in § 3.4. This is accomplished by two
custom-made dichroic mirrors (Laseroptik, Garbsen). These long-pass filter
are phase preserving to keep the polarization state, have a high FLIDT and a
near-100% transmission for λ ≥ 574 nm. The latter is a requirement for the
monochromatic light source that we use for stroboscopic imaging.

The light path of the back-view and its alignment in reverse direction with
the laser-beam path is shown to scale in Fig. 3.3. The direction of propagation
is reversed to avoid forward scattering or even direct laser radiation into



30 CHAPTER 3. EXPERIMENTAL SETUP

the high-speed camera in case any protective measure such as a notch filter
fails. The thickness of the glass substrate of the dichroic mirrors introduces
a considerable displacement of the optical path (Fig. 3.3), which leads to an
astigmatism in the back-view that has to be corrected for proper imaging.
A substrate of the same material and dimensions but with an anti-reflective
coating is introduced just behind the dichroic mirror rotated by 90◦ about~ez.
This element introduces a displacement in~ex-direction (not visible in Fig. 3.3)
to compensate the astigmatism by lengthening the optical path in the direction
orthogonal to the displacement introduced by the dichroic mirror. Despite the
additional optics and with careful alignment the amount of light captured by
the high-speed cameras is enough to use even the shortest possible exposure
time of 293 ns for the FASTCAM SA-X2. This option is very advantageous
for our problem that involves multiple timescales. It allows us to image early
drop fragments without motion blur despite their small size and high speed.

The purpose of the stroboscopic visualization is to achieve far higher
temporal and optical resolution as with high-speed imaging. We use pulsed
light sources with exposure times of a few nanoseconds to illuminate the scene
of interest and capture the image on high-resolution cameras. Both cameras
(pco.4000 by PCO AG and Bigeye G-1100B Cool by Allied Vision Technologies)
feature the same chip (Truesense KAI-11002 with 4008× 2672 ∼ 107 pixels)
and mounting options (F-mount by Nikon), which allows identical LDM
configurations to be used in side-view and in back-view. The pco.4000 offers a
double-image mode that allows to capture two successive frames of the same
experiment with an inter-frame time of less than 1µs. This feature can be
used to quantify velocity maps, e.g. particle tracking and particel imaging
velocimetry [66]. Of course, it also requires a pulsed light source capable of
delivering two pulses of light in rapid succession.

We use a dual-cavity, Q-switched, and frequency-doubled Nd:YAG laser
system (EverGreen 200 by Quantel) as light source for stroboscopic imaging
that is capable of delivering two pulses of laser light with a duration of 10 ns
and an arbitrary delay between the two pulses (see Fig. 3.2). The green laser
is first attenuated based on polarization in the same way as the main laser
described in § 3.3. Next, the beam is split in two parts by another λ/2-plate
and a PBS. The coherence of the laser light, which would lead to interference
and speckles when used directly for visualization, is removed by incoherent
laser-induced fluorescence light illumination (iLIF) [67]. In this technique, the
laser beam is expanded into a dye solution or solid plate where the incoming
light at a wavelength of 532 nm is absorbed to a resonantly excited state. The
subsequent fluorescence emission at a wavelength of 574 to 580 nm preserves
the 10-ns pulse duration of the incoming laser pulse (High Efficiency Diffuser
by LaVision). The incoherent, monochromatic light is coupled into two optical
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fibers to allow an arbitrary placement of the light sources in the setup.
All visualization systems described so far record grayscale images chosen

for its superior light sensitivity [66]. A system to record color information
requires light of a broad spectrum for illumination, which is challenging for
the back-view as the dichroic mirrors act as a long-pass filter. However, the
side-view only requires a notch filter minimizing the effect on the spectrum
and offers a possibility to record color images. We use a consumer digital SLR
camera (Nikon D5100) to record color images stroboscopically and a pulsed
light source (NANOLITE KL-K by HSPS) for flash illumination. The light
source delivers a high-intensity light pulse of 8 ns in duration. It makes use
of an electric discharge to create a plasma spark, which we image in a similar
way as we described for the monochromatic light sources.

The images taken with the camera systems and beam profiler are calibrated
by taking images of semi-transparent calibration targets placed at the drop-
impact location. We use high-precision Ronchi rulings by Edmund Optics that
cover the complete FOV or fixed-frequency grid distortion targets by Thorlabs.
This allows to translate image dimensions in each view to world units in the
lab reference frame. The spatial relation among the different views can be
inferred either from a unique point on the calibration targets captured in all
views at the same time or from the spherical drop itself. The initial drop before
laser impact is recorded in all views, sets the origin for our coordinate system,
and is therefore a natural reference point for calibration.

3.6 Drop impact chamber

The chamber encloses the laser impact in an inert atmosphere and limits the
area where any fragments, vapor, or aerosol of the liquid may go after the
laser impact. The chamber is built from a standard 60-mm cage system by
Thorlabs with custom alterations to seal the aluminum housing and connect
flow in- and outlet ports, see Fig. 3.4. The dimensions of the chamber are
such that common 50 mm or 2 inch optics can be mounted directly. The
distances between the drop and the first optical element along the ~ey- and
~ez-axis are maximized under the restriction imposed by the near-field imaging
and visualization. This leads to the cross-shaped chamber design as seen in
the top view in Fig. 3.2.

The drop generator is found on top of the chamber in Fig. 3.4 and fed by a
constant flow rate V̇ driven by a syringe pump (PHD Ultra by Harvard Appa-
ratus, not shown). The design repetition rate fexp requires V̇ = 4/3 π R3

0 fexp =
0.25 ml/min for a drop of initial radius R0 = 1 mm. A suitable principle for
drop generation in this case is the quasi-static pinch-off at the tip of a capillary
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Figure 3.4: A sketch of the drop-impact chamber in a cross-section illustrating the
moment of laser impact (dimensions not to scale, intermediate focus position as
calculated in § 3.4). The inner dimensions of the aluminum chamber are such that
common 50-mm and 2-inch optics can be mounted directly. The chamber is sealed
against ambient air and multiple nitrogen inlet ports are placed close to each optical
element (illustrated for the lens combination at the right). A single outlet at the bottom
of the chamber is connected to a low-pressure ventilation system leading to gentle
flow away from the optical elements to the bottom of the chamber. Any excessive
liquid that does not evaporate over time is collected at the bottom of the chamber in a
glass bottle that allows for a quick exchange.

tube. The tube’s outer radius Rc,o needs to be smaller than the drop for a
reproducible position of the drop detachment under the influence of gravity g.
The Weber number Wec of the capillary tube relates the kinetic energy of the
liquid to its surface energy and can be expressed as Wec = ρR0V̇2/(π2γR4

c,i),
where the kinetic energy is determined by the flow speed inside the capillary
with inner radius Rc,i. Even for a regular 30-gauge needle with Rc,o/R0 = 1/3
is Wec = 0.6 < 1, which means that control over the pinch-off position can be
ensured for such a small needle while the drop generation is purely controlled
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by surface-tension forces and gravity. Any dripping, or even jetting [50] at
Wec � 1, is only observed in the case that Rc is further decreased, for example
in the event of clogging inside the capillary tube.

A drawback of the proposed method is the lack to vary the drop radius
R0 over a large range. R0 is set by the balance of surface tension and gravity
and scales like R0 ∼ κ−2/3 R1/3

c,o , where κ−1 = (γ/(ρg))1/2 is the capillary
length [68]. The weak dependence of R0 on Rc,o does not allow for a large
variation, but the drop generation mechanism is very robust and leads to a
stable R0 ≈ 1 mm for the liquids described in § 3.7.

Once the drop detaches at the tip of the capillary tube, it falls down towards
the laser-impact position under the influence of gravity while it relaxes to a
spherical shape. The drop masks a photodiode (PDA36A by Thorlabs) that is
illuminated by continuous-wave laser diode (CPS635R by Thorlabs) emitting
light at 635 nm. The low-power laser diode is focused at the position where the
drop passes as illustrated in Fig. 3.4 to create a precise trigger on the passage
of the drop. The trigger finally leads to the main laser emitting a pulse of light
that enters from the left through a window, hits the drop at z = 0 m, and exits
to the right through the lens combination f6,7. The complete arrangement of
the trigger laser, photodiode, and capillary can be moved relative to the drop
chamber allowing for a free positioning of the drop along~ey and~ez without the
need to change the trigger alignment. The details on the timing and control,
used to align the drop relative to the laser beam along~ex, are left for § 3.8.

An elastic membrane visible from the outside of the chamber as shown
in Fig. 3.4 serves two purposes. First, it is a visual indication of a slight
over-pressure inside the chamber relative to ambient conditions. The over-
pressure is controlled by two flow-vales and a static pressure regulator (not
shown) and ensures that no oxygen enters the chamber to prevent an explosive
mixture with the vapor of a flammable liquid. Second, the membrane serves
as safety release valve when an unexpected pressure build-up occurs during
an explosion of flammable liquids that could not be prevented by other means.
As discussed, the intermediate focus position at z > 0 mm cannot be covered
by a vacuum tube and is a likely spot for the ignition of an explosion as
previous experiments have confirmed. The over-pressure can also be checked
with a digital differential pressure gauge, that offers an audible feedback in
case the over-pressure falls below a certain limit.

3.7 Liquids

We aim to control the deposition of laser energy in the liquid by adding a
dye such that the linear absorption coefficient α at the wavelength λL can be
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varied in comparison to R0. Water is a very good model system in terms of
its well-known physical properties, safe operation, availability and previous
research on laser-matter interaction [20]. However, the linear absorption
coefficient [69] α = 0.0447 m−1 of pure water at λL = 532 nm is negligible
small in comparison to the scale of our system, i.e. R0 α � 1. The opposite
regime, R0 α � 1, is of great interest, since the laser energy is then limited
to a superficial layer of the drop, the thickness of which scales as δ ∼ 1/α,
which leads to a high energy density upon laser impact. This provokes a more
violent fluid-dynamic response as the kinetic energy imparted by the drop is
increased as explained in § 4. To overcome the limitation and actually control
the penetration depth of laser light δ at λL = 532 nm into the liquid phase, we
solve a dye at variable concentration in otherwise pure water.

To explore the range R0 α� 1 a dye with a high solubility is required. We
use the dye Acid-Red-1 (chemical abstracts service registry number (CASRN):
3734-67-6, product number 210633 by Sigma-Aldrich), which is also used in
coatings or inks and as such is available at large quantities and at reasonable
cost. We filter each dye-water solution during preparation and place a syringe
filter with a pore size of 200 nm in front of the capillary tube as final stage of
filtration. This is of importance when performing experiments with a solution
close to the solubility limit to ensure that no particles or dye agglomerates
change the dynamic response of the system. This potential effect of particles
in the liquid on the fluid dynamics is also why we avoid to use pigment dyes.
Instead, we may use black (IJC-5900) and magenta (IJC-5920) pigment-free
inks by Sensient Imaging Technologies.

We measured the absorption coefficient for the aqueous Acid-Red-1 so-
lution over a large range of mass fractions of dye w and find α = α0 w with
α0 = (8.05± 0.2)× 106 m−1, compare Fig. 3.5. Our results are based on mea-
suring the transmitted energy through liquid samples of known optical path
length and are in very good agreement with measurements performed at
the solubility limit with a Z-scan technique [70]. To conclude, the aqueous
Acid-Red-1 system allows to vary the laser-matter interaction in the range
5× 10−5 ≤ R0 α ≤ 400, where the lower limit is given by pure water and the
upper limit by the solubility limit ws = 0.05 as stated by the manufacturer.

A second solution consists of methyl ethyl ketone (MEK, CASRN: 78-93-
3, product number 04380 by Sigma-Aldrich) as the solvent and Oil-Red-O
(CASRN: 1320-06-5, product number 1320-06-5 by Sigma-Aldrich) as the dye.
The solvent MEK exhibits a lower latent heat of vaporization as compared to
water, which is expected to cause an even stronger drop response in terms of
induced flow velocities for a given normalized penetration depth, i.e. (R0 α)−1,
and laser energy as explained in § 4. Initial experiments indeed show that
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Figure 3.5: Linear absorption coefficient α of an aqueous Acid-Red-1 solution as
function of the mass fraction w of dissolved dye. The transmission measurements
(circle marker ) confirm α = α0 w with α0 = (8.05± 0.2)× 106 m−1 to be valid up
to the solubility limit ws = 0.05 as reported by the manufacturer, i.e. for w ≤ ws. At
even higher concentration the absorption coefficients saturates for w ≥ w∗s = 0.09,
which was confirmed with a Z-scan technique (square marker ) by Gayathri and
Ramalingam [70]. The solid line ( ) is the linear (w ≤ w∗s ) and constant (w > w∗s )
fit, where our impact experiments are performed in the unsaturated regime.

this solution also operates at R0 α� 1 and with a much stronger response as
compared to any aqueous Acid-Red-1 solution.

A liquid property very important in our experiments is the surface ten-
sion γ as the late-time fluid dynamics are determined by surface-tension forces
in comparison to the kinetic energy that the drop gained upon laser impact.
Even the smallest amounts of surfactants may affect the surface tension of a
liquid sample. Since we cannot exclude surface-active impurities in our solu-
tions, i.e. due to left-overs from the dye manufacturing process, we measure
the surface tension for both liquid systems. Pendant-drop measurements [68]
are performed in a contour-analysis system (OCA by DataPhysics Instruments)
that allows to record the surface tension of the solution in the pendant drop as
function of time, see Fig. 3.6. The results show that on timescales relevant to
the laser impact on a drop, where the largest timescale is of the order of a few
milliseconds, the surface tension of the solution can be approximated by the
value of the pure solvent within ±2 %, see Table 3.1 for the measured values.
However, for experiments taking place on a longer timescale of several sec-
onds or even minutes the surface tension changes and decreases by more than
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Figure 3.6: Surface tension as function of time t during pendant drop measurements.
The time t ≈ 0 s corresponds the moment the drop is formed at the tip of a capillary
tube. The surface tension of each solution γ is compared to the surface tension of
the pure solvent γ0 for three different solutions: an aqueous Acid-Red-1 solution
at low (w = 0.002 ws, circle marker ) and high (w = 0.75 ws, circle marker ) mass
concentration of dye, as well as Oil-Red-O dissolved in MEK at approximately half
the solubility limit (w = 0.5 ws, square marker ).

30 % for the aqueous Acid-Red-1 solution after 20 min at high concentration
(not shown in the figure). Such long measurement durations are excluded
for the volatile MEK solution, which then explains why the measurement is
stopped after 30 s in Fig. 3.6.

The solvent MEK requires the drop-impact chamber to have an inert atmo-
sphere, since it is a hazardous substance that can be ignited under ambient
temperature conditions [71]. A further complication is the rapid evaporation
of MEK, which is partially due to its low latent heat of vaporization and which
can affect the drop-generation control mechanism that was described in § 3.6.
The evaporation of the drop at the tip of the capillary leads to an increase
of dye concentration and, once the solubility limit is reached locally, causes
an agglomeration of dye particles, an effect well-known as a cause for coffee
stains [72]. These particles form structures around the tip of the capillary tube
leading to an unsteady pinch-off behavior of the drop or, even worse, to a
complete clogging of the capillary once the flow rate is too low.

We avoid the clogging and stain formation by an active feedback loop
controlling the volume flow rate V̇ based on the drop pinch-off frequency fexp.
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The syringe pump, which sets V̇, is not switched off between experiments but
set to a low volume flow that ensures a drop pinch-off approximately every
20 s. Before an actual experiment, the feedback loop is started to tune the
flow rate to match the design repetition rate fexp = 1 Hz within ±1%. This
ensures that the capillary and its tip are flushed and residual dye particles are
removed.

Table 3.1: Liquid properties of an aqueous Acid-Red-1 solution and Oil-Red-O dis-
solved in methyl ethyl ketone (MEK). The surface tension γ of the solution is unaf-
fected by the addition of the dye on short timescale, i.e. t < 1 s, and can be approxi-
mated by the value of the pure solvent. Likewise, the density is given by the value of
the pure solvent, which is valid for a low dye mass fraction, i.e. w� 1.

parameter unit H2O & MEK &
Acid-Red-1 Oil-Red-O

ρ liquid density (kg/m3) 998 805
γ surface tension (N/m) 0.072 0.025
α0 absorption coefficient (1/m) (8.05± 0.2)× 106 —

3.8 System control and timing

The control system for the lasers, cameras, energy meters, and auxiliary de-
vices such as the syringe pump or motorized stages needs to ensure a precise
timing and deterministic control of the devices. However, the timescales that
need to be respected by a certain device may differ as illustrated in Fig. 3.7 (a).
The devices in the asynchronous group do not communicate directly with each
other but only via the control software running on a computer (Z420 worksta-
tion by Hewlett Packard, Windows 7 by Microsoft as operating system, control
software is implemented in MATLAB by MathWorks). The precision of the
timing between devices in this group is set by the combined processing time of
the control software and operating system. Since we do not use any real-time
operating system we cannot guarantee deterministic synchronization between
the devices and, therefore, settings are applied in an asynchronous fashion.

By contrast, the synchronous control group consists of hardware that needs
to interact with each other deterministically on a timescale as small as a
few nanoseconds. This is achieved by hard-wired triggers transmitted di-
rectly among devices by a transistor-transistor logic (TTL). The precise timing
among signals and their logical relation is controlled by a programmable
pulse-delay generator (BNC575 by Berkeley Nucleonics Corporation with
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extended firmware and a precision of 250 ps). The pulse-delay generator is
programmed before an actual set of experiments in an asynchronous fashion
from the control software but it operates independently during the actual
experiments.

For example, during a stroboscopic measurement we may change the
flow rate of the syringe pump but cannot know for sure when the setting is
applied by the device due to residual flow in the long feed lines. In principle,
this is not a problem, since the effect of the flow rate, in our experiment the
repetition rate of the drop pinch-off, is measured by a frequency counter in a
synchronized way. Similarly, when changing the position of a λ/2-plate in a
motorized mount we can monitor its effect by an energy meter. However, to
ensure correct synchronization between devices of the different groups, the
experiment needs to be stopped first. Then, the settings need to be applied,
while the state of any asynchronous device is read out until the new settings
are confirmed. Only then, the experiment can be restarted for a known and
synchronized setting.

The control and timing of the devices is described along Fig. 3.7 for a strobo-
scopic experiment as it poses the highest demands in terms of reproducibility
and a precise synchronization:

1. The function generator (33600A by Keysight) is synchronized to its
internal clock feeding pulses at a fixed frequency of 1 Hz to the main
laser and pulse-delay generator, both connected to channel A (please
note that Fig. 3.7 shows the case where the function generator is already
synchronized to the drop generation). The actual output of the pulse-
delay generator is off to prohibit any actual laser output or devices being
activated. However, from this point onward the cavity of the main laser
is pumped by its flash-lamp allowing for the temperature-stabilized
cavity to reach thermal equilibrium.

2. The syringe pump is switched on, drop generation starts and each drop
generates a trigger signal at the photodiode that is received by the func-
tion generator. The signal is feed back to a frequency counter (J-50MB-
YAG-USB by Coherent, an energy meter used for testing or calibration
but also capable of frequency counting) connected to channel B of the
function generator.

3. At this point the drop generation does not yet affect any other device
(main laser and pulse-delay generator are still synchronized to a fixed
frequency), allowing to optimize the syringe pump. An active feedback
loop controls the flow rate of the pump until the design repetition rate
of the experiment fexp = 1 Hz is reached within ±1%, see § 3.7.
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Figure 3.7: (a) Block diagram of the devices typically used in a laser-impact experi-
ment. The diagram is split into two groups: the asynchronous group holds devices that
are controlled on a timescale much longer than a single experiment and do not require
a real-time synchronization. On the other hand, the synchronous control group consists
of hardware that needs to interact with each other deterministically on a timescale
down to a few nanoseconds. Our software to control devices in an object-oriented
way in MATLAB and handle the data from the cameras or beam profiler is available
online [73–75]. (b) Timing diagram of a stroboscopic experiment. Each vertical bar
represents the rising edge of a trigger signal. In case the pulse width of a signal is of
importance, either because a device needs a certain activation time (beam profiler
and energy meters) or reacts also to the falling edge of the signal (camera 1 and 2), the
complete pulse is shown as gray solid line. The dashed line is not an actual TTL signal
but indicates the second exposure of the dual-frame camera, which is a response to
the falling edge of its TTL signal.
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4. The pulse-delay generator is programmed to create appropriate trigger
signals once it will be activated. Likewise, the energy meters and cam-
eras are prepared by first flushing the onboard memory and followed by
the initialization of a new data acquisition. Any motorized stage, such as
the rotational mount of the λ/2-plate to set EL, is moved into position.

5. The output of channel A of the function generator is synchronized to the
trigger received from the photodiode (Fig. 3.7 shows this case). At this
point the flash-lamp of the main laser and the actual experiment itself
are synchronized to the drop generation. The setup is initialized and the
generation of timing signals can then be started at any time.

6. The output of the pulse-delay generator is activated leading to an output
of timing signals as illustrated in Fig. 3.7 (b). Each time a drop masks the
photodiode a trigger signal is generated at t = −80 ms. A delay ∆t is
added to that trigger by the function generator before it is passed to the
pulse-delay generator as reference trigger Ref and to the flash lamp FL
of the main laser. The flash-lamp signal FL needs to precede the actual
output (activated by the Q-switch signal QS) of the main laser by about
180µs. The moment the main laser receives QS defines the time of laser
impact t = 0, at which point the drop needs to be at the desired impact
position. The alignment along~ex can be tuned by setting an appropriate
∆t (alignment along~ey and~ez is done mechanically, see § 3.6). The beam
profiler and energy meters require a certain activation time, which is
why they receive a trigger signal before QS. The time an image is taken
is set by the moment of exposure by the pulsed light source. In case the
dual-cavity laser as described in § 3.5 is used, the exposure of the first
and second image is set by the Q-switch signal QS1 and QS2, respectively.
Also here, the laser pumping by the corresponding flash-lamp needs to
be activated before the Q-switch signal is received (about 135µs for our
laser system). It is important to note that the earliest possible time to
generate an output for the pulse-delay generator is immediately after
receiving trigger Ref, which leaves 180µs before the laser impact to
activate all other devices. Given the laser-specific timings this restriction
allows us to take stroboscopic images starting at t = −45µs.

7. The experiment of the single-drop impact is repeated for as many drops
as requested before the output of the pulse-delay generator is stopped.
The back-view camera can be moved along~ez during the experiments to
tune the image plane to the position of the drop in each frame. Where
possible, the data acquired by the devices is already streamed during
the experiment to a solid-state disk, but the control software checks after
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the trigger signals are stopped whether an equal number of records are
acquired from all synchronized devices. The oscilloscope can be used
during the experiment as live visualization to check the timing signals.

The triggering changes slightly when the high-speed cameras are used as
they record for each experiment all events from the laser impact at t = 0 s to
the late-time events at a fixed frame rate, typically fcam = 104 fps at maximum
image resolution. Therefore, the camera trigger is synchronized to the QS
trigger (Fig. 3.7 (b)). However, this synchronization does not yet ensure that
the first frame is actually exposed at t = 0 s as the internal clock of each high-
speed camera is freely running leading to a maximum uncertainty in the frame
time of 1/ fcam = 100µs. In order to ensure proper synchronization to the laser
impact we therefore reset the internal clock of each high-speed camera just
before the laser pulse is emitted at t = 0 s, also called a random-reset mode.
This procedure then allows to take high-speed images with a precision of a
few nanoseconds relative to the laser impact.

This section ends the description of the experimental apparatus. Our
software to control devices in an object-oriented way in MATLAB and handle
the data from the cameras and beam profiler is available online as open
source [73–75]. We then used the setup to obtain the results presented in
the next section: the stability of the control parameters of our experiment is
discussed, followed by examples of the stroboscopic and high-speed imaging.



42 CHAPTER 3. EXPERIMENTAL SETUP

3.9 Results

The experimental setup has been used at different stages of construction to
acquire the data presented throughout this thesis for water and solvent drops.
Examples for all visualization techniques described in this chapter can be seen
in two award-winning videos (Fig. 3.8) for the side-view visualization.

Figure 3.8: Scan a quick response code with your smartphone to watch the Milton-
van-Dyke winner of the Gallery at Fluid Motion 2014 at https://www.youtube.com/
watch?v=bRbHDtPbHe0 or the fine work winner from the Slow Motion Video Award
2016 at https://www.youtube.com/watch?v=0Bv1JBU2ENo

Here, we first show the stability of the control parameters of our experi-
ment in § 3.9.1 followed by a brief introduction to the laser impact on a drop
based on the stroboscopic imaging in § 3.9.2. Finally, we use the high-speed
imaging in § 3.9.3 for experiments on how the fluid dynamics can be controlled
by the laser-beam profile.

3.9.1 Laser and drop stability

The independent control parameters of our experiment are the spatial distribu-
tion of laser energy per unit area expressed as fluence F(x, y, z), the liquid of
the drop, and the initial radius R0 and position of the drop in the lab reference
frame. The liquid refers here to a specific solution that sets the absorption
coefficient α and liquid properties such as density ρ and surface tension γ,
already explained in § 3.7. These quantities characterize a specific laser-impact
experiment and need to be known for each realization. A dependent quan-
tity or outcome of the experiment, such as the propulsion speed of the drop
U due to the laser impact, can be inferred in the post-processing from the
recorded data. The information combined leads finally to the relevant physical
dimensionless parameters, such as the Weber number, that characterize the
fluid-dynamic response in a more general way, independent of the actual ex-
perimental realization. Here, we focus on how we determine the independent
control parameters and evaluate their stability over time, which is of great
importance for the stroboscopic imaging.

https://www.youtube.com/watch?v=bRbHDtPbHe0
https://www.youtube.com/watch?v=0Bv1JBU2ENo
https://www.youtube.com/watch?v=bRbHDtPbHe0
https://www.youtube.com/watch?v=bRbHDtPbHe0
https://www.youtube.com/watch?v=0Bv1JBU2ENo
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The beam focusing and imaging described in § 3.2 are performed on a
length scale in~ez large compared to the drop radius, e.g. f5/R0 � 1. Therefore,
the fluence F(x, y, z) can be assumed to be constant as it propagates along
~ez across the drop-impact location −R0 ≤ z ≤ R0. The spatial distribution
is imaged in relative terms f (x, y, z = 0) by the beam profiler as described
in § 3.3. The total energy of the laser beam EL at the drop-impact location is
inferred from an appropriate calibration of energy meter 1. Both measurements
combined allow to calculate the fluence in absolute terms

F(x, y, z = 0) = F0 f (x, y, z = 0), with (3.3)

F0 = E
(∫

A
f (x, y, z = 0) dA

)−1

, (3.4)

where A corresponds to an area on the CCD of the beam profiler large enough
to cover the complete beam. Care must be taken to calibrate the base level
of the beam profiler to exclude the noise in the integration of Eq. (3.4). To
determine the size of the laser beam and the corresponding area A, we follow
the ISO standard [76], our implementation is available online [74, 75].

A typical beam-profile is shown in Fig. 3.9 (a) obtained for the optical
path from § 3.4 including the near-field imaging and beam-shaping technique.
The measurement is performed at low energy to avoid plasma generation in
the intermediate focus at z = 30 mm (see Fig. 3.4). During each experiment
the image recorded by the beam profiler can be used to determine the drop
position and radius R0 as shown in Fig. 3.9 (b). We obtain good results even
though a plasma may be created in the intermediate focus behind the drop:
the optical breakdown occurs close to the intermediate focus at z > 30 R0 and
is not within the depth of field of the imaging optics of the beam profiler. We
find a spread in R0-values between measurements based on the beam-profiler
image data and recordings of the side-view and back-view to be within ±3%.
Combining the information of R0, the drop position, and the fluence we can
compute the energy transmitted into the drop per unit area (Fig. 3.9 (c)).

The beam profile as given in relative terms f (x, y, z = 0) is not a func-
tion of the total laser energy, which we confirmed for the relevant range
EL,min ≤ EL ≤ EL,max. It is therefore sufficient to measure the beam profile
once for a given focusing or imaging condition and only measure the scalar
quantity EL for each experimental realization to compute the absolute scale
according to Eq. (3.4). In case the near-field imaging is not used but the beam
propagates out-of-phase to the drop-impact location, the spatial distribution
is deteriorated as can be seen by comparison of Fig. 3.9 (a) and Fig. 3.12 (a, b).
As higher modes of the laser beam decay faster the superposition of all modes
changes along ~ez. This illustrates the advantage of an imaging technique,
where the modes in the conjugated focal plane preserve their phase relation.
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Figure 3.9: Laser-beam profile recorded in absence of the drop in (a) and recorded
with the drop in (b). The solid line ( ) in both images indicates the drop size and
position determined from (b). This information allows to calculate the energy per unit
area Fabs absorbed by the drop taking Fresnel reflection [65] at the liquid-air interface
into account as shown in (c). The quantity Finc shown in the colorbar is the mean
fluence in the part of the laser-beam that the drop is exposed to.
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The stability of the control parameters over time is shown in Fig. 3.10 for
the same stroboscopic experiment as shown in Fig. 3.11. The liquid in this
experiment is a MEK solution at about half the solubility limit and a laser
energy EL = 113 mJ was chosen to be far above the fragmentation threshold.
This operation point then creates a demanding test case for the experimental
setup as many tiny fragments are created during each realization that could
possible interfere with subsequent repetitions of the experiment. The control
parameters of the experiment are stable over time as quantified by the standard
deviation σ obtained from a Gaussian fit to the distribution of each control
parameter, see Fig. 3.10. To conclude, the setup allows to measure the control
parameter for each realization of the experiment accurately and the shot-to-
shot variation of the control parameters is less than 3%.

3.9.2 Laser impact regimes

The impact of a laser pulse on a liquid drop can lead to a violent response as
already shown in Fig. 3.1: the liquid is set into motion on a timescale of a few
microseconds, strongly deforms, and eventually fragments. The first reaction
to the laser impact visible in the figure is the emission of a shock wave in the
surrounding air (Fig. 3.1 (a) and Fig. 3.11 (a, c)). The shock wave is followed
by the ejection of matter in vapor and liquid state: the shock wave, visible as
bright half-circle at the very left of Fig. 3.11 (c) is followed by a region filled
with vapor, which is visible as Schlieren in the images. Still attached to the
left of the drop is a mist cloud visible as a gray-to-black haze. Eventually,
the drop propels forward in the direction of the laser propagation~ez as the
vapor is ejected in opposite direction −~ez, explained in more detail in § 4. The
center-of-mass speed of the drop that is induced in the example of Fig. 3.11 is
approximately U = 10 m/s. It can be further increased as the maximum laser
energy is not fully utilized in this example.

The color images in Fig. 3.1 are filtered by a notch filter centered at 532 nm,
which leads to the magenta colored background in the images. Nevertheless,
the color camera resolves the visible spectrum of the light and helps to con-
clude on the driving mechanism of the fluid motion, i.e. whether a plasma
generation and the corresponding plasma pressure needs to be taken into
account. In case of a tightly focused beam (Fig. 3.1 (a)), which is realized by
moving lens f5 (Fig. 3.2) such that the focal point of the lens is aligned with
the drop, a white glow in the images reveals the generation of a plasma: the
combination of different wavelengths in the visible spectrum appears white
in the color images and indicates that the threshold for optical breakdown in
the liquid is reached [77]. The plasma pressure then needs to be included in a
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Figure 3.10: The relative deviation among 600 repetitions over the course of 10 min
in (a) and as histogram in (b) for the laser energy EL, initial drop radius R0, and
the offset ∆r in the radial position of the drop. Each quantity is normalized by an
appropriate mean value, either the mean initial radius R̂0 or the average laser energy
ÊL. The solid lines in (b) represent a Gaussian fit to each distribution yielding the
standard deviation σ for each control parameter: σE = 0.01, σR0 = 0.005 with an
average relative offset in the drop position of 0.0287± 0.0124. The data is taken from
the experiment shown in Fig. 3.11 and a running average filter is applied to the data
in (a) for better visualization (statistics in (b) are based on the unfiltered data).
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Figure 3.11: Side-view (a–c) and back-view (d–f) images taken stroboscopically at t =
4µs (a, c, d) and t = 800µs (b,e,f) after laser impact. Images (c) and (f) are magnified
regions of the full-frame images (a) and (e). The visualization is performed with the
monochromatic and pulsed light source shown in Fig. 3.2. The laser energy per pulse
is EL = 113 mJ and the liquid is Oil-Red-O dissolved in MEK at approximately half
the solubility limit (w = 0.5 ws).
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description of the driving force for the fluid motion. When the beam waist of
the laser is moved away from the drop by moving lens f5 closer to the drop,
the fluence at the drop location is decreased below the threshold for plasma
formation in water of about 100 to 400 J/cm2 [20]. Still captured by the camera
is the fluorescence emission at a wavelength λ > 532 nm (visible as yellow
spot in Fig. 3.1 (b, c)), which is caused by an emission from a resonantly excited
state of the dissolved dye molecules. Local vaporization is the only driving
mechanism of fluid motion in this case as the optical radiation pressure from
the laser and the thermal radiation pressure caused by the heating of the drop
surface are insignificant† [78], see also § 4.

Care must be taken when interpreting the time an event occurs in stro-
boscopic images. All frames are exposed by a pulse of light less than 10 ns
in duration at the time t1 marked by QS1 in the timing diagram 3.7 (b). This
pulse of light captures the fluid dynamics free of motion blur on the CCD of
the camera at a well-known point in time. However, the camera is activated
sufficiently earlier in time to account for any delay of the electronics or even a
mechanical shutter in front of the CCD. Therefore, the CCD captures events
also before and after t1. In case of Fig. 3.1 this includes any plasma glow or
fluorescent-light emission during and shortly after the laser pulse. Which
means the camera is in fact exposed twice: once by the plasma or fluorescence
light emission at t = 0 s and later at t1 by the pulsed light source.

A clear advantage of stroboscopic imaging is seen in Fig. 3.11: events at
an arbitrary point in time can be captured even though they can be apart by
several orders of magnitude. At early times, the side-view gives insight in
the propulsion mechanism of a drop upon laser impact (see Fig. 3.11 (a, c)),
whereas at late times details of the fluid dynamics such as corrugations on the
evolving liquid sheet are revealed in Fig. 3.11 (e, f). The image resolution of
4008× 2672 pixels per image is sufficient to resolve small details in an overall
large FOV. The grid arrangement with a common axis for Fig. 3.11 (a, b, d, e)
is possible due to the image calibration. Each individual view is calibrated by
its own set of calibration images and the location among the different views is
calibrated by the position of the initial drop. Therefore, it is crucial to record
the drop prior to laser impact to acquire an image of the drop free of any
deformation. In that case, the spherical drop can be analyzed in the images of
each view to find its center-of-mass position, which is then used as a reference
for the calibration.

†The typical impulse I exerted on the drop by the 3% reflected light from the surface scales
as I ∼ Er/c, with Er the energy of the reflected light and c the speed of light. This impulse
would yield a typical drop speed U ∼ 10−7 m/s. The impulse due to thermal radiation from the
hot drop surface scales as I ∼ εσT4R2

0τp/c with ε the emissivity and σ the Stefan-Boltzmann
constant. This impulse would yield U ∼ 10−14 m/s.
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3.9.3 Controlling the fluid dynamics

A key feature of the experimental setup is its capability to control and im-
age the spatial distribution of laser radiation that drives the fluid dynamics.
However, the timescale of laser radiation and drop dynamics are separated by
several orders of magnitude. The question then arises: how reproducible is
the late-time drop dynamics and can it be influenced by the early-time laser
pulse? High-speed imaging plays an important role in the answer to such
a question, since it does not require a reproducible process as in the case of
stroboscopic imaging. Each individual feature can be followed in time for
each realization of an experiment, only limited by the frame rate and image
resolution. The two high-speed cameras allow to record images at a maximum
resolution of 1024× 1024 pixels at a frame rate of fcam = 10 000 fps.

To answer the question on the reproducibility of the drop dynamics we
record ten realizations of a laser-impact experiment at constant control param-
eters. The laser-beam profile is shown in Fig. 3.12 (a) and exhibits an elliptical
shape, i.e. we do not improve the shape by the beam shaping described in
§ 3.4. The fluid-dynamic response to the laser impact can be observed in terms
of the back-view visualization in Fig. 3.12 (c), which is a superposition of all
ten realizations taken by the high speed recording at a fixed time. As can be
seen, the shape evolution and even the position where ligaments are expelled
radially outwards are reproducible features of the experiment: the gray value
in the overlay image is a measure for the probability that ligaments occurred
at the same position in all ten realization, where a black pixel means that in
all experiments a ligament is found at a particular position. The advantage of
high-speed imaging in this context is the ability to choose the point in time
for the overlay in the post-processing after the experiment. Since the data of
multiple recordings can be stored in the camera memory, all ten experiments
can be recorded in direct succession within just ten seconds.

We now rotate the beam profile in Fig. 3.12 (a) by θ = 45◦ to obtain the
beam profile shown in Fig. 3.12 (b). Following the same procedure as before we
come to the same conclusion: the laser impact on a drop shows a remarkable
reproducibility. But even more, a comparison of Fig. 3.12 (d) and (c) suggests
that the drop dynamics follow the same rotation θ as set by the beam profile.
This becomes clear when we overlay the two images, one corrected by the
apparent rotation θ, which is done in Fig. 3.12 (e). The overlay reveals that
the large-scale fluid dynamics is entirely controlled by the initial beam profile.
This explains why the control and visualization of the beam profile is of great
importance to our experiments: although only present very initially during
the laser impact it determines the drop dynamics to a large extent and is the
most important control parameter.
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θ = 0◦ θ = 45◦
(a) (b)

(c) 10 Images (d) 10 Images

(e) 20 Images

Figure 3.12: The influence of the laser-beam profile onto the fluid dynamics of the
drop illustrated for two laser-beam profiles: a reference beam at a rotation about~ez
of θ = 0◦ in (a) and a rotated beam at θ = 45◦ in (b). Ten experiments are recorded
with a high-speed camera for each rotation θ and the superimposed frames taken at
t = 900µs are shown in (c) and (d). The image (e) is the superposition of (c) and (d),
where (d) as been rotated by −45◦ to compensate the initial rotation of the laser-beam
profile. The liquid in this experiment is an aqueous Acid-Red-1 solution.
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3.10 Summary

An experimental apparatus to control and visualize the fluid-dynamic re-
sponse of a liquid target to a laser-induced phase change is presented. The
laser is a Q-switched Nd:YAG laser system emitting pulses with a duration
of τp = 5 ns at a wavelength of λL = 532 nm and a maximum energy of
EL,max = 420 mJ. We explain two optical arrangements to hit the liquid target
of interest. First, an optical path is shown that focuses the freely-propagating
beam onto the target. The advantages of this arrangement are its simplicity
and options to extend the path easily. Second, an optical path to image the
beam profile from the near-field of the laser onto the liquid target is explained
in detail. The path is more difficult to implement but can be combined with a
beam-shaping technique. The beam shaping that we present allows for any
linear combination of the laser beam with a rotated version of itself, which is
used to improve the axi-symmetry of the beam profile.

A liquid drop with an initial radius R0 ≈ 1 mm is generated as target for
the impact and we present two liquid-dye solutions that allow to tune the
penetration depth of laser light into the drop in terms of a linear absorption
coefficient α over a large range, i.e. 5× 10−5 ≤ R0 α ≤ 400. The response of the
drop to the laser impact is visualized by high-speed and stroboscopic imaging
in two orthogonal views: a side-view perpendicular to the laser beam and
a back-view that is along the laser-beam propagation. The combination of
imaging techniques with exposure times down to 10 ns resolves all relevant
timescales that vary by orders of magnitude between the nanosecond dura-
tion of the laser impact and the millisecond evolution of the fluid-dynamic
response.

The setup enables an operation at constant control parameters with a shot-
to-shot variation of less than 3%, which makes stroboscopic imaging possible
in the first place. We present examples from the laser impact on a drop that
require this stability, foremost a case where the control over the beam profile
allows perfect control over the late-time fluid dynamics.



52 CHAPTER 3. EXPERIMENTAL SETUP



4
Vapor propulsion of absorbing

millimeter-sized drops*,†

We show how the deposition of laser energy induces propulsion and strong deformation
of an absorbing liquid body. Combining high speed with stroboscopic imaging, we
observe that a millimeter-sized dyed water drop hit by a millijoule nanosecond laser
pulse propels forward at several meters per second and deforms until it eventually
fragments. The drop motion results from the recoil momentum imparted at the
drop surface by water vaporization. We measure the propulsion speed and the time-
deformation law of the drop, complemented by boundary-integral simulations. The
drop propulsion and shaping are explained in terms of the laser-pulse energy, the
drop size, and the liquid properties. These findings are, for instance, crucial for the
generation of extreme ultraviolet light in nanolithography machines.

*Published as: Alexander L. Klein, Wilco Bouwhuis, Claas Willem Visser, Henri Lhuissier,
Chao Sun, Jacco H. Snoeijer, Emmanuel Villermaux, Detlef Lohse, and Hanneke Gelderblom.
Drop Shaping by Laser-Pulse Impact. Physical Review Applied, 3(4):044018, 2015.

†The experimental work in this chapter is part of the present thesis. The numerical simula-
tions are due to Wilco Bouwhuis.
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4.1 Introduction

A laser-induced phase change in liquids can lead to a violent response: defor-
mation and disruption of the liquid body followed by the ejection of matter.
The complete vaporization or even explosion of micrometer-sized drops can
result from the linear absorption of laser energy [26–28]. Self-focusing and
dielectric breakdown may lead to plasma formation in transparent drops [29–
32]. Laser impact has been used to generate liquid motion by vaporization
or plasma formation in confined geometries [33–35], sessile drops [36], and
biological matter [20, 37, 38].

Here, we show how the absorption of laser energy by an unconfined liquid
drop induces a rapid phase change (see Fig. 4.1), which in turn controls the
propulsion, expansion, and fragmentation of the drop. A key application of the
drop shaping by laser impact is found in laser-produced plasma light sources
for extreme ultraviolet (EUV) nanolithography [15, 17]. In these sources the
shape, position, and stability of a liquid tin body directly affect the conversion
efficiency of liquid tin to a plasma that emits EUV light.

The detailed understanding of the hydrodynamic response of an opaque
liquid drop to a laser impact poses two fundamental challenges. First, one
needs to resolve how momentum is transferred from the laser to the drop.
Second, the subsequent deformation dynamics and fragmentation of the drop
after impact have to be quantified. Although drop impact onto a solid sub-
strate has been studied thoroughly (for a selection, see e.g. Ref. [42–48]), no
consensus on the deformation dynamics has yet been reached and only few
studies [42, 45, 49, 79, 80] focused on the fragmentation.

4.2 Experimental methods

Our model system consists of a highly-absorbing drop that is hit by a pulsed
laser beam. In Fig. 4.2 an overview of the experimental setup is shown. The
drop detaches from a capillary, falls, and relaxes to a spherical shape with
radius R0 = 0.9 mm. While it falls down, the drop masks a photodiode that
then generates a reference trigger for the pulsed laser, cameras, and light
source. The ~ez-axis of the laser beam is aligned orthogonally to the ~ex-axis
defined by the falling drop and the~ey-axis of the imaging optics. The yz-plane
in which the laser beam propagates is below the plane of the trigger laser and
the pinch-off point at the capillary tube.

The drop consists of dyed water with a density ρ = 998 kg/m3 and surface
tension γ = 72 mN/m assumed to be equal to the properties of pure water.
The typical penetration depth of the laser light into the dyed drop is δ ∼
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(a) (b)

Figure 4.1: Laser pulses (λL = 532 nm) impacting from the left on magenta-dyed
water drops of radius R0 = 0.9 mm. Images are taken 30µs after impact with a color
camera and diffusive backlight illumination. (a) White plasma glow [77] and violent
ablation from the drop induced by a focused laser beam. (b) Fluorescence of the
dye and ablation at the drop surface due to local boiling induced by a uniform laser
irradiation.

10µm � R0 [33], which ensures that the laser energy is absorbed in a thin
layer close to the drop surface. The laser-pulse energy is varied between
0 mJ and 120 mJ by an optical attenuator based on a half-wave plate and a
polarizing beam-splitter. The relation between the laser-pulse energy at the
drop location and the settings of the attenuator is determined in separate
measurements, for which the top beam dump shown in Fig. 4.2 is replaced by
an energy meter. A focusing lens decreases the beam diameter to twice the
drop size in order to achieve a uniform but high-intensity illumination of the
drop. To ensure the drop is placed at the center of the laser beam, the drop
position is optimized such that the drop-shape evolution is axisymmetric with
respect to~ez and the propulsion speed is maximum.

The energy Eabs that is actually absorbed by the drop is computed from a
beam-profile measurement and ray-tracing, see appendix § 4.A. The typical
beam fluence 1 J/cm2 is well below the dielectric breakdown and self-focusing
thresholds reported for water with focused nanosecond laser pulses [35, 77].
Consistently, we observe a plasma only when the laser beam is tightly focused
inside the drop (Fig. 4.1 (a), see also Ref. [20, 37]), but not for a uniform
irradiation (Fig. 4.1 (b)). To visualize the wavelengths in the visible spectrum
that are emitted by the drop shown in Fig. 4.1 we use a magenta-colored ink as
a dye and a color camera. For all experiments leading to quantitative results
we use a black-colored ink to suppress fluorescence.



56 CHAPTER 4. VAPOR PROPULSION

M
irror

Filter

LDM

Pulsed laser

Pulse-delay
generator

Camera

PBS

CWL

PD

BD

BD

DropEM

Lens



ez

ex ey
λ/2

Light
source

Figure 4.2: Sketch of the experimental setup in top view. The drop (black/magenta
ink, IJC-5900/5920 by Sensient) is generated with a capillary tube connected to a
syringe pump (PHD2000 by Harvard Apparatus, not shown). A continuous-wave
laser (CWL, CPS196 by Thorlabs) and a photodiode (PD, PDA36A by Thorlabs) serve
as light barrier to trigger on the falling drop. The lab equipment is synchronized by a
high-precision pulse-delay generator (BNC575 by Berkeley Nucleonics) according
to the indicated signal path. The pulsed laser is a frequency-doubled Nd:YAG laser
(Evergreen 140 by Quantel) with a pulse duration τp = 10 ns emitting at a wavelength
λL = 532 nm. Attenuation of the laser energy is accomplished by a zero-order half-
wave plate (λ/2), a polarizing beam splitter (PBS), and a beam dump (BD). The
laser-pulse energy is measured by an energy meter (EM, QE12 by gentec-eo). The
circle ( ) and arrow symbols ( ) along the optical axis respectively indicate the S-
and P-component of the linearly-polarized laser beam that is focused by a plano-
convex lens with a focal length of f = 125 mm. Side-view images (xz-plane) are taken
with a long-distance microscope (LDM, 12x Zoom by Navitar), a high-speed camera
(FASTCAM SA-X2 by Photron), and a continuous light source (LS-M352A by Sumita).
Stroboscopic images are acquired by a CCD camera (PCO1300 by PCO AG) combined
with a light source (NANOLITE KL-K by HSPS) that delivers a high-intensity light
pulse of 8 ns. A notch filter protects the imaging equipment from scattered laser light.
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The post-impact dynamics of the drop (Fig. 4.3 (a)) is observed from a side-
view (~ey-axis in Fig. 4.2) with a long-distance microscope, a high-speed camera
operated at a frame rate of 20 000 frames per second and a continuous light
source. Detailed information in the first microseconds after impact is obtained
by operating a camera in stroboscopic mode with a flash lamp that delivers a
high-intensity light pulse of 8 ns (Fig. 4.3 (b)). We record 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. For both
cameras used the size of the field of view is 16 x 10 mm2, which yields a pixel
resolution of 16µm per pixel.

4.3 Results & interpretation

The drop dynamics for different pulse energies is shown in Fig. 4.3. On
impact, the surface of the drop hit by the laser emits a shock wave into the
air (Fig. 4.3 (b)). The shock wave is followed by the ejection of a mist cloud of
small drops that is visible as a gray-to-black haze in the images and persists
for several microseconds. Subsequently, the mist is expelled while the drop
propels in the opposite direction (Fig. 4.3 (a)). At the same time the drop
flattens and expands in the radial direction before it either retracts, for low
pulse energy, or fragments, for large energy.

We quantify the drop motion by measuring the displacement Z(t) of the
drop center-of-mass and the drop radius R(t) (defined in Fig. 4.3 (a)) for the
first milliseconds after impact. As Fig. 4.4 (a) shows, the drop is propelled at a
constant speed U that increases with increasing pulse energy up to 2.0 m/s.
The accompanying deformation of the drop occurs on the inertial timescale
τi = R0/U ∼ 10−4 to 10−3 s (Fig. 4.4 (b)) and is eventually slowed down by
surface tension on the capillary timescale τc = (ρR3

0/γ)
1/2

= 3.5 ms. Both the
initial deformation rate τ−1

i and the maximal extension Rmax increase with
increasing pulse energy. We emphasize the clear separation of timescales

τp � τe � τi < τc (4.1)

between the successive steps, namely, the laser pulse, the ejection of matter
(on timescale τe ∼ 10−5 s), the initial deformation of the drop, and its capillary
retraction.

To explain the relation between the drop propulsion speed, the radial
expansion, and the laser energy one needs to understand the mechanism
that propels the drop. Surely, both the optical radiation pressure from the
laser and the thermal radiation pressure caused by the heating of the drop
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Figure 4.4: Center-of-mass displacement Z (along~ez, see Fig. 4.3) (a) and radial ex-
pansion R (b) as a function of time for different absorbed energies. The corresponding
image sequences are shown in Fig. 4.3. Each point is averaged over two experi-
ments and the shaded area indicates the difference between the two. The apparent
acceleration in Z for t/τc < 0.2 is an artifact of the method used to determine the
center-of-mass position, see appendix § 4.B. The large deviation in R for Eabs = 24 mJ
illustrates the statistical nature of the fragmentation. For Eabs = 15 mJ events of drop
ejection from the edge are visible at t/τc = 0.24, 0.36 and 0.63.
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surface are insignificant‡ [78]. The motion actually results from the recoil
due to the partial vaporization of the drop: since the highly-absorbent dye
ensures that the laser energy is absorbed in a superficial layer on one side
of the drop, the vapor expulsion is mainly unidirectional and consequently
transfers momentum to the remainder of the drop.

The light energy is absorbed by a liquid mass∼ ρR2
0δ set by the penetration

depth of the laser. On the timescale τe, both diffusive and radiative heat
transfers are negligible (the thermal diffusion length is much smaller than δ)§.
Since the beam profile is flat, and neither the focusing due to the drop interface
curvature nor nonlinear optical effects (self-focusing or electric breakdown)
are significant, we consider the energy deposition in the superficial layer
to be close to uniform. This energy is sufficient to heat the liquid from the
ambient temperature T0 = 293 K to the boiling temperature Tb ' 393 K,
but not to vaporize all of it: only a certain fraction β actually vaporizes.
The energy balance therefore reads Eabs ∼ ρR2

0δ[cv(Tb − T0) + β∆H], where
cv = 4.0 kJ/(kg K) and ∆H = 2.25 MJ/kg are, respectively, the specific heat
capacity and latent heat of vaporization of the liquid.

In all our experiments a mist cloud is observed, which is a clear signal
of a local boiling of the drop. We therefore assume that to get propulsion,
a threshold energy Eth ∼ ρR2

0δcv (Tb − T0) ≈ 3 mJ has to be absorbed by
the superficial layer to heat the liquid to the boiling point, which is in good
agreement with the threshold for propulsion observed in our experiments
(Fig. 4.5 (a)). Any additional energy deposited in the superficial layer is used
to vaporize a mass of liquid m ∼ βρR2

0δ ∼ (Eabs − Eth)/∆H. An upper limit
for the proposed scaling is given by Eabs/Eth ∼ 1 + ∆H/[cv(Tb − T0)] ≈ 8, in
which case the absorbed energy is sufficient to evaporate the entire heated
liquid layer (i.e. β = 1). Any increase in Eabs beyond this point would lead to
a superheated or even a critical phase, in which case the opaque mist cloud
would not be observed [37].

For 0 < β < 1, which is the case of our experiments, the remaining part
of the heated layer that is not vaporized is expelled as a mist of small drops.
We assume that the liquid vaporizes at Tb and that the vapor is expelled at
the thermal speed u =

√
kBTb/µ ≈ 400 m/s, where kB ' 1.38× 10−23 J/K

is the Boltzmann constant and µ = 2.99× 10−26 kg is the molecular mass of

‡The typical impulse I exerted on the drop by the 3% reflected light from the surface scales
as I ∼ Er/c, with Er the energy of the reflected light and c the speed of light. This impulse
would yield a typical drop speed U ∼ 10−7 m/s. The impulse due to thermal radiation from the
hot drop surface scales as I ∼ εσT4R2

0τp/c with ε the emissivity and σ the Stefan–Boltzmann
constant. This impulse would yield U ∼ 10−14 m/s.

§On the timescale of vapor ejection τe heat typically diffuses over a length
√

κτe ∼ 10−6 m�
δ, where κ is the thermal diffusivity of water.
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Figure 4.5: (a) Propulsion speed of the drop as a function of the absorbed laser energy.
Each point represents at least four experiments, the error bars indicate the standard
deviation. The solid line is equation (4.2) with a prefactor of 0.4. (b) Maximal relative
expansion Rmax/R0− 1 for individual experiments as a function of the Weber number
in linear and logarithmic (inset) scales. The solid line is equation (4.3) with a prefactor
of 0.6. For large Weber numbers a saturation is observed due to the fragmentation of
the sheet.
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water. This expelled vapor propels the remainder of the drop. Momentum
conservation mu = ρR3

0U yields

U ∼ Eabs − Eth

ρ R3
0 ∆H

u, (4.2)

that is, an increase in U proportional to that in Eabs. Figure 4.5 (a) shows that
this scaling argument, with a prefactor of 0.4, is in good agreement with our
experimental data.

With a description of the propulsion at hand, we now turn to the drop
deformation. The expansion dynamics is directly affected by surface tension,
which promotes the retraction and possibly the fragmentation of the drop.
The key parameter describing the expansion is therefore the Weber number
of the motion induced by the laser We = ρR0U2/γ, which compares the
drop-displacement kinetic energy to its surface energy. In our experiments
1 ≤We ≤ 60. The impulsive acceleration of our drop from 0 to U is similar to
the impulsive stop of a drop impacting a solid with velocity U. We therefore
use the momentum-based scaling for drop impact on solids [42, 44] to express
the maximal radial expansion

Rmax − R0

R0
∼We1/2 ∼

√
ρR0u2

γ

Eabs − Eth

ρ R3
0 ∆H

, (4.3)

in which the expression in terms of E directly comes from Eq. (4.2). Expression
(4.3), with a prefactor of 0.6, is in good agreement with our experimental data
up to We ∼ 40, when the drop starts fragmenting and the maximum expansion
saturates (see Fig. 4.5 (b)). The scaling (4.3) has already been observed for drop
impact onto solid substrates with negligible friction [42]. The present setup
is however fundamentally different since, as mentioned above, the typical
impact timescale, during which the drop accelerates, is decoupled from the
inertial timescale: τe � τi.

4.4 Numerical results

To confirm that the interaction of the laser pulse with the drop can be modeled
as a short recoil-pressure pulse exerted on the drop surface, we perform
boundary-integral (BI) simulations [81–83]. We assume that the flow inside
the drop is inviscid, irrotational, and incompressible, and solve the resulting
Laplace equation for the flow potential. The method assumes axi-symmetry
and therefore cannot be used to study the eventual fragmentation of the drop,
but it does capture the initial phase of the drop deformation.
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Figure 4.6: Radial expansion of the drop: experiments (markers) and BI simulations
(solid lines). The corresponding image sequences are shown in Fig. 4.3. The inset
shows the drop shape evolution from BI for We = 60 with an exaggerated center-of-
mass displacement to separate the successive shapes. The simulations are stopped
when the local sheet thickness becomes too thin to resolve the dynamics accurately.
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The laser pulse is modeled by applying a pressure boundary condition
at the drop surface for a time duration τe � τi. We use a Gaussian pressure
profile with a length scale based on the measured laser-beam profile and a
pressure scale set to match the propulsion velocity observed in the experiment.
This pressure scale is prescribed by the momentum conservation pR2

0τe ∼
ρR3

0U (the prefactor can be obtained analytically, see § 6). From Eq. (4.2) this
recoil pressure can readily be expressed in terms of the absorbed energy.

The numerical drop shape evolution is shown in Fig. 4.6. It illustrates the
added value of the simulations: not only the two-dimensional projection of the
drop shape, but also the spatial and temporal evolution of the sheet thickness
can be extracted, which is crucial when it comes to study fragmentation [42].
Moreover, Fig. 4.6 shows that the BI model quantitatively predicts the radial
drop expansion observed for different Weber numbers. This confirms that
a pressure pulse applied at the drop surface for a time much shorter than
the hydrodynamic timescales (τi and τc) is indeed sufficient to describe the
hydrodynamic response of a drop to the impact of a laser pulse.

4.5 Conclusions

We have shown that an opaque free-falling drop hit by a laser pulse propels
and expands until fragmentation occurs. In the present case the laser energy
is absorbed in a superficial layer of the drop such that the deposited energy
per unit mass Eabs/ρR2

0δ ∼ 0.1 to 1 MJ/kg is comparable to the specific latent
heat of vaporization. As a consequence, drop motion is induced by the recoil
due to vaporization on the face of the drop that is hit by the laser. This
results in a propulsion speed and a maximal radius of expansion that are both
proportional to the pulse energy. The expansion dynamics is limited by surface
tension and is similar to that of a drop impacting a solid, although with a laser
pulse momentum transfer takes place on a much shorter timescale. Laser-
induced drop fragmentation and the influence of the beam focusing require
detailed studies and are left for § 6 and § 7. All results reported here should
transpose directly to the shaping of liquid tin drops in EUV light sources.
In a regime where a plasma is generated the propulsion mechanism may
change, however, the Weber number remains the key parameter governing
the hydrodynamic response.
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4.A Measurement of energy absorption

We first measure the laser-beam profile at the drop location (Fig. 4.7). To avoid
saturation of the beam profiler we attenuate the laser energy by a factor of 106

with two wedged windows and a reflective neutral-density filter. To determine
the fraction of the light that is refracted into the drop at the air-liquid interface
we use ray tracing (valid for R0 � λL = 532 nm). Since the dye is highly
absorbent (δ� R0), we neglect any light transmission through the drop. The
initial condition of the ray tracing is set by the focal length of the focusing lens
and the position of the drop in the laser beam (see Fig. 4.2). The distribution
of rays in space and the energy attributed to each ray is chosen such that the
set of rays resembles the measured beam profile. As a result, we estimate that
in our experiments 20 % of the laser-pulse energy is absorbed by the drop.
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Figure 4.7: Normalized fluence of the laser beam measured at the drop location by a
CCD beam profiler (BC106-VIS by Thorlabs). The profile depicted is the mean result
of 10 single measurements. The dotted line indicates the position of the drop during
the laser-impact experiments.
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4.B Measurement of drop displacement

For each recorded image we determine the center-of-mass position assuming
rotational symmetry of the two-dimensional drop shape. Thereby, we ignore
the concavity of the drop shape, which introduces an error in the determination
of the center-of-mass position. This causes an apparent acceleration on the
timescale τi in Z (visible in Fig. 4.4).
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Figure 4.8: Center-of-mass displacement Z of the drop (along ~ez, see Fig. 4.2) as a
function of time in the BI simulation for Eabs = 24 mJ. The blue dashed line represents
the actual center-of-mass displacement, whereas the red solid line is the center-of-
mass displacement based on the two-dimensional projection of the simulated drop
shape, which shows an artificial deceleration.

To confirm that this acceleration is an artificial result of our algorithm,
we use the results from the BI simulations. In BI the full three-dimensional
axisymmetric shape of the drop is known, and hence the exact center-of-
mass displacement can be determined (dashed, blue line in Fig. 4.8). In
addition, we compute the center-of-mass displacement based on the two-
dimensional projection of the BI data using the same procedure as we apply
to the experimental side-view images (solid, red line in Fig. 4.8). The center-
of-mass determined from the two-dimensional projection shows an artificial
deceleration as soon as the drop shape becomes concave. However, Fig. 4.8
also shows that the final speed of the deforming drop is not affected by the
apparent initial deceleration. Therefore, the error introduced by considering
the projected drop shape only affects the initial deceleration of the center-of-
mass, not its final speed.



5
Plasma propulsion of metallic

micrometer-sized drops*,†

The propulsion of a liquid indium-tin micrometer-sized drop by a nanosecond laser
pulse is experimentally investigated. We capture the physics of the drop propulsion
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-drop
coupling. The subsequent drop deformation is described by an analytical model that
accounts for the drop’s propulsion velocity and the liquid properties. Comparing our
findings to those from vapor-accelerated millimeter-sized water drops, we demonstrate
that the fluid-dynamic response of laser-impacted drops is scalable and decoupled from
the propulsion mechanism. By contrast, the physics behind the propulsion of metal
drops differs from that of water. It is studied here in detail and under industrially
relevant conditions as found in next-generation nanolithography machines.

5.1 Introduction

Micro-drops of tin can be used to create extreme ultraviolet light (EUV), e.g.
in next-generation nano-lithography machines [11, 15], where the drops serve

*Published as: Dmitry Kurilovich, Alexander L. Klein, Francesco Torretti, Adam Lassise,
Ronnie Hoekstra, Wim Ubachs, Hanneke Gelderblom, and Oscar O. Versolato. Plasma Propul-
sion of a Metallic Microdroplet and its Deformation upon Laser Impact. Physical Review Applied,
6(1):014018, 2016.

†Dmitry Kurilovich and Alexander L. Klein contributed equally to this chapter.
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as mass-limited targets [16, 18] for a laser produced plasma (LPP). In such
machines, these drops, several 10µm in diameter, are targeted by a focused
nanosecond laser pulse at intensities that lead to optical breakdown and the
creation of a high-density and high-temperature plasma [15, 18, 19]. Line
emission from electron-impact-excited highly-charged tin ions in the plasma
provides the EUV light [15, 18]. For certain applications, it is beneficial to
apply a dual-pulse sequence in which a laser “prepulse” is used to carefully
shape the drop into a thin sheet that is considered advantageous for EUV
production with the subsequent, much more energetic, “main pulse” [15–17].

Maximizing the conversion efficiency of such EUV sources, while min-
imizing the amount of fast ionic and neutral debris that limit EUV optics
lifetime (see Ref. [15, 17, 84] and references therein) requires a careful control
over the drop propulsion and its shape. This in turn requires a profound
understanding of the coupling of the laser to the drop as well as the drop’s
fluid-dynamic response to such a laser-pulse impact. While the propulsion
and deformation of water drops due to laser-pulse impact has been studied in
detail in § 4, the interaction between liquid metal drops and a pulsed laser has
remained unexplored. This interaction is governed by plasma dynamics with
its distinct scaling laws [85–87].

Here, we present an analysis of the response of liquid indium-tin drops to
a laser-pulse impact in a setting very close to the one used in the generation
of EUV light for industrial application. We show that the drop response to a
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 [86, 88] and induces
propulsion of the drop. Second, fluid dynamics governs the shape-evolution
of the drop, which takes place on a microsecond timescale. We reveal in
detail the mechanism behind metal-drop 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-drop coupling for EUV generation purposes. Next,
we discuss the similarities between metal- and water-drop propulsion by
laser impact. We demonstrate that even though the metal-drop propulsion
mechanism is completely different from that of water drops, the fluid-dynamic
response is identical and well described by a universal analytical model.

5.2 Experimental methods

Figure 5.1 shows a detailed description of the experimental setup. We use
an eutectic indium-tin alloy (50In-50Sn of 99.9% purity with liquid density
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Figure 5.1: Sketch of the experimental setup in top view. Depicted is a vacuum
vessel, typically at 10−7 mbar, with its many optical access ports. Drops 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 drop 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 λL = 1064 nm with a duration
of τp ≈ 10 ns full width at half maximum (FWHM). A 1000-mm (500-mm) focal-
length N-BK7 lens produces a circular Gaussian focus of size approximately 115µm
(50µm) FWHM at the position of the drop. 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; approximately 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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ρ = 6920 kg/m3 at 250◦ C [89]), a substance almost equivalent to pure tin in
terms of atomic mass, density, and surface tension, but with a conveniently low
melting point. Drops are dispensed from a drop generator at approximately
10-kHz repetition rate, with final radii R0 ≈ 25µm, and are falling down at a
speed of approximately 12 m/s in a vacuum vessel. No significant acceleration
under gravity occurs on the timescale relevant for the experiment. The drops
relax to a spherical shape before they pass through a horizontal light sheet
produced by a helium-neon laser. The light scattered by the drops 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 λL = 1064 nm with a
duration of τp ≈ 10 ns full width at half maximum (FWHM), focused down to
a circular Gaussian spot. We study the propulsion for two different focusing
conditions: approximately 115µm and 50µm FWHM at the position of the
drop. In the first and main case of 115µm FHWM the width is larger than the
drop diameter in order to decrease the sensitivity to laser-to-drop alignment
and to provide a pressure profile required for obtaining a flat thin sheet, see
§ 6. 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 drop is obtained by employing two pulsed laser diodes
(PLDs). One of these is aligned orthogonally to the Nd:YAG laser light prop-
agation direction to provide side-view images. The other PLD is angled at
30 ◦ to it (see Fig. 5.1) 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 cam-
era through a long-distance microscope. The shadowgraphic images thus
obtained are used to track size, shape, and velocity of the drop expansion in
the direction along the Nd:YAG laser impact and perpendicular to the falling
drop. A stroboscopic time series of different drops at various time delays (see
Fig. 5.2) with an arbitrary number of frames is constructed by triggering once
per Nd:YAG shot, each time with an increasing delay.

5.3 Results

The response of the In-Sn drop to laser impact is shown in Fig. 5.2. The laser
pulse generates a plasma that expands away from the drop surface. As a result,
the drop is accelerated to a speed U ∼ 0.5− 350 m/s on a time τe given by
the lifetime of the generated plasma, which is known to be smaller than a few
τp [90]. The subsequent deformation of the drop occurs on the much longer
inertial timescale τi = R0/U ≈ 1µs (here, U is taken from the case shown in
Fig. 5.2 (a)). The deformation is eventually slowed down by surface tension
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on the capillary timescale τc = (ρR3
0/γ)

1/2 ≈ 14µs. The timescales relevant
to this problem can thus be ordered (compare § 4)

τp < τe � τi < τc, (5.1)

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 drop propulsion mechanism and
second the drop deformation.

2µs0µs 2µs 9µs4.5µs0.4µs

1µs0µs 0.2µs 1µs 1.7µs0.4µs

100µm

100µm

2 R(t)

(a)

(b)

Figure 5.2: Shadowgraph images of In-Sn drops in side- and (tilted) front-view (see
Fig. 5.1). (a) Expansion of an In-Sn drop as viewed from the side. Drops are irradiated
with an approximately 115-µm FWHM focused 10-ns Nd:YAG laser pulse impinging
from the left with a total pulse energy of 7 mJ. The stroboscopic drop expansion
sequence is constructed from shadowgraphs of different drops at different time
delays. A 30 ◦ view is provided on the right. (b) Same as (a) but for a 70 mJ energy
pulse, which gives rise to a faster expansion (note the different timescales). The white
glow visible to the left of the expanding drop is plasma light. Images have been
vertically aligned to center on the expanding drop.
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5.3.1 Drop propulsion

Using the shadowgraph images of the type shown in Fig. 5.2 we study the
propulsion of the drop as a function of the laser-pulse energy, which is varied
between 0.4 and 160 mJ. Figure 5.3 shows that over the nearly three decades of
laser-pulse energy studied in this work, the velocity of the drop ranges from
below 1 m/s to above 300 m/s and appears to follow a power-law type scaling
with the laser-pulse energy impinging on the drop, EOD. It is a fraction of the
total pulse energy EL given by the geometrical overlap of laser focus and drop.
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 drop, see § 6. 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 drop is governed by
plasma dynamics‡. As soon as a plasma is generated, inverse-bremsstrahlung
absorption [85] strongly decreases the initially high reflectivity of the metallic
surface down to negligible values. This facilitates the further ablation of the
target material. Analogous to the work on water drops in § 4, we relate the
propulsion speed U of the micro-drop (mass M) to the amount of ablated mass
m through momentum conservation

MU = mv, (5.2)

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 [91]. In the present intensity regime, simulations predict v to range from
5–15× 103 m/s [92] 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 [84] 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 [93, 94],

m = A πR2
0

[(
I
I0

)5/9(
λ0

λL

)4/9

Z3/8
]

τp, (5.3)

with laser pulse intensity I and I0 = 1011 W cm−2, wavelength λL and λ0 =
1µm, and atomic number Z = 49–50 (for indium-tin). The term in square

‡The typical impulse pl exerted on the drop 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 approximately 0.5, given by
the geometrical overlap of laser and drop in the case of the 50-µm FWHM focus, this impulse
would yield a typical drop speed U ≈ 0.5 m/s which is negligible with respect to the observed
speeds.
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Figure 5.3: (a) Propulsion velocity U of In-Sn drops as a function of total laser-pulse
energy impinging on the drop EOD for two different focusing conditions. Blue squares
represent the data obtained at an approximately 115-µm FWHM focus; red circles
represent the approximately 50-µm case. Uncertainties (approximately 10%; 1σ) for
the velocity are smaller than the symbol size; EOD is obtained with an approximately
25% (20%) uncertainty in case of an approximately 115-µm (50-µm) FWHM focus. The
gray dashed line represents a fit of Eq. (5.4) to the concatenated data excluding pulse
energies below 0.2 mJ. The black solid line depicts a fit of Eq. (5.7) 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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brackets is based on an analytical treatment of the one-dimensional expan-
sion of a plasma from a plane surface [95]. The empirical constant A was
determined to be 3.0 × 103 g cm−2 s−1 for Sn for intensities ranging 1011–
1012 W cm−2 [94]. Using this value for A in Eq. (5.3) we obtain an ablated
mass fraction of 0.1% for the 7 mJ example shown in Fig. 5.2 (a). However,
the input for A as well as for v above was obtained experimentally 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 (5.2, 5.3) predicts a power-law dependence of the propulsion
velocity on the laser intensity, which can be translated into a dependence on
the total laser energy impinging on the drop EOD for direct comparison to our
measurements by virtue of the relation I ∼ EOD, obtaining

U = B E5/9
OD . (5.4)

The result of a single fit of Eq. (5.4) to both data sets excluding low pulse
energies EOD < 0.2 mJ, yields excellent agreement of this power-law with the
data as is shown in Fig. 5.3. 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 Eq. (5.2, 5.3) we obtain a prediction of
approximately 9 m s−1 mJ−5/9. A discrepancy was to be expected as the laser
intensities in our experiments fall mostly outside the validated range [94] for
Eq. (5.3) 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. (5.4) 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 (see e.g. Ref. [86, 88]). Empirically, from experiments on planar
solid targets, it was found [86] that the ratio of the plasma pressure pe and
laser intensity I was excellently reproduced by the relation

pe/I ∼ (IλL
√

τp)
n, (5.5)

with exponent n = −0.30(3) common to all studied materials [86, 88]. This
scaling law was 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. (5.4) and linearizing
U ∼ peτp, we obtain n = −4/9 ≈ −0.44 from Eq. (5.5). 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.
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The proof of the validity of this scaling law (Eq. (5.5)) for the current geometry
with respect to λL and τp is left for future work.

At lower values of energy-on-drop EOD in Fig. 5.3, below approximately
0.2 mJ, 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 [96, 97]

Fth = ρ∆H
√

κτp ≈ 0.6 J cm−2, (5.6)

with latent heat of vaporization ∆H ≈ 2.2 MJ kg−1 (taking the average of In
and Sn in the mixture, both values being within 10% of this average), and
thermal diffusivity κ ≈ 16.4 mm2/s [98]. At the onset, inverse-bremsstrahlung
does not yet play a role and we have to take into account the reflectivity R
of the surface§, and multiply Eq. (5.6) with the factor 1/(1−R) [101]. 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 approximately 5 J cm−2 from plasma modeling [92]. 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 drop velocity reads

U = B̃ (EOD − EOD,0)
α. (5.7)

Here, the power α is taken as a free parameter since generally v = v(I) [92] and
its scaling with intensity could influence the momentum scaling relation given
by Eq. (5.4). A single fit of Eq. (5.7) to the full energy range of the concatenated
data set (see Fig. 5.3 (a)) yields a power α = 0.59(3), consistent with the
postulated power of 5/9. A proportionality constant B̃ = 35(5)m s−1 mJ−α

is obtained similar to the result from the fit of Eq. (5.4) 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 estimate that yielded approximately 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. (5.7) now including a
threshold energy.

§The optical constants are, for pure tin in absence of laser light, n = 3.92, k = 8.65 (from [99]
at 1.2 eV at 523 K) yielding a reflectivity ofR = 84 %. For indium a reflectivity ofR = 91 % is
obtained from n = 1.84, k = 8.38 (from [100] at 1.1µm at 295 K). An estimate of the eutectic
optical response is obtained from the averaging the reflectivities, yielding an absorption
1−R = 13 %.
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5.3.1.1 Propulsion efficiency

Having found an adequate description of the plasma propulsion mechanism
over the complete measurement range, we can now derive an optimum con-
dition for the laser-induced drop propulsion. The momentum coupling co-
efficient Cm ≡ pe/I = (MU)/E [86] given by Eq. (5.5) 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 EL. Efficient propul-
sion implies an efficient momentum to kick the drop. This kick initiates the
expansion of the drop into a thin sheet (see below). Propulsion and expansion
speeds are coupled, and their ratio is a function of the focusing conditions as
explained in § 6. Industrial needs could dictate the minimum size of the focus,
as it influences the laser-to-drop alignment stability. This will further influence
the energy efficiency due to the geometrical overlap of laser focus and drop.
For both focusing conditions, however, we can define optimum conditions
under which a minimum amount of laser-pulse energy (on drop) is required to
reach a given velocity. Less energy is then available to produce fast ionic and
neutral debris that could limit machine lifetime [15]. Given the offset power
law (Eq. (5.7)), Cm can be obtained as a function of pulse energy-on-drop EOD
(see Fig. 5.3 (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 τe apart to allow the plasma to
recombine, could then be used to achieve a specified velocity. Of course, the
relation between the energy-on-drop EOD and total laser-pulse energy EL is
given by the geometrical overlap of laser and drop. Our data (Fig. 5.3 (b)) thus
indicate that the total energy efficiency is highest, at EOD,max, for the smallest
spot size used in this work.

5.3.1.2 Indium-tin-plasma vs water-vapor propulsion

Our description of the plasma propulsion of In-Sn micro-drops shows striking
analogies with recent work on water drops presented in § 4. In that work,
millimeter-sized water drops 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 generation. Instead, water vapor is expelled at its
thermal speed and accelerates the drop. 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 cv (Tb −
T0), where cv is the specific heat capacity of water and ρw is its density, see § 4.
Any additional energy leads to vaporization of the liquid, expelling mass at a
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thermal velocity u ≈ 400 m/s which leads to the propulsion of the water drop.
When comparing the onset for propulsion of water drops to the threshold
fluence for In-Sn (Eq. (5.6)), 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
drop propulsion is given by the sensible heat for water, and by the latent heat
∆H for In-Sn. The In-Sn drop surface is shielded from the laser light by the
plasma that develops at timescales 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 drop. In conclusion,
even though the physical mechanism behind the propulsion of In-Sn and
water drops 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 § 4 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 drop over a much larger parameter
space than for water, including the industrially relevant large-Weber-number
subspace [16], which previous experiments on water drops in § 4 were unable
to probe.

5.3.2 Drop deformation

The expansion of the drop for the 115-µm focusing case is studied by changing
the time delay between the pulse from the Nd:YAG laser and the shadowg-
raphy lasers in steps of 100 ns. A stroboscopic movie of the deformation
dynamics is thus obtained (see Fig. 5.2) with an adequate temporal resolu-
tion. We measure the expanded radius of the drop over time as shown in
Fig. 5.4 (a) using the side-view shadowgraphs, in which the drop 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 drop
expands into an axisymmetric shape. For comparison, we also include data
from millimeter-sized water drops, 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. 5.4 (a)). However, by appropriately rescaling the data by
the initial drop radius R0 as the characteristic length scale and the capillary
time τc = (ρR3

0/γ)
1/2 as the characteristic timescale for the drop expansion

and subsequent retraction, we can represent all data in one graph: Fig. 5.4 (b).
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Figure 5.4: (Continued on the following page.)
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Figure 5.4: (Figure is found on the previous page.) Radial expansion of In-Sn and wa-
ter drops as function of time. (a) Dimensional plot of the experimental data for In-Sn
drops determined from shadowgraphy (see Fig. 5.2), with Weber numbers calculated
using the drop velocities from Fig. 5.3. The inset shows data for millimeter-sized water
drops taken from the previous study in § 4 (hollow markers). (b) Experiments (mark-
ers) and theory (solid lines, Eq. (5.8)) 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. A
comparison between model and water data taken from § 6. (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).

For indium-tin, τc ≈ 14µs given its surface tension γ = 538 mN/m [89]. The
expansion dynamics of the drop can be described in terms of the Weber num-
ber We = ρR0U2/γ, a dimensionless number that is a measure for the relative
importance of the drop’s kinetic energy compared to its initial surface energy,
see also § 4 and § 6.

In the limit where the drop 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 § 6)

R(t)
R0

= cos (
√

3t/τc) +

(
2
3

)1/2( Ek,d

Ek,cm

)1/2

We1/2 sin (
√

3t/τc), (5.8)

where the parameter Ek,d/Ek,cm is the partition of the total kinetic energy given
to the drop by the laser impact into a deformation kinetic energy Ek,d and
propulsion kinetic energy of the drop’s center-of-mass Ek,cm. This parameter
depends on the laser beam profile and can be determined analytically as
shown in § 6. For all practical purposes in the present study, the laser beam
profile can be considered flat, which gives Ek,d/Ek,cm = 0.5 as shown in § 6.
The water data from § 4 was obtained with a relatively more focused laser
beam, for which Ek,d/Ek,cm = 1.8 was calculated. Figure 5.4 (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 truncated 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
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be collapsed onto a universal curve by employing a trigonometric identity to
rewrite Eq. (5.8) to

R(t)

R0

√
1 + W̃e

= sin
(√

3(t/τc + t0)
)

, (5.9)

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. (5.9) indeed overlap completely and agree with the
now single theoretical prediction (see Fig. 5.4 (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 experiments including the conditions relevant for industry [16].

5.4 Conclusions

We demonstrated that a micrometer-sized free-falling In-Sn liquid drop hit by a
high-intensity 10-ns-long laser pulse is propelled by a plasma pressure “kick”.
The propulsion 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 account for the threshold of plasma generation. 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 similar
to that presented in § 4, where a millimeter-sized water drop 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 different.
Continuing its flight, the drop 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
analytical model, here applied under industrially relevant conditions. The
results and scaling laws presented in this work provide a tool to optimize
and control the drop shaping by laser pulse impact for EUV lithography
applications.



6
Drop deformation by laser-pulse

impact*

A free-falling, absorbing liquid drop hit by a nanosecond laser-pulse experiences a
strong recoil-pressure kick. As a consequence, the drop propels forward and deforms
into a thin sheet which eventually fragments. We study how the drop deformation
depends on the pulse shape and drop properties. We first derive the velocity field
inside the drop on the timescale of the pressure pulse, when the drop is still spherical.
This yields the kinetic-energy partition inside the drop, which precisely measures the
deformation rate with respect to the propulsion rate, before surface tension comes into
play. On the timescale where surface tension is important, the drop has evolved into
a thin sheet. Its expansion dynamics is described with a slender-slope model, which
uses the impulsive energy-partition as an initial condition. Completed with boundary-
integral simulations, this two-stage model explains the entire drop dynamics and
its dependance on the pulse shape: for a given propulsion, a tightly focused pulse
results in a thin curved sheet which maximizes the lateral expansion, while a uniform
illumination yields a smaller expansion but a flat symmetric sheet, in good agreement
with experimental observations.

*Published as: Hanneke Gelderblom, Henri Lhuissier, Alexander L. Klein, Wilco Bouwhuis,
Detlef Lohse, Emmanuel Villermaux, and Jacco H. Snoeijer. Drop deformation by laser-pulse
impact. Journal of Fluid Mechanics, 794:676–699, 2016.
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6.1 Introduction

A laser pulse interacting with an absorbing liquid body can deposit a finite
amount of energy, concentrated both in time and space, which eventually
triggers a dramatic hydrodynamic response. Focused nanosecond pulses have
for instance been used to induce cavitation in liquids confined in capillary
tubes [33–35], or jetting and spraying in sessile drops [36]. These situations
involving a liquid close to a wall result in localized flows. By contrast, we
consider here the situation of a mobile liquid body: the impact of a nanosec-
ond laser pulse onto an absorbing unconfined liquid drop, which, as first
described in § 4, has a global hydrodynamic response to the pulse: the drop
propels forward at a speed of several meters per second, strongly deforms and
eventually fragments (see Fig. 6.1). This dynamics is similar to that following
a mechanical impact such as on a solid substrate or a pillar, which has been
studied thoroughly [see e.g. Ref. 36, 42, 44, 45, 47, 102, 103], including a few
studies on the fragmentation of the drop [42, 49, 79, 80, 104]. A laser proves
to be an adequate tool to vary the extension of the impact without affecting
the initial drop geometry. However, how a drop deforms and fragments as a
results of a laser impact are still a largely open questions.

An important application of drop deformation by laser-pulse impact is
found in laser-produced plasma light-sources for extreme ultraviolet (EUV)
nanolithography. In these sources a nanosecond laser pulse pre-shapes a
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Figure 6.1: Response of a free-falling dyed water drop of initial radius R0 = 0.9 mm to
a 10-ns laser pulse (λL = 532 nm) impacting from the left. (a) t = 5µs (t/τc = 0.0016,
with τc the capillary time) after the pulse, a shock wave has propagated in the air and
a mist cloud has developed at the drop surface, but the drop itself has not yet moved.
(b–d) t = 1.2 ms (t/τc = 0.39) after the pulse, the drop has propelled and deformed
into a thin sheet (same magnification as in (a)), whose shape and lateral expansion
R(t) depend not only on the energy Eabs absorbed by the drop, but also on the width
of the laser beam on the drop surface ∼ σR0 (see § 6.3): (b) uniform illumination of
the drop (σ ' 0.75, Eabs = 29 mJ, acquired Weber number We ' 32± 6), (c) slightly
focused laser (σ ' 0.48, Eabs = 20 mJ, We ' 28± 8), and (d) tightly focused laser
(σ ' 0.29, Eabs = 20 mJ, We ' 72± 29).
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falling liquid tin drop into a thin sheet, which is subsequently ionized by a
second laser pulse [15, 17]. To maximize the conversion of liquid tin to plasma,
a precise control of the drop shape and stability that result from the first laser
impact is crucial. That is, the dynamic response of a liquid drop to the impact
of a laser pulse has to be resolved.

In § 4 we focused on the question of how the laser transfers momentum
to the liquid body. We showed that the key driving mechanism for the drop
propulsion and deformation observed in experiments is the local and asym-
metric boiling of the liquid induced by the absorption of the laser energy
on the illuminated side of the drop. In a dyed (and hence absorbing) drop
this absorption occurs in a thin, superficial layer of liquid, whose thickness
δ ∼ 10µm is set by the penetration depth of the laser light. As a result this
layer boils and a shock wave is emitted in the surrounding air, followed by
the directive emission of vapor and mist (see Fig. 6.1 (a)). This expelled mass
is only a tiny fraction of the total mass of the drop, δ/R0 ∼ 10−2, with R0 the
initial drop radius. The resulting vapor-recoil pressure on the drop surface
both deforms the drop and propels it forward (Fig. 6.1 (b–d)) at a velocity

U ∼ Eabs − Eth

ρ R3
0 ∆H

u. (6.1)

This propulsion velocity scales linearly with the absorbed laser energy Eabs
beyond the threshold energy Eth needed to heat the liquid layer to the boiling
point, where ρ is the liquid density, ∆H the latent heat of vaporization and u
the thermal speed of the expelled vapor. The drop propulsion is accompanied
by a lateral expansion that scales as

Rmax − R0

R0
∼We1/2, (6.2)

where the Weber number is defined as We = ρR0U2/γ, and γ is the liquid
surface tension. Hence, both the propulsion speed and the maximal radius of
expansion are proportional to the laser-pulse energy (beyond the threshold).
However, not only the energy of the laser pulse, but also the pulse shape and
focus have a strong influence on the drop deformation and propulsion, as
Fig. 6.1 (b–d) shows. Although the absorbed laser energy is similar in the three
cases shown, the resulting drop shapes differ completely: an unfocused laser
beam deforms the drop into an almost flat sheet, whereas a focused beam
gives rise to a strongly curved, bag-like drop shape.

Before seeking for understanding these differences, it is worth remember-
ing the clear separation of the timescales involved in the problem described in
§ 4, which we illustrate in Fig. 6.2. The impact of a few milli-Joule laser pulse
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U U Uh(t)

τe = 10−5 sτp = 10−8 s τi = R0/U ∼ 10−4 s τc =
ρR0

3

γ
∼ 10−3 s

Figure 6.2: Illustration of the timescale separation in the problem. The laser interacts
with the drop on time τp, the drop reaches its center-of-mass velocity U on the vapor
expulsion time τe. The drop subsequently deforms on the inertial time τi into a thin
sheet with time-dependent thickness h(t), which undergoes a surface-tension limited
expansion on the capillary time τc.

with a duration τp ∼ 10−8 s onto a liquid drop results in the directive ejection
of vapor and mist by the drop on a timescale τe ∼ 10−5 s. The vapor recoil then
gives rise to the drop propulsion and deformation. Therefore, the laser-drop
interaction can successfully be modeled as a recoil-pressure pulse exerted on
the drop surface for a duration τe, see § 4. It is clear from Fig. 6.1 (a), that on
this timescale the drop does not deform: both the laser pulse duration τp and
the vapor-recoil duration τe are much shorter than the inertial and capillary
timescales, respectively τi = R0/U ∼ 10−4 s and τc = (ρR3

0/γ)
1/2 ∼ 10−3 s,

on which the drop propels, deforms and fragments (Fig. 6.1 (b–d)). To estimate
the inertial timescale we used a characteristic velocity of U ∼ 1 m/s, based on
our experimental observations.

This chapter of the thesis aims to elucidate how the laser-pulse shape and
focus affect the drop deformation and propulsion. To this end, we employ
both analytical and numerical modeling and make use of the separation of the
timescales τp � τe � τi < τc. In § 6.2 and § 6.3 we follow a pressure impulse
approach as described by Batchelor [105, § 6.10], Cooker and Peregrine [106],
and Antkowiak et al. [107] to obtain, for an arbitrary pulse shape, the velocity
field in the drop and the kinetic-energy partition between the deformation and
the translation of the drop on the timescale τe, i.e. the initial lateral expansion
rate of the drop relative to its propulsion speed. Surprisingly, we find that
the maximum expansion rate is achieved when one focuses the laser pulse
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into a tight spot, whereas a flat (symmetric) expanding drop is obtained only
with a uniform laser-beam profile. On the intermediate timescale τi the drop
deforms significantly and a purely ballistic approach is no longer applicable.
We use in § 6.3 a numerical boundary-integral (BI) method [81–83, 108–111]
to confirm the main features of the deformation and the precise detail of the
flow. For an unfocused laser pulse (Fig. 6.1 (b)) the drop evolves into a flat,
thin sheet. In § 6.4 we use the kinetic-energy partition obtained from the
early-time analytical model and follow the method of Villermaux and Bossa
[80] to describe the surface-tension limited expansion of this sheet on the late
timescale τc.

6.2 Problem formulation & methods

We consider the response of a liquid drop to a pressure pulse, i.e. a pressure
field with magnitude pe applied at the interface on one side of the drop for a
duration τe. The absolute impulse scale peτe sets the propulsion velocity of the
drop through momentum conservation (see Eq. (6.4) below). As we discussed
above, this velocity is in turn directly related to the laser-pulse energy through
Eq. (6.1). The problem thus amounts to determining the shape and the rate of
deformation of the drop. In § 6.2.1 we introduce an analytical model for the
early-time dynamics of the drop (t ∼ τe). To complement the analytical model
and describe the dynamics at later times (t ∼ τi, τc) we use the BI model that
is discussed in § 6.2.2.

6.2.1 Early-time dynamics: analytical model

We characterize the ratio between the inertial timescale on which the drop
deforms and the vapor-expulsion time on which the drop acquires it center-of-
mass speed by the impact number

I =
τi

τe
=

R0

Uτe
. (6.3)

Note that since I � 1 the drop does not deform on the timescale of the
pressure pulse, as is shown in Fig. 6.1 (a). To find the post-impact velocity
field we therefore naturally consider the impulsive response of a spherical
drop. Figure 6.3 shows a sketch of the problem geometry and indicates
both the spherical (r, θ, φ) and cartesian coordinates (x, y, z). Both the initial
configuration and the pressure pulse are symmetric around the laser axis
(z-axis), and we therefore seek a velocity field that is also symmetric. The
pressure pulse applied on the drop surface sets the fluid in motion inside the
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Figure 6.3: Sketch of the problem. The axisymmetric pressure pulse pe(θ) applied
on the surface of a drop of radius R0. The spherical (r, θ, φ) and cartesian (x, y, z)
coordinate systems are indicated.

entire drop. The axial propulsion speed U of the drop (see Fig. 6.3), i.e. its
center-of-mass velocity, follows from the global momentum conservation

∫ τe

0

∫

A
peez · dA dt =

4
3

πρR3
0U, (6.4)

with A the surface of the drop.
To describe the flow field inside the drop we follow the same approach as

Batchelor [105, § 6.10], Cooker and Peregrine [106], and Antkowiak et al. [107].
The pressure field establishes on the sonic timescale R0/c ∼ 10−6 s, with c the
speed of sound in the liquid, which is much shorter than the pressure pulse
duration τe ∼ 10−5 s. Hence, on time τe, the pressure field is well established.
As the Reynolds number in these experiments is typically large (Re ∼ 103) the
flow is inviscid. Since moreover I � 1 (i.e. ∂u/∂t� (u · ∇)u), the impulsive
acceleration of the drop during the pulse follows

∂u
∂t
≈ −1

ρ
∇p, (6.5)

with u(r, θ, φ) the velocity and p the pressure inside the drop relative to
the ambient pressure. Incompressibility (U � c) implies, upon taking the
divergence of Eq. (6.5), that the pressure field is harmonic:

∆p = 0. (6.6)

The velocity field just after the pressure pulse is then obtained by integration
of Eq. (6.5) over time

u ≈ −1
ρ
∇
∫ τe

0
p(τ)dτ = −τe

ρ
∇p, τe ≤ t� τi, (6.7)
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where p now refers to the time-averaged pressure inside the drop during the
pulse and is therefore only a function of space. From momentum conservation
(6.4) it follows that the drop speed U scales as

U ∼ peτe

ρR0
. (6.8)

From now on, we use the scaled time t/τe, radial coordinate r/R0, pressure
p/pe, and velocity ρR0u/peτe. Pressure scale pe can be obtained from the
laser-pulse energy by combining Eqs. (6.8) and (6.1).

The shape of the pressure pulse f (θ) arises as the boundary condition on
the drop surface

p(r = 1, θ) = f (θ), (6.9)

which we normalize such that the axial momentum is equal to one, i.e.

4
3

π U =
∫

A
f (θ)ez · dA = 2π

∫ π

0
f (θ) cos θ sin θ dθ = 1. (6.10)

This choice sets the (dimensionless) center-of-mass velocity of the drop U =
3/(4π) and the associated translation kinetic energy

Ek,cm =
2
3

π U2 =
3

8π
, (6.11)

independently of the choice of f (θ).
To solve the Laplace equation (6.6) in spherical coordinates we decompose

the pressure field into Legendre polynomials P`

p(r, θ) =
∞

∑
`=0

A`r`P` (cos θ) , (6.12)

which coefficients

A` =
2`+ 1

2

∫ π

0
f (θ)P` (cos θ) sin θ dθ, (6.13)

are obtained by the projection of the boundary condition (6.9). From Eq. (6.10)
one observes that A1 = U.

The solution (6.12) and (6.13) can now be used to describe the drop re-
sponse to any pressure- and hence any laser-beam profile. The corresponding
velocity field is computed from Eq. (6.7). While by convention Ek,cm does not
depend on the pressure-pulse shape, the total amount of kinetic energy that
has to be put into the drop to acquire this propulsion does. It is given by

Ek =
1
2

∫

V
u2 dV = π

∫ 1

0

∫ π

0

(
u2

r + u2
θ

)
r2 sin θ dθ dr, (6.14)
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with V the drop volume. As we will see in § 6.3.1, it is convenient to define
the partition

Ek,d

Ek
= 1− Ek,cm

Ek
(6.15)

between the deformation kinetic energy of the drop Ek,d (i.e. the kinetic energy
remaining in the co-moving frame) and the total kinetic energy (6.14).

6.2.2 Boundary-integral simulations

The analysis above applies when the drop shape does not deviate too much
from a sphere (t ∼ τe � τi). To obtain the details of the subsequent drop-
shape evolution, one needs to solve the axisymmetric potential flow problem
in the deforming shape. To this end, we employ the boundary-integral (BI)
method described by Gekle et al. [82] and Bergmann et al. [81], which has
already been successfully used to study drop deformation during mechanical
impact [83], as well as that due to a laser impact in § 4. BI is a powerful method
to study the drop dynamics at later times t ∼ τi, when the drop shape changes
significantly.

6.3 Results

We will now use the analytical model and BI simulations to explore the role of
the laser-pulse shape, i.e. of the pressure-pulse shape, on the deformation of
the drop. Indeed, the pressure boundary condition (6.9) introduced above is
the actual pressure on the drop surface, which is typically proportional to the
local laser fluence weighted by the cosine of the incident angle of the incoming
rays on the drop surface. Typical laser-beam profiles used in experiments have
a Gaussian or flat-top (uniform) shape. We consider a Gaussian pulse with a
finite arbitrary width in § 6.3.1, the limits of a perfectly focused beam in § 6.3.2
and that of a uniform laser-beam profile, i.e. a cosine pressure pulse applied
on one side of the drop, in § 6.3.3.

6.3.1 Gaussian laser-beam profile

For simplicity, we first consider a pressure pulse that applies over the entire
drop surface. The effect of restricting the interaction to the side that is ac-
tually illuminated by the laser will be discussed in § 6.3.3. Since our aim is
to understand the influence of the laser focus on the drop-shape evolution
we also neglect the angular dependence cos θ of the pressure profile. The
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Gaussian-shaped pressure boundary condition (6.9) then reads

f (θ) = c exp
[
−θ2/(2σ2)

]
, (6.16)

where σ is a measure for the width of the pulse and the prefactor

c =
2
√

2

σπ3/2 exp [−2σ2]
(

2Erfi
[√

2σ
]
− Erfi

[
iπ+2σ2√

2σ

]
− Erfi

[
−iπ+2σ2√

2σ

]) (6.17)

ensures the normalization (6.10). The resulting coefficients (6.13) are calculated
by numerical integration. The convergence of series (6.12) depends on the
value of σ, but in general 20 terms are sufficient to obtain accurate results
(except in the limit σ → 0, which has to be treated separately and will be
discussed in § 6.3.2).

6.3.1.1 Global features

We explore the effect of the focusing of the laser beam on the drop deformation
by varying the pulse width σ, thereby mimicking the situation shown in
Fig. 6.1 (b–d). In Fig. 6.4 we show a plot of the resulting pressure and velocity
fields inside the drop for a uniform pressure pulse (σ = π/4) and a more
focused one (σ = π/8). In these (and the following) plots, the series solution
(6.12) is cut after 20 terms. The velocity fields shown in Fig. 6.4 are in the
co-moving frame: we subtracted the center-of-mass velocity of the drop to
clearly illustrate the deformation of the drop during its translational motion.
The analytical solution (6.7, 6.12) is strictly valid only as long as the domain is
spherical. However, we can obtain a first-order approximation of the deformed
drop shape shortly after the pressure kick by advecting the material points
on the drop surface. The drop surface at time t is then given by rd(θ, t) =
er + [ur(1, θ)er + uθ(1, θ)eθ] I−1t, with I given by Eq. (6.3); see Fig. 6.4 (c) (blue
dashed lines). This mere extrapolation must of course only be considered
for qualitative and illustrative purposes. For a quantitative prediction, one
needs to consider hydrodynamic interaction and solve for the pressure (6.6)
in the deformed drop, which is done in the BI simulations. In the first stages
(during which the drop is close to spherical) the BI simulations are in perfect
agreement with the analytics. At later times, naturally, stronger deviations
are observed and the simulation results are required to get insight into the
drop-shape evolution. A few drop contours obtained from BI at these later
times for a Weber number of 790 are shown in Fig. 6.4 (c) (red solid lines).
Note that the Weber number used in the simulation does not affect the drop
shape at early times (t� τc), but only sets the absolute propulsion speed and
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(a.1)

t/τc = 0.021 t/τc = 0.064

t/τc = 0.013t/τc = 0.0021

(b.1) (c.1)

(a.2) (b.2) (c.2)

t/τc We−1/2

t/τc We−1/2

Figure 6.4: Response of a drop to Gaussian pressure pulses. (a) Iso-pressure lines
inside the drop at early times (t ≤ τe) for Gaussian pressure pulses with σ = π/4 (a.1)
and σ = π/8 (a.2). (b) Streamlines of the early-time velocity field (t/τc � We−1/2)
in the co-moving frame (drop center-of-mass velocity subtracted). (c) Drop contours
illustrating the evolution of the deformation in the analytical model (blue dashed
lines) obtained by advecting the material points on the drop surface (see text) and
in the BI simulations (red solid lines drawn on the same scale as in (a, b), We = 790).
Note that the expansion is much faster for σ = π/8 (c.2) than for σ = π/4 (c.1), the
contours being represented earlier in the latter case.



6.3. RESULTS 91

expansion rate of the drop. As we will explain below, the relative partitioning
between propulsion speed and expansion rate also remains unaffected.

From Fig. 6.4 we observe that an unfocused pulse leads to a velocity field
that is almost symmetric around the vertical mid-plane (Fig. 6.4 (b.1)). As
a consequence, the eventual drop shape that will result from this pressure
pulse is almost symmetric and flat, as is indeed observed in the BI results in
Fig. 6.4 (c.1) and (to some extent) in our experimental results in Fig. 6.1 (b).
By contrast, a focused pulse naturally leads to more curved iso-pressure lines
and the eventual drop will also be more curved (Fig. 6.4 (c.2)), which agrees
with our experimental observations in Fig. 6.1 (c, d). The BI results show that
at later times (t > τi and hence t/τc > We−1/2), the drop deforms into a thin
sheet bordered by a rim. For the unfocused pulse (σ = π/4, Fig. 6.4 (c.1)) this
sheet is relatively flat and has an approximately uniform thickness, except
for the rim itself. For the focused pulse (σ = π/8, Fig. 6.4 (c.2)) the resulting
sheet has a stronger curvature with a clearly non-uniform thickness, and the
expansion is much faster than for the focused pulse (note the difference in
timescales between Fig. 6.4 (c.1) and (c.2).

In the BI simulations, the recession of the sheet edge eventually leads to
the formation of undamped surface waves and a Bernoulli suction that results
into the successive detachments of liquid rings from the edge. This pinch-off
is an artifact of the simulation caused by the lack of viscous damping and
the assumption of axial symmetry, as discussed by Peters et al. [112], and is
clearly irrelevant to the physical fragmentation processes that actually occur.
This artifact however has a negligible influence on the early-time expansion
and evolution of the sheet thickness away from the rim. We therefore use the
simulations until the first pinch-off event occurs.

6.3.1.2 Kinetic-energy partition: deformation versus translation

We now use the analytical results (6.7, 6.12) to quantify the effect of focusing
the laser on the expansion rate of the drop relative to its propulsion velocity.
Figure 6.5 shows the kinetic-energy partition (deformation to total kinetic-
energy ratio) (6.15) as a function of the pulse width σ. We also plot estimates
for the energy partition obtained from the three experimental cases shown
in Fig. 6.1 (b–d) and from the data of § 4 (black circles). In appendix § 6.B we
explain in detail the (non-trivial) steps that are taken to obtain these estimates
from the experimental data. For comparison, we applied the same method to
the BI simulations (red squares), which confirms the validity of our method
(see appendix § 6.B for further discussion). Given the uncertainties in the
experimental estimates in particular for the focused laser pulse, as discussed
in appendix § 6.B (and which also apply to the estimated Weber numbers in
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Figure 6.5: Kinetic-energy partition (6.15) as a function of the pulse width σ. For a
tightly focused beam (small σ) almost all the energy goes into deforming the drop
without translating it. For an unfocused pulse the drop only translates but hardly
deforms. The black dots are experimental data obtained, by a method described in
appendix § 6.B, from the three events shown in Fig. 6.1 (b–d) and from the experiments
in § 4 (four realizations of σ = π/6 ' 0.52). The red squares are obtained from
BI simulations using the same method to estimate the energy partition as in the
experiments (see appendix § 6.B).

Fig. 6.1 (b–d)), we cannot expect a quantitative agreement with theory. How-
ever, Fig. 6.5 shows that the experimental data points qualitatively confirm
the theoretical prediction: the more focused the laser pulse, the more energy
is used to deform the drop rather than to translate it.

Figure 6.5 shows that for a tightly focused beam (small σ) almost all the
energy goes into deforming the drop and hardly any into translating it: the
energy ratio Ek,d/Ek → 1 as σ→ 0. Indeed, the total kinetic energy required
to maintain a constant center-of-mass speed diverges as the pressure pulse
becomes more localized. We will discuss the limiting case when the pressure
pulse comes down to a Dirac-delta pulse in more detail in § 6.3.2. By contrast,
when the pulse is very broad (large σ) the drop experiences a pressure from all
sides, such that it does not deform but only translates and Ek,d/Ek → 0. Note
again that σ� 1 does not represent a large directional laser beam applying
only on one side of the drop, which will be considered below, but rather an
isotropic illumination of the drop. In fact, the Gaussian pressure pulse that
is the most relevant to a uniform laser-beam profile (see § 6.3.3) has σ ' 0.73,
which is fairly unidirectional and close to the f (θ) ∝ cos θ profile due to the
local incidence of the laser on the curved drop surface.

Figure 6.5 shows that a focused pressure pulse leads to a stronger drop
deformation. This does not necessarily mean that the drop will also experience
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a larger lateral expansion, since the energy could be used to deform the drop
into a strongly curved shape only (i.e. to pierce the drop). To get a feeling for
how much the actual expansion rate of the drop depends on the laser focus,
we plot the maximum lateral expansion velocity Ux,max (see the inset for an
illustration) at the drop surface as a function of σ in Fig. 6.6 (a). One sees
that a more focused pulse does not only lead to a larger deformation but also
to a larger lateral expansion: the smaller σ, the larger Ux,max. In Fig. 6.6 (b)
we show at which position along the drop surface (in terms of azimuthal
coordinate θ) this maximum expansion velocity is observed. For a focused
pulse it is observed closer to the laser axis (θ = 0), whereas for an unfocused
pulse it is closer to the poles of the drop (θ = ±π/2).

The faster initial expansion rate for a focused pressure pulse is confirmed
by the simulations. Figure 6.7 shows drop contours from the BI simulations for
four different pulse widths, from which we derive the (projected) sheet radius
R and thickness h (measured at the center of the drop, see inset Fig. 6.8 (b)).
Indeed, in Fig. 6.8 we observe that a smaller σ, i.e. a more focused pulse,
corresponds to a faster lateral expansion and a faster decrease in the sheet
thickness. We therefore conclude that in order to get a maximally expanded
sheet with a minimal thickness one needs to focus the laser pulse to a tight spot
(spot size� R0), with again the consequence that this maximally expanded
sheet is strongly curved and has a non-uniform thickness (bottom row Fig. 6.7).
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Figure 6.6: (a) Maximal expansion velocity Ux,max (in the x-direction) along the drop
surface as a function of σ for t/τc �We−1/2. The more focused the pulse, the faster
the drop expands. The inset shows the velocity field in the co-moving frame for
σ = π/8, and sketches Ux,max and its angular location θmax. (b) θmax as a function of
σ. For a focused pulse the maximal expansion velocity is observed around θ = 0, i.e.
on the pulse axis of symmetry. No data is shown for σ → 0 and σ → π/2 since in
these limits the series (6.12) does not converge or the deformation velocity becomes
negligible, respectively.
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Figure 6.7: Sequences of drop contours obtained from the BI simulations illus-
trating the drop shape evolution for We = 790 and four different pulse widths
σ = π/3, π/4, π/6 and π/8, from top to bottom. Clearly, a more focused laser
beam (smaller σ) leads to a larger expansion rate, a thinner sheet with a less uniform
thickness and a more curved drop shape. Each sequence is sampled at different times
to accommodate the different expansion rates.
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Figure 6.8: Sheet radius R(t) (a) and thickness in the center h(t) (b) extracted from
the BI simulations shown in Fig. 6.7 (We = 790 and σ = π/8, π/6, π/4, and π/3).
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6.3.2 A perfectly focused laser pulse: the limit σ→ 0

In the limit when the size of the laser pulse becomes negligibly small with
respect to the drop size (σ → 0) the pressure pulse on the drop surface
approaches

f (θ)→ δ (θ) , (6.18)

where δ stands for the Dirac-delta distribution and the series (6.12) diverges.
The exact solution to Eq. (6.6, 6.18) can however be obtained from a different
approach. For σ� 1 the curvature of the drop surface is no longer relevant
and one recovers the response of an infinite half-space to a Dirac-delta pulse.
To model this situation we adopt a cylindrical coordinate system (r, z), with
the positive z-coordinate pointing into the liquid and z = 0 corresponding to
the liquid-air interface, see Fig. 6.9.

The boundary conditions for the Laplace equation (6.6) in a half-space now
read

p(r, z)→ 0 for r, z→ ∞, (6.19)

p(r, 0) =
δ(r)
2πr

. (6.20)

Hence, the pressure diverges at the origin, but the total force applied to the
drop remains finite and equal to unity. The solution to the Laplace equation
(6.6) with boundary conditions (6.19, 6.20) is obtained by taking the Hankel
transform of Eq. (6.6) in r [113, § 6.7] from which we find, using Eq. (6.20)

p(r, z) =
∫ ∞

0
sp(s, 0)ds

∫ ∞

0
kJ0(kr)J0(ks)e−kz dk =

1

2πz2
(

1 + (r/z)2
)3/2 .

(6.21)
The velocity field is then obtained from Eq. (6.7):

ur(r, z) =
3rz

2π(r2 + z2)5/2 , (6.22)

uz(r, z) = − r2 − 2z2

2π(r2 + z2)5/2 , (6.23)

and diverges as ε−3 for ε = r, z → 0. As a consequence, the total kinetic
energy contained in the half-space is non-integrable. We therefore calculate
the kinetic energy excluding a region of size ε around the origin

Ek = lim
ε→0

π
∫ ∞

0

∫ ∞

ε

(
u2

r + u2
z
)

r dr dz = lim
ε→0

3
128ε3 . (6.24)
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Figure 6.9: Situation for a tightly focused laser beam. The drop surface curvature
becomes irrelevant and the pressure pulse pe comes down to a Dirac-delta distribution
(6.18) applying at the surface of an infinite half-space with cylindrical coordinates r, z.

Hence, the total kinetic energy diverges as ε−3 for ε→ 0 and is contained in a
tiny volume of size ε3, which is small compared to the drop size. In practice,
for a Gaussian of finite width (6.16) one can interpret ε = σ in the limit σ→ 0,
and hence the drop kinetic energy diverges as σ−3. We verified that the total
kinetic energy obtained from the series solution (6.12) indeed exhibits the
same divergence. Since the translation kinetic energy of the drop is constant
Ek,d/Ek → 1 as σ→ 0, as was already observed in Fig. 6.5.

The same conclusion can be reached from a simple scaling argument. We
apply a finite force F =

∫
p dA to the drop. In the limit σ→ 0 the characteristic

area on which this force acts scales as σ2, such that the local pressure p ∼ F/σ2

diverges. From momentum conservation the velocity field inside the drop
scales as u ∼ Fτ/ρσ3, such that the kinetic energy, which is used to deform a
volume of size σ3, scales as

Ek ∼ ρu2σ3 = F2τ2/ρσ3, (6.25)

and hence diverges as σ−3 for σ → 0, while the ratio Ek,d/Ek remains finite
and approaches one.

6.3.3 A one-sided uniform laser pulse yields a flat drop

A flat, symmetric drop shape can obviously be obtained by impacting the
drop symmetrically with two laser beams. We will however see now that a
flat shape can also be obtained with a uniform (or flat-top) laser-beam profile
impacting the drop from one side only.

As discussed above, a uniform laser-beam profile results in a cosine-shaped
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pressure profile on the drop surface

f (θ) =
3

2π
cos θH (π/2− θ) , (6.26)

where the Heaviside function H restricts the interaction to the illuminated
side of the drop. The coefficients (6.13) can be obtained exactly and read

A` =
3(2`+ 1)

4π

∫ π/2

0
P`(cos θ) cos θ sin θ dθ

=
3 (1 + 2`)

16
√

πΓ(3/2− `/2)Γ(2 + `/2)
,

(6.27)

from which we find

p(r, θ) = Ur cos θ +
3

16
√

π

∞

∑
n=0

1 + 4n
Γ(3/2− n)Γ(2 + n)

r2nP2n(cos θ), (6.28)

which involves only the even Legendre polynomials. The series (6.28) con-
verges. However, despite the fact that the pressure field itself is continuous, its
first derivative with respect to θ and hence the velocity uθ exhibit a disconti-
nuity in θ = π/2 caused by the restriction of the pressure boundary-condition
(6.26) to the front of the drop. In reality, this discontinuity will be smoothed
by viscosity. The resulting pressure (6.28) and velocity (6.7) fields are shown
in Fig. 6.10. We use the velocity field to obtain the energy ratio

Ek,d

Ek
≈ 0.35. (6.29)

Notice that this energy ratio can also be reached with a Gaussian pressure
pulse with σ ≈ 0.73 (see Fig. 6.5).

The velocity field in the co-moving frame shown in Fig. 6.10 (b) displays a
striking feature: it is symmetric not only around the horizontal axis (owing to
the axi-symmetry of the pressure pulse), but also around the vertical axis. This
means that the drop eventually deforms into a perfectly flat, symmetric shape
even though the laser impact is only one-sided, as the BI results in Fig. 6.10 (c)
confirm. One can understand this symmetry in the velocity field by inspecting
the expression for the radial velocity after subtraction of the center-of-mass
velocity U

ur(r, θ) = − 3
16
√

π

∞

∑
n=1

2n(1 + 4n)
8Γ(3/2− n)Γ(2 + n)

r2n−1P2n(cos θ). (6.30)

Realizing that P2n(x) = P2n(−x), one sees that this velocity field is indeed
symmetric. More heuristically one may note that a cosine pressure pulse
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t/τc << We−1/2 t/τc = 0.021 t/τc = 0.064

(a) (b) (c)

Figure 6.10: Symmetric deformation obtained for a uniform laser profile (cosine-
shaped pressure pulse (6.26)). (a) Iso-pressure lines. (b) Streamlines of the velocity
field in the co-moving frame. (c) Sequence of drop contours from the BI simulations
for We = 790 (same scale as in (a, b)). Note that the discontinuity in uθ cannot be fully
resolved by both the analytics and the numerics due to the finite number of terms
used in the series (6.28) and the finite grid size, respectively.

accommodates the drop shape: both the pressure and the local thickness of
the drop are proportional to cos θ from which each slice of the drop acquires
the same axial velocity. It can actually be proven that a cosine pressure pulse
is the only one-sided profile that results in a symmetric (flat) drop, which we
do in appendix § 6.A.

6.4 Late time dynamics: the thin sheet limit

Up to now we have been concerned with the early time t ∼ τe of the dynamics,
when the drop is still spherical and the influence of surface tension is negligible.
The BI simulations allowed us to extend the description to later times, close
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to the maximal extension of the drop. We now consider the late-time regime
t ∼ τc when the drop expands into a thin sheet and subsequently recedes.

6.4.1 Problem formulation & solution

We follow the same approach as Villermaux and Bossa [80] have used to
describe the surface-tension limited expansion of a rain drop due to aero-
dynamics effects. We thus describe the dynamics of a flat, thin sheet in a
frame co-moving with the center-of-mass velocity, see Fig. 6.11. The sheet
has a time-dependent, uniform thickness h(t) � R(t) (with R(t) the time-
dependent drop radius) and a given initial kinetic energy, which is precisely
that determined in the early-time model. This follows from the inviscid flow
considered here: the kinetic energy is conserved as long as surface tension
does not influence the drop deformation. Since we are typically interested in
large Weber numbers, surface tension effects are negligible during the early
stage of expansion (t ∼ τi � τc). Furthermore, when the drop deforms into an
essentially flat sheet, such as that shown in Fig. 6.4 (a), all the kinetic energy of
deformation is used to expand the drop laterally. One can therefore use the
kinetic energy obtained from the early-time model as an initial condition for
the thin-sheet model.

We adopt a cylindrical coordinate system (r, z), with r the lateral direction
(in which the sheet expands) and z the direction normal to the sheet surface
(see Fig. 6.11). The sheet dynamics is prescribed by the axisymmetric Euler
equation. In the thin-sheet approximation (h � R) the lateral flow u(r, t) in
the sheet is governed by

∂u
∂t

+ ur
∂ur

∂r
= −∂p

∂r
, (6.31)

r
∂h
∂t

+
∂

∂r
(ruh) = 0, (6.32)

where all lengths are non-dimensionalised by R0, all times by τc and the
pressure by γ/R0. It follows from global mass conservation that h = 4/3R−2

so that using (6.32) we find

u(r, t) = r
Ṙ
R

. (6.33)

Integration of Eq. (6.31) between r = 0 and r = R(t) gives [80]

RR̈ = −2 [p(R)− p(0)] . (6.34)

For r � R(t) the interface curvature is close to zero, whereas for r = R it is
approximately 2/h(t), such that Eq. (6.34) reduces to

RR̈ = −4
h
= −3R2. (6.35)
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R(t)

r

z
p ≈ 0

p ≈ 2 γ/h

h(t)

Figure 6.11: Sketch of an axisymmetric flat thin sheet with time-dependent thickness
h(t) and radius R(t). The surface tension generates a typical Laplace pressure differ-
ence 2γ/h between the edge and the center of the sheet, which drives the recession.
The cylindrical coordinate system (r, z) is indicated.

The solution reads R(t) = a cos
√

3t + b sin
√

3t, with constants a and b to be
determined from the initial conditions. The initial radius R(0) = 1 sets a = 1.
To derive the initial rate of expansion

√
3b we use the fact that at t = 0 the

deformation kinetic energy of the sheet

Es
k,d =

1
2

∫ R(t)

0
2πu2hr dr =

1
3

πṘ2 (6.36)

has to match the deformation kinetic energy of the drop obtained from
the early-time model. In terms of the early-time kinetic-energy partition
Ek,d/Ek,cm we obtain

Es
k,d(t = 0) = πb2 =

2
3

π

(
Ek,d

Ek,cm

)
We. (6.37)

Eliminating b from Eq. (6.37) we find the solution

R(t) = cos
√

3t +
(

2
3

)1/2( Ek,d

Ek,cm

)1/2

We1/2 sin
√

3t. (6.38)

This square-root dependence of the sheet radius on the Weber number is
well-known for drop impact on solids in absence of friction [42, 114–116].
As already shown in § 4, it is also in good agreement with experimental
observations for a drop impacted by a laser.
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It is important to realize that the expanding thin sheet described here is
actually subjected to hydrodynamic instabilities that may eventually cause the
sheet to fragment, as Fig. 6.1 (b–d) clearly shows. First, the rapid acceleration
of the drop on τe may trigger a destabilization in the sense of Rayleigh–Taylor,
which could puncture the sheet, similar to what has been observed by Bre-
mond and Villermaux [117] for sheets subjected to shock waves. Second,
the rim formed at the edge of the receding sheet may develop both Rayleigh–
Taylor and Rayleigh–Plateau instabilities, as it is observed for a drop impacting
a pillar [80]. A description of these instabilities is however beyond the scope
of the present chapter and is left for § 7.

6.4.2 Comparison to BI and experiments

To compare the thin-sheet model (6.38) to the experimental and BI results
presented in § 4 we first determine, using the early-time model, the energy
partition that sets the initial condition (6.37). To this end, we need a description
of the experimental laser-beam profile, from which we deduce the pressure
boundary condition for the early-time model. We showed in § 4 that the ex-
perimental beam profile is well described by a Gaussian curve (6.16) of width
σ = π/6. In the same study, this Gaussian pressure profile was already suc-
cessfully used in BI simulations to calculate the lateral drop expansion, which
suggests that irregularities in the beam profile have a negligible influence on
the drop expansion. Here we use the same pressure profile in the early-time
model to determine the kinetic-energy partition

Ek,d

Ek,cm
= 1.8, (6.39)

or, in terms of the energy ratio depicted in Fig. 6.5, Ek,d/Ek = 0.64. This
energy partition is then used in Eq. (6.37) to obtain the initial condition for the
thin-sheet model.

Figure 6.12 compares the thin-sheet model (6.38) with experimental and BI
results. The thin-sheet model assumes a flat drop, whereas in the experiments
and BI simulations the drop is curved (for a pulse width σ = π/6, see Fig. 6.7).
For the comparison we therefore use the projected radius as defined in the
inset in Fig. 6.8 (b). The thin-sheet model provides an accurate prediction of the
expansion speed and temporal evolution of the sheet for all Weber numbers
without any adjustable parameter. For We = 60 the BI and theoretical model
almost completely overlap and are very close to the experimental data. Not
surprisingly, at short times (t/τc < 0.1) or at smaller Weber numbers, when the
drop has not expanded into a thin sheet with h� R, the analytical model and
BI simulations deviate from each other. For We ∼ 1 the drop only oscillates
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Figure 6.12: Time evolution of the sheet radius R for We = 60 (black), We = 16 (blue),
We = 6 (red) and We = 1 (green). The dashed lines represent the BI simulations
for σ = π/6 and the dots are the experimental data, both reproduced from § 4. The
solid lines shows the theoretical prediction based on the thin sheet model (6.38)
with no adjustable parameter: the initial radius is set to unity and the initial kinetic-
energy partition is taken from the inertial model for a pulse width σ = π/6 that
matches the experimental beam profile. Experimental and BI data are shown until
the fragmentation starts to influence the sheet radius or the sheet becomes locally too
thin to be resolved accurately in the numerics, respectively.

around its spherical shape (see Fig. 4.3 in § 4), and even though the differences
between model and experiments for these small deformations is also small,
the thin-sheet approximation is obviously no longer applicable. Moreover, in
the thin-sheet model we assume that all deformation kinetic energy is used for
radial expansion and the deforming sheet remains flat, whereas in experiment
and BI it is slightly curved (see Fig. 6.7), which implies that some of the
deformation energy is not used for radial expansion. Despite all of this, the
analytical model and BI simulations quantitatively describe the experimental
data.

The good agreement between the thin-sheet model and the experiments
and BI simulations suggests that, although the initial expansion rate is very
sensitive to the beam width (see Fig. 6.5 and Fig. 6.6) moderate curvatures
and thickness variations in the sheet have little influence on the actual global
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expansion of the drop. One should however bear in mind that these moderate
non-uniformities might have important consequences for the eventual sheet
puncture and fragmentation.

6.5 Conclusion

The interaction of a laser pulse with an absorbing liquid drop can successfully
be modeled by applying a recoil-pressure pulse to the drop surface. The
relation between the total impulse of this recoil pressure and the laser-pulse
energy is found from scaling arguments, whereas the profile of the pressure
pulse can be considered, as a first approximation, to follow that of the drop
surface illumination (i.e. that of the laser-beam profile weighted by its local
incidence on the drop surface). Once this relation is known, the hydrodynamic
response of the drop to the laser impact (propulsion, expansion and reces-
sion, possibly leading to fragmentation) is entirely captured from the drop
response to the corresponding pressure pulse. This approach allows to study
the response of the drop to laser pulses of different shapes and focus.

An analytical model for the impulsive acceleration when the drop is still
spherical provides the early-time drop dynamics as a function of the laser-
pulse shape: the kinetic-energy partition inside the drop is obtained, from
which we derive the amount of deformation versus translation of the drop.
This yields a first-order estimate of the drop shape evolution at later times by
advecting the material points on the drop surface. We find that, for a given
propulsion of the drop, a maximal expansion is obtained when the laser pulse
is focused into a tight spot, which results in a strongly curved sheet, while a
flat symmetric sheet can only be obtained with a uniform laser-beam profile.

On the inertial and capillary timescales boundary-integral simulations
reveal the details of the sheet thickness and curvature dependence on the
pulse focus, until close to the maximal expansion (where the simulation breaks
down). Assuming a flat drop, we derive an analytical thin-sheet model ini-
tialized with the expansion rate obtained from the early-time model. The
thin-sheet model predicts the entire evolution of the sheet radius (expansion
and recession) and shows a good agreement with both experimental and BI
data, in particular for large Weber numbers.

The drop deformation dynamics described by the models discussed here
forms the starting point to study the subsequent drop fragmentation which
is observed experimentally for high-energy laser pulses (i.e. drop expansion
We� 1), see Fig. 6.1 (b–d) in this chapter and also Fig. 4.3 in § 4. Understand-
ing the mechanisms behind this fragmentation will be the subject of § 7.
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6.A Only a uniform laser beam profile results in a flat
drop

In § 6.3.3 we found that a one-sided impact with a uniform laser beam (and
hence a cosine-shaped pressure pulse) results in a flat symmetric drop. We
demonstrate here that the uniform beam profile is in fact the only profile that
gives rise to a flat drop.

A requirement for symmetry is that after subtraction of the center-of-mass
speed the velocity field satisfies the property ur(r, θ) = ur(r, π− θ). Inspecting
e.g. Eq. (6.30) we see that this requires the odd coefficients in Eq. (6.13) to be
equal to zero, except for A1 = U to ensure the center-of-mass speed. Since the
velocity field (6.7) is obtained from the pressure field by taking the gradient,
the symmetry of the velocity field implies that the odd coefficients in the
pressure field (6.12) should also be equal to zero (again except for A1). Hence,
the pressure pulse f (6.9) needs to satisfy

A1 = 3
2

∫ 1
−1 f (x)x dx = U,

A2n+1 = 4n+3
2

∫ 1
−1 f (x)P2n+1(x)dx = 0 for n > 0.

(6.40)

When the drop is hit by a laser pulse the recoil pressure is only exerted from
one side:

f (x) = g(x)H(1− x). (6.41)

Hence, we need to find the functional form of g such that f satisfies Eq. (6.40).
To this end, we express g into the Legendre series

g(x) =
∞

∑
m=0

dmPm(x). (6.42)

Substituting Eq. (6.41, 6.42) into Eq. (6.40) and evaluating the coefficients An
we obtain

A2n+1 =
4n + 3

2

∞

∑
m=0

dm

∫ 1

0
Pm(x)P2n+1(x)dx, for n = 0, 1, 2 . . . , (6.43)

where the integral now runs from zero to one. Using the property that

∫ 1

0
Pm(x)Pn(x)dx =





1
2m+1 if m = n,
0 if m 6= n, m, n both even or odd,
hm,n if m even, n odd,
hn,m if m odd, n even,

(6.44)

with hm,n = (−1)(m+n+1)/2m!n!

2m+n−1(m−n)(m+n+1)[( 1
2 m)!]

2{[ 1
2 (n−1)]!}2 [118, p. 173] we find that
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A2n+1 =
4n + 3

2

(
1

4n + 3
d2n+1 +

∞

∑
m=0

d2mh2m,2n+1

)
, for n = 0, 1, 2 . . . .

(6.45)
In order to satisfy Eq. (6.40) we need A2n+1 = 0 ∀ n > 0. From Eq. (6.45) we
observe that this requirement is satisfied for all n simultaneously only when
dm = 0 for m 6= 1, i.e.

g(x) = d1P1(x) = d1 cos(x). (6.46)

This implies that the only way to form a flat, symmetric drop with a one-
sided impact is to illuminate the drop uniformly, i.e. with a uniform or strongly
defocused Gaussian laser-beam profile.

6.B How to determine the kinetic-energy partition in
experiments

In Fig. 6.5 we showed the analytically obtained kinetic-energy partition in the
drop as a function of the pulse width σ. For comparison, we also plotted the
data points corresponding to the experiments shown in Fig. 6.1. Below we
outline how these experimental estimates are obtained.

In case the drop expands into a flat, thin sheet all deformation kinetic
energy is used for lateral expansion and we find, using Eq. (6.36), the kinetic-
energy partition

Es
k,d

Ek,cm
=

1
2

Ṙ2

U2 (6.47)

and hence
Es

k,d

Ek
=

Ṙ2

Ṙ2 + 2U2
. (6.48)

The above expression is exact in case the drop expands into a flat sheet, hence
for a uniform laser-beam profile. However, for the experimental data points
shown in Fig. 6.5 we also used Eq. (6.48) to estimate the energy partition for
more focused beam profiles. To obtain this estimate we had to extract the
lateral expansion rate and the center-of-mass speed of the drop for the different
cases shown in Fig. 6.1 from simultaneous high-speed front- and side-view
recordings of the drop shape evolution (for details on the experimental setup
the reader is referred to § 3).

We determined the initial expansion rate Ṙ based on the first three images
available in the front-view recordings by fitting ellipses to the drop shape
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Figure 6.13: (a) Stacked front-view images (taken from the laser beam axis) of the
expanding drop shown in Fig. 6.1 (c). The dashed lines are the ellipses best fitting the
contours, from which the equivalent radii R are determined. (b) Relative expansion
of the drop obtained from the views shown in (a) ( ) and from later times ( ). The
linear fit (solid line) to the first points yields a dimensional expansion speed Ṙ =
14.6 R0/τc = 4.2 m/s.

at each instant, as explained in Fig. 6.13. The selected frame rate of 10 000
frames per second ensures a sufficiently rapid sampling of the expansion such
that the first three data points are well described by a linear fit (Fig. 6.13 (b)).
Difficulties in the determination of the actual equivalent drop radius R arise
when ligaments formed by the fragmentation of the drop corrupt the view
(see e.g. Fig. 6.1 (b)). In our analysis, we excluded these ligaments from the
ellipse-fitting.

To determine the propulsion speed U of the drop we used the side-view im-
ages (see Fig. 6.14). We assumed an axisymmetric drop shape and determined
the center-of-mass position zcm for each frame of the high-speed recordings.
After the initial acceleration of the drop on the timescale τe the propulsion
speed is constant and can hence be determined by a linear fit to the center-of-
mass position. Since the side-view images are two-dimensional projections
of the actual drop shape, they do not resolve the concavity of the drop. This
introduces an uncertainty in the determination of the center-of-mass position,
in particular for the more focused laser-beam profiles, where the drop evolves
into a concave shape. We estimate the total error in Ṙ/U due to all the effects
described above to be of the order of 20 %.

Finally, for each experiment the corresponding laser-pulse width σ was
determined by fitting our experimental laser-beam profiles with a Gaussian
curve. Errors may arise from deviations of the beam profile from a perfect
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Figure 6.14: Two side-views (taken perpendicularly to the laser-beam direction) of
the event shown in Fig. 6.1 (d) at (a) t/τc = 0 and (b) t/τc = 1. The top frames
show the actual shadowgraphs and the bottom ones show an axisymmetric profile
that was obtained by summing up pixel values in x-direction (i.e. collapsing all
pixel values to the axis). The dashed line indicates the center-of-mass axial position
zcm =

∫
zR2 dz /

∫
R2 dz, which assumes axi-symmetry of the profile.

Gaussian, shot-to-shot variations in the laser-beam profile, and uncertainty in
the drop position within the laser beam, in particular for the unfocused beams
where the drop is still hit by the laser even if it is positioned slightly off-center.
For the experiments shown in Fig. 6.1 we estimate the uncertainty in σ to vary
from ∼ 15 % for the unfocused case to ∼ 5% for the most focused case.

To investigate the validity of our estimate for the energy partition (6.48)
we use the results from the BI simulations shown in Fig. 6.7 and 6.8. In BI
the center-of-mass speed is known (and constant for each value of σ) and
the pressure profile is exactly Gaussian with a known σ. Hence, in BI the
uncertainties that appear in experiment are absent and the only approximation
that remains is the use of Eq. (6.48) as a measure for the energy partition. To
find Ṙ in BI we determined the initial slopes of the curves in Fig. 6.8 (a), similar
to what has been done for the experimental data. The resulting estimate for
the energy partition is in good quantitative agreement with its theoretical
prediction; see the red squares in Fig. 6.5. Small deviations (< 15 %) are
observed for the most focused pulses (σ = π/6 and π/8), where the sheet
is strongly curved and hence the approximation breaks down. Nevertheless,
the quantitative agreement between theory and BI confirms that Eq. (6.48)
is indeed a reasonable estimate of the energy partition in the range of pulse
widths studied here.



7
Drop fragmentation by laser-pulse

impact*,†

We study the fragmentation of a free-falling liquid drop that is impulsively accelerated
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 merging 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 fragmentation. 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.

*To be submitted as: Alexander L. Klein, Dmitry Kurilovich, Henri Lhuissier, Oscar O.
Versolato, Detlef Lohse, Emmanuel Villermaux, and Hanneke Gelderblom. Fragmentation of
free-falling drops by laser-pulse impact.

†Alexander 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 by Alexander L. Klein
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7.1 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. Figure 7.1 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 radial expulsion of ligaments from a bordering rim of
the sheet (Fig. 7.1 (a, c)) and the nucleation of holes on the thin sheet itself
(Fig. 7.1 (b, d)). Both phenomena have been observed individually in other
experimental realizations, either by the mechanical impact of a drop on a solid
obstacle [42] or by the impact of a shock wave on a thin liquid film [117]. 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 [68]. 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 § 4 and § 5. 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 destabilization 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 [15–17]: 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 [15, 18]. 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
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(a)

(b)

(c)

(d)

4 mm 250µm

Figure 7.1: 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.

renders the breakup of the liquid an intrinsic part of the laser impact on a drop.
The fundamental understanding of the fragmentation is 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
spherical 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
§ 7.4 the breakup process for two different liquid systems, which each have
their own unique advantages for the study of fragmentation. On the one
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hand, we use millimeter-sized MEK drops (Fig. 7.1 (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. 7.1 (c, d)), which experience near-perfect axisymmetric im-
pact conditions that do not obscure our view on any fluid-dynamics instability.
The details of the liquid systems and experimental setups are described in § 7.2
and § 7.3. Having developed a qualitative understanding of the destabilization
mechanism as explained in § 7.5, we aim to quantify the fragmentation by a
description in the framework of fluid-dynamics instabilities. First, we adapt
an existing model in § 7.6 to describe the characteristic 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 surface tension.
With a description of the kinematics at hand, we turn to the breakup at the
bordering rim in § 7.7 and the sheet breakup in § 7.8. We will address in our
analysis how the laser-matter interaction affects both the deformation 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.

7.2 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 § 4 to § 6,

We =
ρR0U2

γ
, (7.1)

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 [50, 52, 56, 117]. 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 § 4 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

ρ R3
0 ∆H

u, (7.2)

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 § 4. The scaling law (7.2) 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 Eq. (7.1) 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 § 3.
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 § 5. 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 § 7.6. 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 [99] 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-bremsstrah-
lung 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



114 CHAPTER 7. DROP FRAGMENTATION BY LASER-PULSE IMPACT

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 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 § 5. 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

Table 7.1: 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 § 3). The second system consists of liquid tin at an elevated temperature in a
vacuum environment (manufacturer of the liquids given in the text).

parameter unit 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
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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, (7.3)

all of which are listed in Table 7.1 for an overview on the two systems. In
summary, the combination of the MEK and tin system allows us to study
the fragmentation 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 7.1.
The fragmentation then shows the same features and chronology for both
systems as we will see in § 7.4, 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
mechanism as will be explained in the next section.

7.3 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 § 3 for MEK and water drops, and in § 5 for the
tin drops. Both setups rely on the same concept, which is sketched in Fig. 7.2,
but differ in the details. Here, we only briefly introduce the experimental
setups and comment on important differences between them.

7.3.1 Key concept of the experiment

In both setups, a drop falls down towards the laser-impact position while
it relaxes to a spherical shape with radius R0, see Fig. 7.2. 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 energy EL, and two cameras and a beam profiler for visualization.
The complete arrangement of the trigger laser, photodiode, and equipment
for the drop generation 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
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Figure 7.2: (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.

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
captured by lens f2 as will be explained in § 7.3.4. The subsequent response of
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. 7.2 (b). We obtain strobo-
scopic 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 fragmentation process
at well-defined control parameters, which is important to obtain unbiased
statistics as we will see in § 7.8. The technical equipment that is used for the
MEK and tin experiments differ, as explained in the following.
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7.3.2 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 § 3.

To resolve all relevant time and length scales a stroboscopic imaging tech-
nique with nanosecond exposure times (High Efficiency Diffuser by LaVision
pumped by a Nd:YAG laser to remove the coherence of the laser light by inco-
herent laser-induced fluorescence light illumination (iLIF) [67]) in combination
with high-resolution cameras (pco.4000 by PCO AG and Bigeye G-1100B Cool
by Allied Vision Technologies, 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 § 7.4. Since the fragmentation
takes place on the timescale τc ≈ 5 ms in the MEK system, we can record con-
tinuous videos of the fragmentation following typical criteria for high-speed
imaging [66]. 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.

7.3.3 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
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plasma at the drop 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 shad-
owgraph imaging systems based on pulsed lasers and CCD cameras (Manta
G-145B NIR by Allied Vision Technologies) coupled to long-distance micro-
scopes (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 quanti-
tative 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 illumina-
tion enables imaging of small features of the expanding tin sheets by reducing
detrimental effects due to temporal coherence such as speckle.

7.3.4 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. 7.2) 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 (7.4)

F0 = EL

(∫

A
f (x, y, z = 0) dA

)−1

, (7.5)

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
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laser beam, we use the CCD image data during each realization of an impact
experiment, see Fig. 7.3 (a). We then compute the fluence Fabs that is absorbed
by the drop as shown in Fig. 7.3 (b). The pressure pe on the drop surface is
now directly proportional to Fabs, from Eq. (7.2) we obtain

pe(r, φ) ∼ Fabs(r, φ)− Fth

∆H
u
τe

. (7.6)

Combined with the measurement in Fig. 7.3 (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 estimated by the extent ω0 of an Airy disk [65] 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 is R0 = 24µm < λL f1/d0. The advantage of the
focussing condition is a homogenous laser radiation at the impact location,
see Fig. 7.3 (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
§ 7.2. As a consequence, the fluid dynamics obey a high degree of rotational
symmetry as we will see in § 7.4.
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Figure 7.3: (Continued on the following page.)
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Figure 7.3: (Figure is found on the previous page.) (a) 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 actual 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 line ( ). The
quantity Finc is the average fluence incident on the drop. (b) The energy per unit area
absorbed by the drop, that is the fluence Fabs taking losses due to Fresnel reflection [65]
at the liquid-air interface into account. Based on approximately 100 recordings of such
a spatial distribution a mean profile ( ) in radial (c) and azimuthal direction (d) is
determined. The solid line ( ) represents the predicted result for a perfect flat-top
beam profile (indicated by Fabs,FT in (d)) (e) A planar laser-beam profile measured for
the tin system and the drop marked in the center ( ) 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).

7.4 Chronology

The MEK experiment in Fig. 7.4 illustrates the chronology of the drop frag-
mentation, which starts with the laser impact and ends with a structure of
ligaments that subsequently break into smaller drops. First, the drop acceler-
ates 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
already 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 radius 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. 7.4 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
accompanies 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. 7.4. 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. 7.4 at t = 0.54 ms (t/τc = 0.1). The
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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. 7.4 is surrounded by
a cloud of tiny drops.

The breakup of the thin sheet is the second type of destabilization in
our experiments 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 structure 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. 7.4, 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 7.4 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, thereby collecting the surrounding liquid mass of the sheet
in a rim. The last frame at t = 2.5 ms in Fig. 7.4 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. 7.5. 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 [99].
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. 7.5 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. 7.5 (b) and (e)). The liquid mass collected by the holes
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Figure 7.4: 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 strobo-
scopic 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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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. 7.1 (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 § 7.8 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. 7.5 (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. 7.5 (a) and (d)), more than one
order of magnitude in We separates the two systems during the sheet breakup
in Fig. 7.5 (b, c) and (e, f). We will see in § 7.8 that this difference is caused by
the different driving mechanisms that affect the sheet destabilization.

7.4.1 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. 7.4). 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. 7.6 (a, b). However, the effect of this early jetting on the sheet

Figure 7.5: (Figure is found on the following 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).
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Figure 7.5: (Continued from the previous page.)
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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. 7.6 (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 driv-
ing the expansion: detailed simulations of the drop-shape evolution by a
boundary-integral (BI) method, which is capable to reproduce jetting phenom-
ena in principle [119], do not show this feature as we saw in § 6, compare also
Fig. 7.6 (c). A possible explanation for the jetting is the occurrence of a cavita-
tion bubble that could give rise to a fast jetting phenomena [33, 36, 120, 121].
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 § 7.2. Acoustical effects could however induce a cavitation bubble [121, 122]:
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 conditions‡ [20, 123, 124]. The same effect leads to pressure
transients in tin drops [92], where in addition the plasma generation is accom-
panied by shock waves [125, 126]. 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.

7.5 Interpretation

The laser impact on a free-falling liquid drop can be understood as a rapid ac-
celeration 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
destabilization 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 § 7.4 in two different configurations: the breakup of the bordering

‡Thermoelastic pressure transients under isochroic conditions [20] 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 7.6: (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 § 6). (d) Sketch of the sheet showing a bordering rim and a tampered
neck and center region.

rim, which we referred to as rim breakup, and the hole nucleation on the sheet
itself called the sheet breakup. 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 experiments. 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 [42]. 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 Villermaux and Bossa [42]. 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 Bremond and Villermaux [117]. In their experiment, a thin liquid film
is accelerated by the reflection of a traveling shockwave at the liquid film
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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 § 7.6. With a description
of the kinematics at hand, we then turn to the analysis of the breakup itself:
in § 7.7 we study the rim breakup and in § 7.8 the breakup of the sheet.

7.6 Expansion dynamics

As discussed in § 6, 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 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 (7.6). 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. (7.7)

In § 6 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 [42]. This model described the sheet dynamics away from the
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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 Vernay
et al. [116]. 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 (7.3).
Following Villermaux and Bossa [42], we describe the sheet radius R(t) as

R(t)− R0

R0
=
√

3 Wed
t
τc

(
1−
√

3
2

t
τc

)2

. (7.8)

The only modification introduced is the rescaling of We in analogy to the
approach described in § 6. 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 § 7.A for the details.

The energy partition allows to incorporate different laser-matter interac-
tions 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 §7.3, the energy partition is independent of EL and can be
calculated analytically to Ek,d/Ek,cm = 1.8, which we already used in § 6. In
this calculation, we neglect the threshold fluence Fth in expression (7.6) 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 find Ek,d/Ek,cm to follow a power
law with respect to EL, see Fig. 7.7. A theoretical prediction of the scaling law
requires a profound understanding of the plasma dynamics 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 Figs. 7.7 (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 § 6. 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 (7.8) to experimental data for
both MEK and tin experiments is shown in Fig. 7.8 (a) and (b), respectively.
The initial 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
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Figure 7.7: Energy partition Ek,d/Ek,cm as function of laser energy EL for MEK (solid
line ) and tin drops (square markers ) in (a). The values for MEK are calculated an-
alytically to Ek,d/Ek,cm = 1.8, independent of EL(see text). The values for tin (square
markers ) are determined for each experiment by the best fit of expression (7.8) to
the experimental curves shown in Fig. 7.8. The solid 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.

the agreement between model and experiment holds over nearly four decades
in Weber number (Fig. 7.8 (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 § 7.8. Consequently, we observe the model here to
deviate earlier in Fig. 7.8 (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. 7.8 (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
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Figure 7.8: 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 line
( ) is the trajectory expected from Eq. (7.8). Experimental curves are shown with a
reduced marker density in (a, b) for better visualization. (c) Rescaled experimental
data comparing all experiments of (a, b) (gray markers: , ) to the analytical prediction
(7.8). 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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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. 7.8 (c) we see how ligaments are expelled radi-
ally 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. 7.8 (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. 7.8 (b)),
although the rim breakup is observed in the experiment. Indeed, the sheet
model (7.8) 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 [42]. However, with in-
creasing Weber number the sheet fragmentation leads to a deviation between
model and experiment, which is illustrated for We = 330 ( ) in Fig. 7.8 (c).
Holes nucleate in the 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. 7.8 (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 (7.8) 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 [42]

h(r, t) ∼ R2
0 τc√

Wedrt
. (7.9)

Four our discussion on the sheet breakup later in § 7.8 we need a description
of the center region where we cannot employ Eq. (7.9). We therefore describe
the late-time dynamics of the sheet thickness in a mass-averaged sense as

h
R0

∼
(

R
R0

)−2

, with (7.10)

R
R0

∼ Rmax

R0

t
τc
∼We1/2

d

(
t
τc

)1/2

, (7.11)

where we made use in the latter expression of the linear radial expansion,
which is valid for Wed � 1 and t ≤ tmax according to Eq. (7.8). The scaling
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(7.10) is robust as the same relation is found for the neck region, i.e. r = R(t),
based on Eqs. (7.9), (7.8), and using τc/τi ∼We1/2

d .
In conclusion, the sheet model (7.8, 7.9) 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 Weber 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 § 7.7 and the sheet breakup in § 7.8.

7.7 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 Villermaux and Bossa [42].

The evolution of the rim breakup that finally results in the radial expulsion
of ligaments is illustrated for tin at Wed = 140 in Fig. 7.9. 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. 7.9 (c, d). The corresponding
decrease of N` over time in Fig. 7.9 (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. 7.10: the moment we observe the manifestation of
the corrugations as radial ligaments decreases with increasing Weber number.
Following Villermaux and Bossa [42], we describe the rim as a liquid cylinder
of diameter b ∼ R0We−1/4

d and neglect its curvature, which is valid for our
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Figure 7.9: 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 markers ( ) indicate individual
realizations of the experiment and the dashed 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 ( ) from Eq. (7.8).

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 cap-
illary 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

observation in Fig. 7.10. Second, a Rayleigh–Taylor mechanism is at play,
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Figure 7.10: The time t` when corrugations similar to the ones in Fig. 7.9 (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 ( ) is 1.1.

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 [42]

d
dt

ln
(

ξ

R

)
= − Ṙ

R
+ Re(−iω), (7.12)

where ω is the instantaneous growth rate. The first term on the right-hand side
in Eq. (7.12) is the stretching of the rim that actually damps the growth of the
perturbation during the expansion of the sheet for t < tmax. The timescale of
the damping is set by τc, independent of the Weber number [42]. The second
term on the right-hand side in Eq. (7.12) amplifies the corrugation with an
instantaneous growth rate ω that depends on Wed. The associated timescale
of the amplification 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 timescale of the Rayleigh–Taylor instability is separated
from the expansion dynamics. 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 . (7.13)
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The wavenumber k` for which ω in Eq. (7.12) reaches a maximum is k` ∼
(−R̈ ρ/γ)

1/2
= We1/4

d /R0 [42]. From the timescale t` of the destabilization
and the corresponding wavenumber k` we can determine N`. The expansion
dynamics (7.8) can be approximated for t ≤ tmax by R/R0 ∼ We1/2

d t/τc
leading finally to

N` ∼ k` R(t`) ∼We3/8
d . (7.14)

The scaling exponent of 3/8 in Eq. (7.14) deviates from the scaling of 3/4 in
terms of the Weber number as proposed by Villermaux and Bossa [42]. 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 § 7.6 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 (7.14) experimentally as shown in Fig. 7.11. Since
the number of ligaments in the experiments only changes by the rim compres-
sion for 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. 7.11 (a–d). The obtained scaling with Wed in
Fig. 7.11 (e) is in good agreement with our prediction (7.14) with a prefac-
tor 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 § 7.6.
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 ( ) that we did mange to obtain follow the same scal-
ing (7.14) with the same prefactor as the tin data ( ). 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.
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Figure 7.11: (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 resolu-
tion 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` = 2 π (∆N − 1)/∆φ. (e) Number of radially expelled ligaments N` as function of
the Weber number Wed for tin ( ) and MEK drops ( ). 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 ( ) is 4.4.
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7.8 Sheet breakup

The questions we aim to answer in the analysis of the sheet breakup are analo-
gous to the rim breakup: When does the sheet break and which characteristic
wavenumber is selected during the breakup? We already found an agreement
in § 7.5 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 [117]. The analogy suggest the same mecha-
nism 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 § 7.8.1 in more detail to convince ourselves that it shows typical
features of an instability before we propose a model in § 7.8.2 to answer our
questions.

7.8.1 Observations

We first recognize that the Weber number not only sets the expansion dynamics
(7.8) and (7.9) 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
experimental 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 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 7.11 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. 7.11 (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 wavenum-
ber 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 Bremond and Villermaux [117]. The mode se-
lection, i.e. the characteristic wavenumber kb observed in their experiments,
was captured in the analysis by an impulsive Rayleigh–Taylor instability. In
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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. 7.11 (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. 7.11 (a)) translates to a radial sheet expansion
of R/R0 > 6 (similar expansions are required to cause destabilization for tin
sheets). The scaling (7.10) 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 [127] as set by 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 § 7.3. 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 [128], 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 am-
plitude severely affects the topology of the liquid body. Following Bremond
and Villermaux [117], the sheets in our experiment are then most likely pierced
when the amplitude of the instability 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 [50], is expected to
show a stochastic nature. We therefore elucidate whether the hole nucleation
and the formation of the characteristic web of ligaments (Fig. 7.11 (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 § 7.4 are also visible in Fig. 7.11 (b–e) and are an indication for the desta-
bilization of the liquid sheet to occur. Vice versa, corrugations with a high
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spatial frequency are absent on stable sheets (Fig. 7.11 (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 corrugations as an indication where holes are likely to
occur. To this end, we use an image-analysis algorithm that is sensitive to spa-
tial frequencies much larger than the hole density, see Fig. 7.12 (a). From the
data of approximately 100 experimental realizations, one of which is shown in
Fig. 7.12 (b), we obtain the probability density function (PDF) for likely areas
of hole nucleation in radial direction as shown in Fig. 7.12 (c). Not surprisingly,
our quantitative analysis recovers the areas of hole nucleation that we already
identified visually in § 7.4: the neck and center region of the sheet breakup.
With the two regions identified by a bimodal gaussian distribution we recover
the PDF in azimuthal direction for each radial region (Fig. 7.12 (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 findings, the
final web of ligaments preserves the deterministic influence as illustrated for
a large Weber number We = 2000 in Fig. 7.13.

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 thickness that needed to be included in our quantitative description
of the expansion dynamics in § 7.6 to accurately describe our experimental
data. In addition, we noticed azimuthal modulations in the sheet thickness

Figure 7.11: (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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Figure 7.11: (Continued from the previous page.)
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Figure 7.12: 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 ( ), 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: , center: ). (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
( ) is well described by a two-component Gaussian mixture model g(r|µi, σi) ( )
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 ( , µ = 0.37, σ = 0.13) and the neck region ( ,
µ = 0.96, σ = 0.180) of the sheet. (d) PDF of the azimuthal position φ of preferred
hole locations for the center ( ) and neck region ( ) of the sheet breakup.
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Figure 7.13: (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.

in § 7.4. 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 § 7.2: 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 comparison to the spatial extent L of local thickness variations, that is
kbL � 1. In Fig. 7.14 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. 7.14 (b, c)). With the experimental observation of random hole nucleation
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Figure 7.14: Hole nucleation in the center of tin sheets at We = 30 000. (a) A single
realization of the experiment with individual holes highlighted ( ) as detected by
an image-analysis algorithm that is sensitive to variations in the gray value. Ap-
proximately 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
circle Lc/R0 = 2.7 in (a). For this area, the radial (b) and azimuthal distribution (c) of
nucleation events is obtained. The experimental distributions ( ) agree with the
corresponding prediction for a random nucleation process ( ), where it follows
from geometric arguments: PDFr = 2r/Lc and PDFφ = 1/(2π). The wavenum-
ber 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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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 anticipate 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.

7.8.2 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 in-
stability as mechanism for the sheet destabilization that is initiated by the
impulsive acceleration 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 external 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 accel-
eration. Our arguments are based on the analysis by Bremond and Villermaux
[117] 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 7.15 sketches the evolution of a Rayleigh–Taylor instability on a
deforming drop in three distinct phases. The first phase (Fig. 7.15 (a)) describes
the 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, (7.15)

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
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Figure 7.15: 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 per-
pendicular 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.

to each of the three phases. In the second phase (Fig. 7.15 (b)), the drop is
not accelerated any more but the Fourier modes continue to exist on a drop
that evolves into a sheet on the timescale τi. The third phase (Fig. 7.15 (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 [117], compare
also Fig. 7.15 (d). We neglect in our analysis the local thickness variations
(marked by Lc and Ln in Fig. 7.15 (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 (7.10) 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

, (7.16)
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where k̂c is the capillary wavenumber. Following Bremond and Villermaux
[117], 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 [117]

ω̂2
1 = k̂3 − k̂2

c,1k̂. (7.17)

The initial conditions for the shape function f (t) in Eq. (7.15) are

f1(t̂ = 0) = 1 and f ′1 =
d f1

dt̂
= 0, (7.18)

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 [117, 129]

d2 f1

dt̂2
= −ω̂2

1 f1(t̂) (7.19)

and is found to be

f1(t̂) = cos(k̂3/2 t̂) +
We1/2

k̂2τ̂e

(
1− cos(k̂3/2 t̂)

)
. (7.20)

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) ≈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 accel-
eration, that is k̂c,2 = k̂c,3 = 0. In phase 2, the dispersion relation (7.17) reads
then ω̂2

2 = k̂3 and the mode development is in view of Eq. (7.19) described by
f ′′2 = −k̂3 f2. The initial conditions

f2(t̂ = 0) = 1 and f ′2(t̂ = 0) = k̂We1/2 (7.21)

match the second phase to the result obtained in the first phase. The solution
is then a free harmonic oscillator

f2(t̂) = cos(k̂3/2 t̂) +
We1/2

k̂1/2
+ sin(k̂3/2 t̂). (7.22)

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 (7.22)
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will inevitably 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 § 7.4. We now assume a sheet expansion that is
fast in comparison to the frequency of the harmonic oscillation described by
Eq. (7.22), 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 (7.22)
in the limit k̂3/2 t̂→ 0 to obtain

f2 ≈ 1 + We1/2k̂t̂− 1
2 k̂3 t̂2, (7.23)

f ′2 ≈ We1/2k̂− k̂3 t̂, (7.24)

which is used to determine the mode k̂max with the largest growth rate accord-
ing 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
amplitude of the fastest growing mode is of the order of the sheet thickness
(Fig. 7.15 (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 dispersion relation for a thin sheet is ω̂3 = (kh)4/2 [117]
and when normalized in agreement with definition (7.16) we obtain ω̂3 =
ĥk̂4/2. In phase 1 and 2, we neglected 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 simultaneous 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/k2

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 (7.10) of the sheet then leads to

k̂ = k̂0 R̂−1 and
η

h
=

η0

R0
. (7.25)

Combining this self-similar stretching with the scaling laws (7.10) and (7.11)
for the sheet kinematics we now recognize that the instantaneous growth
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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, (7.26)

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 Bremond and Villermaux [117], 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, (7.27)

where we take into account the thinning (7.25). Once tb is known the wavenum-
ber at breakup k̂b is obtained by applying the stretching (7.25) 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

, (7.28)

kbR0 ∼
η0

R0
We
(

Ek,d

Ek,cm

)1/4

. (7.29)

These scaling laws for the breakup time tb and the characteristic wavenum-
ber 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 (7.10)
and (7.11) 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.
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The comparison of prediction (7.28) with experimental data for MEK and
tin is shown in Fig. 7.16. The breakup time tb is rescaled by Ek,d/Ek,cm accord-
ing to the prediction (7.28) 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. 7.16 the time of destabilization
in the neck region of MEK sheets. Also here, the experimental data and the
prediction (7.28) 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 thick-
ness 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 (7.10) 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 (7.29) for the characteristic wavenumber kb explains the
large Weber number We = 30 000 in Fig. 7.14 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 experi-
mentally 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 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 during 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 destabilization 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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Figure 7.16: Breakup time tb for MEK ( ) and tin drops ( ) 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 lines ( ) are the prediction (7.28) 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 in gray ( ), which follows the same scaling law with
η0/R0 = 10−2 and prefactor of 0.5.

7.9 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



152 CHAPTER 7. DROP FRAGMENTATION BY LASER-PULSE IMPACT

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 [42]. 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 in-
teraction. Consistently, 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 characteristic of each of the following
three phases: the impulsive acceleration in the 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 systems 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
system 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 excludes the thermal noise as source for initial perturbations, since
the thermal noise was found to be several orders of magnitude smaller in
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comparable systems [130]. We therefore attribute the difference in η0/R0 be-
tween the two systems to a macroscopic noise that originates in the different
laser-matter interaction at the drop surface. 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 nu-
cleation 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 ex-
perimental data leads to a phase diagram for the onset of fragmentation by
laser-pulse impact (Fig. 7.17). 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 expansion. The sheet breakup oc-
curs 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 destabiliza-
tion, 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 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 ( ) in Fig. 7.17. 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 elemen-
tary size distribution coming from a single ligament breakup depends on the
roughness and the size of the ligament [42, 49, 52]. 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
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Figure 7.17: 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 ( ) is separated from the unstable domain ( ) 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 (7.8) and the corresponding scaling (7.13) and (7.28) for the
breakup time, where the sheet breakup R(tb) is given for the neck ( ) and center
region ( ). The prefactor in each scaling is obtained from the experimental data in
Fig. 7.10 and Fig. 7.16, respectively. The maximum radius Rmax ( ) follows from
the sheet kinematics (7.8) for tmax/τc = 2/

√
27. At the same time, the radius Rfrag

( ) is an estimate for the extent of the cloud of fragments ( ) 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`).

distribution after ligament breakup is best described by a gamma distribu-
tion [49]. 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 [42]. Each of the two distribution accounted
for the breakup of a typical class of ligaments: one distribution for the radial
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Figure 7.18: 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.

ligaments and a second one for the remnant rim not completely converted into
radial ligaments. As pointed out by Villermaux and Bossa [42] the experimen-
tal data for the size distribution was obtained under very symmetric impact
conditions. In the currrent study, the high degree of symmetry observed in
the tin system, especially the clear observation of the characteristic wavenum-
ber 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 de-
scribed in detail by Lhuissier and Villermaux [52]. In this study, a planar
Savart sheet is seeded with small air bubbles to cause a random hole pierc-
ing 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
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fragmentation of the ligament structure leads to a broad size distribution of
fragments that was almost fully recovered by the elementary distribution for
a single type of ligaments [52]. Since the ligaments are strongly corrugated by
large-amplitude random capillary waves, even a single elementary distribu-
tion 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 Lhuissier and Villermaux [52] 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 collection of ligaments can be seen in Fig. 7.18 for a
single MEK sheet. We observe a variation in the typical size of ligaments by
more than order of magnitude. Furthermore, the inset Fig. 7.18 (c) reveals the
highly-corrugated cylindrical geometry of ligaments. We now recognize the
necessity to consider more than one elementary 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 elementary 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. 7.18 (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 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 [131]. On the other hand, the MEK system shows
large-scale facets that are set by the laser-beam profile (compare Fig. 7.13) and
not of universal nature. These influences need to be incorporated in an statisti-
cal 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 description of
the drop fragmentation that incorporates the chaotic and deterministic facets
of the ligaments formation.
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7.A 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 sheet away from the pillar with
thickness h(r, t) and radius R(t) with dynamics [42]

R(t)− R0

R0
=

√
Wed

t
τc

(
1−
√

3
2

t
τc

)2

, (7.30)

h(r, t) ∼ R3
0

Urt
=

R2
0 τc√

Wed rt
, (7.31)

ur(r, t) =
r
t
, (7.32)

where ur is the radial velocity inside the sheet. Here, we introduced the
rescaled Weber number Wed to account for different impact conditions in the
context of a laser impact in comparison to the mechanical impact on a pillar.

We now seek the relation between the Weber number We = ρU2R0/γ,
Wed and the energy partition

Ek,d

Ek,cm
=

∫ R
R0

u2
r hr dr

U2
∫ R

R0
hr dr

=
R3 − R3

0
3U2t2(R− R0)

, (7.33)

where we choose R0 as lower integration limit to avoid the singularity in
h(r, t) for r → 0. We evaluate expression (7.33) at the time τi, i.e. when the
topology of the spherical drop already changed to a thin sheet. We make us
of (R− R0) ≈ R0

√
Wed τi/τc and then (R3 − R3

0)/τ3
i ≈ R3

0 We3/2
d /τ3

c , which
is valid for Wed � 1 and t = τi. The center-of-mass speed U in Ek,cm is set by
the Weber number such that U2 = We R2

0/τ2
c in Eq. (7.33) leading to

Wed = 3 We
Ek,d

Ek,cm
. (7.34)

This results explains our rescaling in Eq. (7.8), where we introduce Wed in
accordance with our previous definition of Ek,d/Ek,cm in Eq. (7.7). We then use
the result of the early-time model Ek,d/Ek,cm ≈ 1.8 as explained in § 6, which
effectively initializes the late-time model with an expansion rate as predicted
by the early-time model for the flat-top beam profile used in the MEK system.
The near-field imaging and beam-shaping technique, which we explain in § 3,
is applied in this study only to improve the axi-symmetry of the beam such
that Ek,d/Ek,cm remains unchanged.
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8
Summary and Outlook

Light moves liquid matter in various ways. Photons exchange momentum
with a liquid sample as the light path changes at the interface between two
media of different refractive index, an effect described as optical radiation
pressure [57]. Intense field strengths are required to exert the radiation pres-
sure onto the liquid body, and therefore focused laser light is often used. Laser
radiation can also induce thermocapillary forces: the localized heating by
a laser, either directly by linear absorption of the light in the liquid sample
or indirectly by heating the substrate the liquid sample is in contact with,
introduces thermocapillary stresses [60, 61] that drive the fluid dynamics. This
effect of induced fluid motion by thermocapillary stresses is well-known as
the Marangoni effect [62]. A laser-induced phase change is another way to
move liquids by optical radiation, which allows for large deformations and
flow speeds to be reached, see e.g. Refs. [26–28, 33].

In this thesis we studied how a liquid drop responds to the impact of a
laser pulse that induces a phase change concentrated both in time and space,
i.e. localized to the drop surface and much shorter than the response of the
drop. The response was found to be violent as illustrated in § 2: the drop is
accelerated, strongly deforms, and eventually fragments. Shock waves, the
ejection of matter, and even plasma generation can accompany this process.
The goal of this thesis was to describe and understand the life of the drop:
starting with the laser impact, followed by the deformation of the drop and
how it depends on the laser-pulse properties up to the final breakup of the
liquid body into tiny fragments.

159
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An integral part of this thesis was the design, planning, and construc-
tion of an experimental setup as presented in § 3 to control and visualize the
fluid-dynamic response of a liquid drop to a laser-induced phase change. We
made use of a laser system that emits nanosecond, high-energetic pulses of
green light. The uniformity of the laser radiation was improved and even
controlled by a beam-shaping and near-field imaging technique before the
impact on the drop. A millimeter-sized drop of initial radius R0 was generated
from different liquid-dye solutions that we characterized in terms of their
absorption characteristics for green light. The response of the drop to the
laser impact was visualized by high-speed and stroboscopic high-resolution
imaging in two orthogonal views: a side-view perpendicular to the laser beam
and a back-view that was along the laser-beam propagation. The combination
of imaging techniques with exposure times down to a few nanoseconds re-
solved all relevant timescales that vary by orders of magnitude between the
nanosecond duration of the laser impact and the millisecond evolution of the
fluid-dynamic response. The setup enabled an operation at constant control
parameters with a shot-to-shot variation of less than 3%, which made strobo-
scopic imaging possible in the first place. Having developed an experimental
setup that allowed to visualize the impact condition of the drop as well as its
fluid-dynamic response, we explored the life of the drop upon laser impact as
explained in § 4 to § 7.

In § 4 we focused on the question how the laser pulse transfers momentum
to a liquid body that absorbs the laser energy. To this end, we limited the
laser-matter interaction to a thin, superficial layer of the drop. The thickness
of this layer is set by the amount of dye dissolved in the liquid and the
absorption characteristics of the liquid-dye solution at the laser wavelength.
We showed that the key driving mechanism for the fluid motion is the local
and asymmetric boiling of the liquid on the illuminated side of the drop. The
deposited energy per unit mass in the superficial layer is comparable to the
specific latent heat of vaporization. As a result this layer boils and a shock
wave is emitted in the surrounding air, followed by the directive emission of
vapor and mist. This expelled mass is only a tiny fraction of the total mass of
the drop but results in a recoil pressure on the drop surface. As a consequence,
the drop is impulsively accelerated as a whole, where the center-of-mass
velocity U is proportional to the laser-pulse energy once the threshold energy
that is needed to heat the liquid layer to the boiling point is reached.

The fluid motion can also be induced by plasma generation as studied in
§ 5 in collaboration with the Advanced Research Center for Nanolithography
(ARCNL). We demonstrated that a metal drop can be propelled by an expand-
ing plasma cloud in the vicinity of the drop surface. The drop is placed in
the focus point of a laser beam where the local fluence exceeds the limit for
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plasma generation. As soon as a plasma is generated within a fraction of the
laser-pulse duration, 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 on the drop surface accelerating the drop as a whole. Therefore, the
description of the drop propulsion by a short recoil pressure due to a forceful
ejection of matter is analogous to the vapor-driven drop. We found remarkable
one-to-one correspondences between the two propulsion mechanisms, includ-
ing the description of an analogous onset effect, even though the physical
origins of the propulsion are completely different.

We recognized the clear separation of timescales characteristic to both
vapor-driven and plasma-driven drops. The laser-matter interaction takes
place on a nanosecond timescale set by the laser-pulse duration τp and acceler-
ates the drop on the timescale τe during which the ejection of matter occurs.
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 γ on the capillary timescale τc = (ρR3

0/γ)
1/2. The clear separation of

timescales then reads
τe � τi < τc, (8.1)

which formed the basis for our understanding of the laser impact on a free-
falling drop: the laser impact induces a phase change that results in an impul-
sive acceleration of the liquid interface on the timescale τe that is much shorter
than the subsequent fluid-dynamic response on the timescale τi and τc.

The separation of timescales allowed us to treat the laser impact on a drop
in a general way, independent of the actual driving mechanism: the interaction
of a laser pulse with a liquid drop can successfully be modeled by applying a
recoil-pressure pulse to the drop surface as we showed in § 6. The deformation
of the drop can then be described in three stages. An early-time stage where
the spherical drop is accelerated and gains kinetic energy as a result of a recoil
pressure acting on its surface. In the subsequent stage the drop deforms into
a sheet, and a late-time stage where the sheet undergoes a surface-tension
limited expansion. An analytical model for the early-time stage when the
drop is still spherical provided the drop dynamics as a function of the laser-
pulse shape: the kinetic-energy partition inside the drop was obtained, from
which we derived the amount of deformation versus translation of the drop.
We found that, for a given propulsion of the drop, a maximal expansion
is obtained when the laser pulse is focused into a tight spot, which results
in a strongly curved sheet. By contrast, a flat symmetric sheet can only be
obtained with a uniform laser-beam profile. On the inertial and capillary
timescales boundary-integral simulations, validated in one-to-one comparison
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to experiments, revealed the details of the sheet thickness and curvature.
We also sought an analytical description of the drop deformation during

the late-time stage, since it is of crucial importance for the analysis of the
drop fragmentation. Assuming a flat drop, we derived an analytical thin-sheet
model to describe the expansion and recoil dynamics as controlled by capillary
restoring forces. The model approach is based on the separation of timescales
and allows to incorporate other models that are derived under the same
premise, such as a sheet model that was originally derived for the mechanical
impact of a drop on a pillar [42]. Each late-time model was initialized by the
kinetic-energy partition that is set by the recoil-pressure pulse on the drop
surface during the early-time stage. The spatial distribution of the pressure
pulse can be considered to follow that of the laser radiation at the drop surface
in case of vapor-driven drops. As such, the profile was accessible for a direct
optical measurement in our experimental setup. By contrast, the profile for
plasma-driven drops was found to depend on the plasma dynamics during the
laser impact. We described this effect by a power-law scaling for the kinetic-
energy partition in terms of the laser energy. Once this relation was known,
the models for the late-time sheet kinematics captured the characteristics of
the laser-matter interaction and could be used in a universal way for both
vapor-driven and plasma-driven drops.

With a description of the deformation at hand, we studied the fragmen-
tation of the drop as summarized in § 7. We identified two accelerations that
are orthogonal to each other 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 during the late-time stage. The second acceleration is caused by
capillary restoring forces and leads to a destabilization of the edge of the sheet.
In our model, we traced the amplitude of surface perturbations from the early-
time acceleration to the late-time deformation of the drop to obtain scaling
laws for the characteristic time and wavenumber of the breakup. We found
a good agreement between our model and experimental data. As the drop
deformation and fragmentation are ultimately the consequence of the very
same laser impact we found a signature of the laser-matter interaction in the
late-time fragmentation. We concluded that the initial perturbation amplitude
is set by a macroscopic noise that originates in the laser-matter interaction at
the drop surface. The breakup of the sheet 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. 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
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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 nucleation of holes on the liquid sheet was
found to be a randomly distributed process when observed on a length much
smaller than the extent of the deterministic thickness variations.

In summary, we described the life of a drop that starts with a laser impact
concentrated both in time and space and leads to a fluid-dynamic response.
In particular, we considered a laser-induced vaporization at the drop surface
and a laser-produced plasma cloud in the vicinity of the drop as driving force
for the fluid dynamics. The response of the drop can be summarized as a
characteristic change of the liquid topology: the spherical drop deforms into a
liquid sheet that expands radially under the influence of surface tension and
finally fragments. We provided analytical descriptions for the kinematics of the
deformation that we validated extensively. In addition, we demonstrated that
the interaction of a laser pulse with a liquid body can successfully be modeled
by applying a recoil-pressure pulse to the liquid interface. The details of the
laser-matter interaction are then described by an appropriate formulation of
the pressure profile. The drop fragmentation is caused by Rayleigh–Taylor
instabilities that destabilize the deforming liquid body, for which we derived
scaling laws in terms of the characteristic time and wavenumber of breakup.

A major step to characterize the drop fragmentation upon laser impact was
done in this thesis: the physical cause of destabilization was identified and it
was shown how it is affected by the laser-matter interaction. However, further
investigations are required to obtain a transparent description for the size
distribution of fragments. On the one hand, experimental effort is required to
measure the size distribution for the micrometer-sized, plasma-driven drops.
On the other hand, the two-dimensional structure of liquid ligaments that
emerges during the fragmentation needs to be described in a transparent way,
that is a formal description that incorporates the chaotic and deterministic
facets of the ligament formation.

The experimental setup described in this thesis can be used in future
research to study laser-matter interactions and laser-induced liquid motion for
a broader range of experiments: the target, in our case a free-falling spherical
drop, may be replaced with planar geometry such as a liquid film to study
the laser-induced forward motion, for example for non-Newtonian liquids or
viscoelastic hydrogels. In general, the laser impact upon a liquid target results
in a forcing, concentrated both in time and space, and can be visualized in
our setup. This allows for accurate and quantitative studies of laser-matter
interactions that induce fluid motion.

The separation of timescales (8.1) allowed us to decouple the fluid-dynamic
response from the details of their driving force. Our analysis of both the
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deformation and fragmentation made use of this principle. At the same time
we can indicate possible directions for future work that is required in case
this clear separation is not valid anymore. The first limitation is given when
the timescale of acceleration τe is of the order of the inertia timescale τi or
even longer. This case can be explored experimentally by making use of
laser systems with longer pulse durations than used in this work. The liquid
interface is then accelerated while the deformation takes place. This regime,
although challenging for an analytical treatment, has practical relevance as the
same kinetic energy can be supplied to the liquid body while the peak power
of laser radiation is reduced.

A timescale which was not of great importance in this thesis is the acoustic
timescale R0/c, which is the time for the recoil pressure to be transmitted
through the drop with the speed of sound c. In our experiments τe > R0/c
such that the pressure information is communicated inside the drop instanta-
neously in comparison to the duration of the acceleration. As a consequence,
our treatment of the liquid phase as incompressible was valid. However, we
already attributed early jetting phenomena in our experiments as described
in § 7.4.1 to compressibility effects, while the influence on our results was
found to be negligible. Much more violent experimental observations of com-
pressibility effects, such as cavitation inside liquid drops, were published
recently [132] and show a different fluid-dynamic response than described in
this thesis. First analytical work in that regime is currently being made [122].
The regime of τe < R0/c is also of increasing practical relevance in the near fu-
ture, since laser systems with pulse duration far below a few nanoseconds are
available and allow for driving forces of much shorter duration than applied
in this thesis.
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Samenvatting

In deze thesis kijken we naar hoe een vloeibare druppel reageert op de inslag
van een laserpuls. De laserpuls induceert een snelle en hevige faseverandering
zoals we laten zien in § 2: de druppel wordt versneld, vervormt sterk en
breekt uiteindelijk op. Dit proces gaat meestal samen met schokgolven in
de lucht, massa-ablatie en zelfs plasma generatie. Het doel van deze thesis
is het beschrijven en begrijpen van de levenscyclus van de druppel: van de
initiële laser inslag, naar de vervorming van de druppel en uiteindelijk naar
het uiteenspatten van de druppel in kleinere druppeltjes.

Een belangrijk aspect van deze thesis was het ontwerpen, plannen en
bouwen van een experimentele opstelling, zoals gepresenteerd in § 3, om de
druppel nauwkeurig genoeg te kunnen sturen en volgen om de faseverande-
ring en de dynamica goed te kunnen bestuderen. We maken hiervoor gebruik
van een lasersysteem dat hoge-energetische pulsen van groen licht uitzendt
gedurende enkele nanoseconden. De experimentele opstelling stelt ons in
staat om verschillende druppels met een straal R0 van enkele millimeters te
genereren met verschillende kleurstofoplossingen, met elk hun eigen absorp-
tie eigenschappen voor groen licht. De reactie van de druppel op de laserpuls
wordt met twee orthogonale camera standpunten bekeken: het combineren
van stroboscopische en hoge snelheidsopnamen met belichtingstijden van
een paar nanoseconden laat alle relevante tijdschalen zien. Deze tijdschalen
verschillen van ordegrootte van de nanoseconden duur van de laserpuls tot
de vloeistof dynamische reactie van de druppel op deze puls op een tijdschaal
van milliseconden.

In § 4 wordt de overdracht van de impuls door de laser puls naar de drup-
pel bestudeerd. We laten zien dat de laser inslag een zeer kleine laag aan het
koken brengt aan de belichte kant van de druppel. De geabsorbeerde energie
per massa eenheid in deze laag aan het druppeloppervlak is vergelijkbaar met
de specifieke latente warmte van verdamping. Deze laag kookt en er wordt
een schokgolf uitgezonden in de lucht, gevolgd door de emissie van damp en
mist. Alhoewel de hoeveelheid verdampte massa maar een klein deel is van
de totale druppel massa, zorgt de terugslagdruk toch voor een aanzienlijke
versnelling. We laten zien dat de snelheid van het massamiddelpunt U pro-
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portioneel is met de laser energie zodra de totale laser energie groter is dan de
energie die nodig is om de laag aan het koken te brengen.

In samenwerking met het Advanced Research Center for Nanolithography
(ARCNL) laten we zien dat laser inslag ook bij metaal druppels zorgt voor
een druppelversnelling, zie § 5. De druppel wordt echter in dit geval versneld
door een expanderende plasmawolk dichtbij het oppervlak van de druppel in
plaats van een mist wolk. Hoewel het voortstuwmechanisme compleet anders
is vinden we ook hier een minimale energie drempel en eenzelfde schaling
voor de snelheid van het massamiddelpunt U.

Er bestaat een duidelijke scheiding in tijdschalen die karakteristiek is voor
de twee bovengenoemde voortstuwmechanismes. Initiël vindt de druppel
versnelling plaats op een nanoseconde tijdschaal τe, bepaald door de hoe-
veelheid verloren, verdampte of geïoniseerde massa. De daaropvolgende
voortstuwing zorgt voor een laterale expansie van de druppel en vindt plaats
op de traagheidstijdschaal τi = R0/U. Uiteindelijk wordt de vervorming van
de druppel geremd door oppervlaktespanning, τc = (ρR3

0/γ)
1/2 die typisch

plaats vindt op de capillaire tijdschaal. Door de duidelijke scheiding van
tijdschalen, τe � τi < τc, kunnen we de laser inlag op een algemene manier
behandelen: de interactie van een laserpuls met een vloeibare druppel kan
succesvol worden gemodelleerd door een terugslagdrukpuls op het druppel-
oppervlak, zoals we in § 6 laten zien. De resulterende druppelvervorming
kunnen we vervolgens onderscheiden in drie stadia. Een vroegtijdig stadium
waarin de druppel wordt versneld door de terugslagdruk op het oppervlak.
Daarna een tussenstadium waarin de druppel vervormt in een dunne, vloei-
bare schijf. Uiteindelijk een laatste fase waarin de expansie wordt gelimiteerd
door oppervlaktespanning. In § 6 introduceren we een analytisch model voor
de vroegtijdige druppel vervorming als functie van de laserpuls vorm en
laser energie. Dit model stelt ons in staat om de ratio tussen de kinetische
vervormingsenergie en de kinetische translatie energie uit te rekenen. We
laten hierbij zien dat de maximale druppel expansie kan worden gekregen als
de laserpuls compleet gefocust is in een kleine spot. Echter, de uiteindelijke
druppel zal in dit geval niet symmetrisch vervormen in een dunne, vloeibare
schijf, wat alleen kan met een gelijkmatige laserpuls. De vervormingsevolutie
rekenen we uit met boundary-integral simulaties. We vergelijken deze simula-
ties met de experimentele resultaten en laten zien dat het model de druppel
vervorming uitstekend voorspelt.

Met een goede beschrijving van de druppel vervorming op zak kunnen
we nu focussen op de druppel fragmentatie zoals beschreven in § 7. Het frag-
mentatie proces wordt geleid door een Rayleigh–Taylor instabiliteit, waarbij
de perturbaties veroorzaakt worden door twee verschillende versnellingen,
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beiden in een andere richting en versterkt door de Rayleigh–Taylor instabili-
teiten op de vervormende druppel. De eerste perturbatie wordt veroorzaakt
door de versnelling van het oppervlak, waardoor destabilisatie van de schijf
op late tijdschalen zichtbaar wordt. De tweede perturbatie wordt veroorzaakt
door de capillaire versnelling en zorgt voor destabilisatie aan de randen van
de schijf. We volgen de amplitude van beide perturbaties van de druppelver-
vorming op vroege en late tijden. We leggen een schalingsmodel uit voor de
karakteristieke tijden en golflengtes van het opbreken. We laten zien dat er
goede overeenkomst is tussen dit schalingsmodel en de experimentele data.
Het opbreken van de dunne vloeistof schijf wordt uiteindelijk veroorzaakt
als amplitudes van de globale Rayleigh–Taylor instabiliteit groter worden
dan de lokale schijfdikte. Bovendien laten we zien dat er voorkeursgebieden
zijn waarbij de vlakke schijf eerst zal doorbreken, doordat er extra radiële en
azimutale afhankelijkheden zitten in de schijf, hoewel het eigenlijke opbreken
een random proces is.

Samenvattend hebben we de levenscyclus van een druppel beschreven,
wanneer een impulsieve faseverandering in de druppel de vloeistof dyna-
mische reactie van de druppel bepaald. We hebben bepaald dat de lokale
verdamping van het druppeloppervlak en een plasmawolk gevormd in de
nabijheid van de druppel de drijvende krachten zijn voor de dynamische
reactie van de druppel. De reactie van de druppel wordt beschreven als een
karakteristieke verandering in de topologie: de sferische druppel vervormt
tot een vloeibare schijf, welke radiël uitspreidt door de invloed van oppervlak-
tespanning. We geven een analytische beschrijving voor de kinematica van
de druppel, welke we extensief hebben gevalideerd. Daarnaast hebben we
laten zien dat de interactie van een laserpuls met een druppel goed gemodel-
leerd kan worden door een terugtrekdrukpuls op het vloeistofoppervlak toe
te passen. De details van de laser-druppel interactie kunnen dan beschreven
worden met dit drukprofiel. De fragmentatie van de druppel wordt veroor-
zaakt door Rayleigh–Taylor instabiliteiten, welke de groter wordende druppel
destabiliseren. Hiervoor geven we een schalingsargument waarbij we gebruik
maken van de karakteristieke tijd en het golfgetal van het opbreken.
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