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Cavitation bubble dynamics can be fast and violent processes involving matter at ex-
treme states. This is particularly evident in the context of laser-induced cavitation,
where relevant fundamental processes begin with (ultrafast) light-matter interaction
and plasma formation. The subsequent bubble generation, rapid expansion and gen-
erally, the collapse of cavitation bubbles are fast non-equilibrium hydrodynamic pro-
cesses. These processes involve the generation of shock waves and the compression
and heating of matter within the bubble to conditions where again a plasma can be
formed and sonoluminescence light is emitted. The fundamental understanding of the
underlying mechanisms and the characterization of cavitation dynamics requires a
wide range of physical sub-disciplines and is of high relevance for science and technol-
ogy. However, experimental access to the fast and small scales is challenging, placing
common optical techniques at the edge of their inherent limitations. This motivates
the exploration of alternative strategies and the development of novel methodologies.

X-ray microscopy based on propagation-based phase contrast is a well-established
high-resolution imaging method in material and biomedical research. Unique fea-
tures include a spatial resolution superior to that of classical optical techniques and a
quantitative contrast based on the electron density of the sample. In addition, X-ray
imaging allows to infer 3d structural information without distortions from curved
phase boundaries or plasma. So far, however, the potential of X-ray imaging in the field
of cavitation and hydrodynamics has remained largely unexploited. The main reason
is that X-ray measurements, even at modern Synchrotron sources, require exposure
times that are not suited to image fast dynamics. This is especially true considering
sample environments with large volumes of water, as is often needed when studying
cavitation dynamics. With the recent development of hard X-ray free-electron laser
facilities as the newest generation of X-ray sources, single-pulse measurements have
become possible. With that, the implementation of high-resolution coherent X-ray
imaging can now be extended and applied to problems involving fast hydrodynamics
in water.

In this thesis, we report on time-resolved X-ray imaging with free-electron laser
pulses as a novel experimental method to study cavitation dynamics. Our investigations
include three distinct scenarios, each of which is at the frontier of common experi-
mental capabilities. These are (i) femtosecond (fs) laser-induced optical breakdown
and cavitation, (ii) the collapse of a single sonoluminescent cavitation bubble and (iii)
the bubble collapse and liquid jet impact on a substrate. In the following sections,
these phenomena of cavitation dynamics are introduced and a literature overview
is given, including their relevance in research and for various applications. We will
address the strengths and limitations of common optical imaging techniques that are
used in this field. The fundamentals of phase-contrast X-ray imaging are introduced,
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with an emphasis on the progression from high-resolution holographic imaging at
synchrotrons to X-ray free-electron lasers.

In Chapter 2, we report on our investigation of fs laser-induced breakdown and
cavitation dynamics in water. Our results enabled a unique view of complex breakdown
scenarios due to multi-filamentation in the focused laser beam, with unmatched spatial
resolution. We report a continuous decrease of mass density during the early transition
from a breakdown plasma to a vapour-filled cavity, the emission of a shock wave
and the collective expansion dynamics of adjacent cavitation bubbles. In this way,
our measurements contribute to the understanding of non-linear propagation and
breakdown dynamics of ultrafast laser pulses in condensed media, the mechanism of
shock wave emission and cavitation dynamics.

In Chapter 3, we report on measurements of the periodic oscillation and collapse
of a single cavitation bubble which is trapped in an ultrasonic field and emits flashes
of visible light upon collapse (sonoluminescence). In doing so, we have imaged one
of the most peculiar hydrodynamic phenomena that, poses a great challenge to be
captured experimentally, due to the involved length and time scales. We explored the
capability of X-ray phase-contrast imaging to retrieve quantitative information on the
bubble size, shape and density distribution during its collapse.

Chapter 4 is on time-resolved X-ray phase-contrast imaging of the cavitation bubble
collapse close to a solid boundary. The bubble jetting dynamics were captured from
a perpendicular as well as an on-axis point of view. Our measurements enabled an
unobscured view of the intricate shape of collapsing bubbles and revealed an oblique
liquid jet with respect to the solid surface. 3d computational fluid dynamics (CFD)
simulations associate the inclined bubble jet with the distance to the edge of the solid
boundary. The simulations also allowed us to relate the jetting angle to the jet impact
velocity and pressure at the surface. Our investigation contributes to the understanding
of the process of cavitation erosion and its possible mitigation by structured surfaces.

Chapter 5 closes this thesis with a summary, discussion and outlook.

000 000000000 00 Dooinouioo obooood

Cavitation is the process of bubble formation due to critically over-heating or under-
pressurization i.e. a stress-induced phase change. This is the case for bubbles generated
in boiling water or, respectively, bubble generation behind the blade of a marine
propeller or in the flow in a venturi tube [[CHO6]. In the context of single or few
bubbles, cavitation phenomena are considered to be sudden and localized processes,
involving fast dynamics and small spatial scales [Bre14].

000000000000 OOo0oonod - Laser-induced cavitation is a process, in which a short
laser pulse is non-linearly absorbed in the liquid and creates an optical breakdown
plasma. The gas and vapour-filled bubble then forms during the expansion and cool-
ing of the plasma, as the excited molecules recombine [KHR97||. Similar cavitation
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bubbles can be generated with an electric discharge plasma. The high amount of
energy that is deposited in the case of a super-threshold optical breakdown usually
leads to a rapid bubble expansion, accompanied by shock wave emission and energy
densities similar to underwater explosions [VBP96]. Laser-induced bubbles can vary
in size from the sub-micrometre to the millimetre scale, depending on the deposited
energy [Vog+08]|. The initial bubble shape is determined by the breakdown plasma and
depends on the intensity distribution in the laser focus, as well as on the absorption
mechanism. J000000000 lasers produce localized plasma spots, where absorption is
dominated by electron cascade ionization, leading to spherical bubbles. The propaga-
tion of (00000000 laser pulses in transparent media is governed by nonlinear optical
effects, most prominently Kerr self-focusing. Together with nonlinear absorption,
dominated by multi-photon and tunnelling ionization, a balance of plasma defocus-
ing and self-focusing leads to the formation of elongated filaments. This concept is
sketched in Figure[L.1} For a detailed description we refer to the reviews of Couairon &
Mysyrowicz [CMO7], as well as Bergé et al. [Ber+07]]. In condensed matter, filaments
can reach the length of several centimetres of self-guided propagation at a narrow
diameter. As a result, femtosecond laser-induced bubbles feature an elliptical, quasi-
cylindrical shape or multiple breakdown regions along the optical axis [[Gei04; Koh10;
PM14; [Pot+14].

In medical applications, laser-induced plasmas and cavitation are utilized for ex-
ample for intra-cellular or tissue dissection [Vog+05}[Vog+07;|Lin+16]], such as oph-
thalmic surgery [Brel5;|Ass+21]]. Here, especially the disruptive effects of cavitation
bubble formation are exploited together with the precise spatial control of the laser
focus. In order to minimize collateral damage by shock waves, today usually ultrafast
lasers are employed. Technological applications include laser-mediated surface process-
ing or (periodic) micro-structuring (in a liquid environment) [Kru04; Mao+20;|Flo+20].
Ultra-fast laser ablation techniques are further used for controlled nano-particle gener-
ation [Kon+22[| or ablative 3d nano-structuring [Yan+22; JC23||. Ablation effects can
be enhanced or precisely controlled by exploiting cavitation dynamics. [Hua+23]. In
the context of bulk 3d material processing, confinement of the focused ultrafast laser
pulse due to filamentation is especially relevant [YJ23)].

00000 0000OMO - Gaseous bubbles in a liquid respond to convection, buoyancy as
well as changes in temperature and pressure. In general, the pressure difference at
the bubble boundary determines the dynamics of the bubble. The dynamics therefore
depends on surface tension, vapour pressure, the viscoelastic properties of the liquid
and external pressure. Importantly, the latter implies a sensitive response of a bubble
to acoustics and, at the same time, its ability to emit acoustic or shock waves. Hence,
bubbles move, expand or shrink which is in certain cases rather a violent collapse,
involving the compression of internal gases to extreme states. In the case of asymmetric
boundary conditions, such as in the vicinity of solid or soft objects or other bubbles,
the bubble deviates from an otherwise preferred spherical shape. This can lead to
asymmetric or directional collapse and the formation of a liquid jet, with possibly a
high impact force on a nearby object. In this thesis, modelling of bubble dynamics is
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