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It is well known that dielectric breakdown in a liquid generates cavitation bubbles and shock waves.
Here we demonstrate that when the liquid is bounded by two solid glass boundaries (10—20-pum separa-
tion), rings of microscopic bubbles can be nucleated around the laser-induced cavitation bubble. While
generally acoustic nucleation is achieved with longitudinal waves of sufficient tension, this work demon-
strates that acoustic cavitation can also be generated from transverse waves. Our experiments identify three
waves originating at the boundaries: the fastest is the bulk wave in the solid, followed by a leaky Rayleigh
wave at the liquid-solid contact, which is trailed by a Lamb-type wave. For the latter, the two solid bound-
aries act as a wave guide and generate intense and short-lived cavitation activity within the gap. Streak
photography and high-speed photography reveal the microsecond-duration cavitation-bubble dynamics,
and subpicosecond strobe photography visualizes the mechanism of bubble nucleation from the accel-
erated surface. Simulations coupling the solid mechanics with the acoustics support the experimentally
observed mechanisms of transverse-wave-induced cavitation inception.
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I. INTRODUCTION

Water exposed to a pulling force may yield and rup-
ture, thereby forming cavitation bubbles. In the presence
of nuclei, a few bars of tension suffice [ 1—4], yet to induce
cavitation in small volumes filled with pristine water, much
higher forces are necessary. These extreme tensions from
negative 100 bar to more than negative 1000 bar can be
created with a quasistatic thermodynamic process such as
isochoric cooling of the water [5—9] or by focused acous-
tic waves [10]. Rarefaction waves also form by acoustic
diffraction [11,12] or on sound soft reflection of a shock
front (e.g., from laser-generated plasmas [13—16]). In gen-
eral, these laser-generated shock waves are used to com-
press matter and probe high-density states [17—21] with
pressures of several hundred gigapascals. Here we use
these pressures generated within the solid and describe
a liquid in contact with the propagating transverse wave
at the solid-liquid interface. Because of the high surface
normal acceleration, the yield strength of water is easily
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overcome and intense cavitation is generated. This tech-
nique thus allows us to probe in a time-resolved manner the
yield strength of a liquid in contact with a solid. The advan-
tages are the rather extreme tensile strengths achievable as
well as the microscopic access to the liquid while having a
rather simple setup. Present state-of-the-art yield-strength
measurements need elaborate preparation and are much
slower to conduct (see, e.g., Ref. [5]). Our method has
some similarity to laser-based ultrasonic techniques [22]
where the substrate is irradiated with a short and focused
laser pulse to excite surface waves (e.g., for nondestructive
testing of the substrate). While laser ultrasonics is done on
dry and wet substrates, we add a second substrate to sand-
wich a 10-20-um thin water film. Upon laser irradiation of
the solids, intense acoustic waves yield the liquid through
a special transverse wave, the Lamb-type wave.

The article is organized in the following way: First, we
describe the experimental setup that we use to observe
the effect. Then, we show our results obtained with dif-
ferent imaging methods (high-speed video, strobe, and
streak). In Sec. IV, we use a linear finite-element solver
to simulate the waves in the solids, which allows us to
identify the three main waves that we observe in the
experiment: a bulk wave, a leaky Rayleigh wave, and a
Lamb-type wave that nucleates the bubble rings. Next, we
discuss the expected deformation of the solids, tensions,
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and dispersion relations and give other supporting results:
from experiments with two thick boundaries and removal
of a paint layer due to bubble-ring collapse. Finally, we
present our conclusions in Sec. VI.

II. METHODS

A. Experimental setup

The experimental setup to generate and observe the
waves and cavitation dynamics is schematized in Fig. 1.
It consists of a microfluidic gap, a pulsed laser for gener-
ating the bubbles, and an imaging system. Submillimeter
bubbles are nucleated with use of a pulsed laser follow-
ing the classic laser-induced bubble method [23-25]. A
microscope objective focuses the laser pulse into the upper
surface of the liquid gap and the dynamics is imaged
through it, too. Illumination comes from the top, passes
through the microscope objective, and is reflected by
a half-mirror into one of three different cameras used
(see later). A frequency-doubled Nd:YAG laser (Q2-1064
series, pulse duration approximately 10 ns, wavelength
532 nm, and pulse energy between 0.1 and 1 ml) is
expanded with a telescope consisting of two lenses (f; =
—30 mm, f; = 100 mm) to fill the entrance pupil of the
microscope objective. The energy is controlled with a
pyroelectric energy sensor (ES145C, Thorlabs). The laser
beam passes through the half-mirror and is focused with a
10x microscope objective (UPLFLN10X2, Olympus, NA
0.3). The position of the focus is controlled by adjusting
the length of the telescope. By focusing the laser onto
the upper microscope slide, the threshold for optical break-
down decreases (specially for low-NA objectives). Dielec-
tric breakdown is produced that induces a rapid rise in
pressure from the expanding plasma. We estimate a max-
imum intensity of 2.6 x 10'> W/cm? when focusing on a
diffraction-limited spot with a diameter of 2.2 um and a
Rayleigh range of 7.14 um. The plasma rapidly expands
in the opposite direction to the laser beam and the size
of the light-emitting plasma region (transverse dimension)
obtains a diameter of about 20 um, while the size in the

(a) Illumination (b)
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Water

Camera *, Cover slip

Pulsed Nd:YAG laser, A = 532 nm

FIG. 1. (a) The experimental setup to simultaneously observe
and induce cavitation in a thin liquid gap. (b) Geometry (not to
scale) of the liquid gap with the position of the laser focus.

axial direction is larger and likely covers the thin lig-
uid gap. On expansion of the plasma, a shock wave is
emitted into the liquid and an expanding vapor bubble
(primary cavitation) is created when the plasma recom-
bines [26]. Besides the expanding cavitation bubble and
the shock wave, intense thermoelastic waves [22,27] are
emitted from the plasma volume into the glass and back
into the liquid. We further observe ablation of the glass
[28] due to interaction with the plasma and for sufficiently
high energies even cracks.

B. Microfluidic gap preparation

The microfluidic gap [Fig. 1(b)] is obtained by sand-
wiching 15-um-thick aluminum spacers between a micro-
scope slide (Marienfield soda-lime glass slides, 1 mm) and
a coverslip (Carl Roth, thickness no. 1) and is filled with
deionized water. The precision of the gap thickness is gov-
erned by the surface flatness of the glass plates and the
capillary forces. Measurements with micrometer screws
and a white-light interferometer determine variations of
less than 2 um of the gap height within the field of view.

C. Imaging

Three different imaging systems are used to observe the
complex physical processes occurring in the gap: high-
speed video recording, high-resolution strobe imaging with
a CCD camera, and streak-camera imaging. For the rel-
atively slow events, a high-speed camera (HPV-2, Shi-
madzu, Kyoto, Japan) recording up to 1 x 10° frames/s
with an exposure time of 250 ns and a resolution of 5.6 um
per pixel is sufficient. The illumination is provided by a
single 1-ms-duration camera flash (Auto 3075g, Sunpak,
Saitama, Japan) through a condenser lens. The camera is
triggered with a delay generator to begin exposure 70 ns
before the optical breakdown.

To gain more insight into what happens during the very
early moments after the laser is fired, we use stroboscopic
subpicosecond-laser-pulse illumination and a higher mag-
nification of 1.1 um per pixel that enables the visualization
of the relevant waves. In this way we are able to resolve the
wave propagation and cavitation nucleation by changing
the delay between plasma generation and the illumina-
tion. The imaging is done with a sensitive CCD camera
(PCO.1600, PCO AG, Kelheim, Germany) synchronized
to a fast laser strobe (FemtoLux 3 SH, EKSPLA, Vilnius,
Lithuania, pulse duration 213 fs at a maximum repeti-
tion rate of 50 MHz, wavelength 515 nm). A narrow
band-pass filter (FL514.5-3 laser-line filter, Thorlabs) is
placed in front of the camera and lets the strobe light
pass and reduces the bright continuum emission from the
laser plasma. The short exposure time freezes not only the
cavitation-bubble dynamics but also the waves traveling in
the liquid and solid, increasing the contrast.
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The axisymmetry of the bubble structure allows the use
of streak imaging to increase the temporal resolution and
to image the relevant dynamics in a single shot. For this
the streak slit of a streak camera (SC-10, Optronis, Ger-
many) is aligned through the center of the structure; see the
dashed lines (SL) in Fig. 3 (¢ = 21 ns). The events are illu-
minated with a flash lamp (L12745-02, Hamamatsu) with
a pulse duration of 2 us.

III. EXPERIMENTAL RESULTS

A. General dynamics

Figure 2 presents frames extracted from a typical run
where the events are recorded with the high-speed camera
after focusing of the laser pulse. The intriguing features are
the annular rings of cavitation bubbles formed shortly after
the laser-induced plasma. The bright spot in the center at
t = 0 (the time when the laser is triggered) is the location
of the focus and is caused by the plasma radiation from the
optical breakdown [29]. During the exposure of the first
frame lasting 250 ns, a cavitation bubble emerges from the
recombined plasma, yet remains hidden in the overexposed
image center. The bubble becomes visible after r = 1 us
and grows to approximately 540 pum in radius in the next
8 us. It reaches a maximum radius after approximately
40us and starts to shrink thereafter. See the Appendix for
the video (Video 1) of a similar experiment recorded at
500 000 frames/s and showing the dynamics of the primary
cavitation.

We hereafter refer to the central laser-induced bubble
as the primary cavitation bubble and refer to the annu-
lar rings as secondary cavitation. The formation of these
rings is already visible at # = 0, yet due to the finite expo-
sure time and their small size, they are captured with their
motion blurred. During the time interval of 180 ns between
the optical breakdown and the end of the exposure of the
t = 0 frame, bubbles at a distance as far as » &~ 560 um
are observed. We want to address the question of what
causes the nucleation of the secondary cavitation bubbles.

One would expect a pressure spike rather than a tension
wave from optical breakdown in a liquid [26,30,31]. After
1 us, the cavitation bubbles become prominently visible
on concentric rings that have grown to tens of microme-
ters and populate now the entire frame. The size of some
bubbles is sufficiently large to cover the liquid gap, even
if the bubbles are nucleated near the glass, where the cavi-
tation threshold is lower. At the same time, an area with a
radius of approximately 440 um around the focus position
has been cleared of bubbles. While the primary cavitation
bubble expands, the region of secondary cavitation steadily
shrinks and disappears, starting from the inner rim until
most of the image is cleared of bubbles; see the t = 8 us
frame in Fig. 2. Later the secondary cavitation bubbles
will rebound and collapse again; see Video 1. The perma-
nent dark spot in the center of each frame is caused by the
ablation of the glass.

B. Early dynamics

As observed previously, the phenomenon responsible
for the secondary cavitation is incredibly fast and happens
within the exposure time of a single frame from the high-
speed recording. To better understand what happens during
the first frame in Fig. 2 we use stroboscopic subpicosec-
ond imaging as described in Sec. IIC. Figure 3 depicts
single instants of time from four different experiments.
In the first three frames, the secondary cavitation bub-
bles are nucleated during the exposure time, = 21 ns and
t = 80 ns, and shortly afterward, r = 232 ns, of the first
frame in Fig. 2. The outline of the primary cavitation bub-
ble in the center shows some deviation from a cylindrical
cross section (¢ = 21 ns) and is surrounded by concentric
rings. The outermost ring, labeled B in Fig. 3, is caused
by the modulation of the index of refraction in the glass
by the fastest wave. The speed vg = 5380 + 51 m/s indi-
cates that the outermost ring is a longitudinal bulk wave in
the glass spreading spherically. The velocities are obtained
from multistrobed images with a 20-ns delay. The aver-
ages are obtained from seven runs on the same sample.

FIG. 2. Cavitation activity within a 20-pum-thick liquid gap following laser-induced dielectric breakdown: selected images from the
first 8 s from one high-speed recording taken at 1 x 10° frames/s with an exposure time of 250 ns. The central bright spot is from the

plasma emission.
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FIG. 3.

Stroboscopic and magnified view of the phenomena occurring in the gap. The t = 21 ns, ¢ = 80 ns, and ¢ = 232 ns frames

depict the events occurring during the first frame in Fig. 2 and shortly after. The outermost wave is from the bulk wave (B), followed
by a leaky Rayleigh wave (LR). The annular ring (C) is the cavitation region propagating outward. The ¢ = 1340 ns frame shows how
the cavitation bubbles have grown to resemble those in the second frame in Fig. 2. The dashed lines (SL) shows the position of the slit

of the streak-camera used to obtain the streak images (Fig. 4).

The bulk wave is followed by what we identify as a leaky
Rayleigh wave (LR in Fig. 3) [32] traveling at a promi-
nently slower speed vir of 3240 4 36 m/s. Closer to the
focus we observe an annular ring of microscopic cavitation
bubbles (C in Fig. 3). These bubbles appear to be at the
edge or even in front of the laser-induced shock wave in
the liquid, which is hard to observe because there is another
wave that propagates at a similar speed that nucleates the
bubbles. Later we identify it as a Lamb wave. The region
between this ring and the primary cavitation bubbles is
filled with a patterned region, which under close inspection
is composed of many overlapping spherical waves. These
waves are emitted from bubbles that collapse at the inner
rim of the ring (C in Fig. 3). Shortly after at = 232 ns
(from a different run) the diameter of the ring increases
(i.e., it propagates outward while some of the bubbles that
were imaged at an earlier time have already collapsed). The
velocity of the inner rim (where the bubbles are nucleated
first) of the annular cavitation ring v = 1510 &+ 82 m/s,
which is on the order of the speed of sound in the liquid and
similar to the speed of a laser-induced shock wave in the
liquid. The acoustic waves emitted from ring C toward the
primary cavitation bubble already indicate that the cavita-
tion bubbles undergo violent collapses. The last frame, at
t = 1340 ns, shows how the secondary cavitation bubbles
have grown to resemble those in the second frame in Fig. 2.
We do not observe luminescence or the emission of shock
waves upon collapse of the primary cavitation bubble. This
is an effect of the quasi-two-dimensional geometry of the
liquid that dampens the collapse [33].

While we reveal the formation and collapse of cavita-
tion within a gap, the question remains as to what induces
the necessary tensile stress for cavitation nucleation. We
take advantage of the axisymmetric geometry of our sys-
tem and use streak imaging (see Sec. Il C) to increase the
temporal resolution and capture the dynamics of the first
instants. A typical streak image is presented in Fig. 4 as an
r-t diagram. The vertical axis spans a distance of 1.2 mm,
and the time on the horizontal axis ranges from 0 to
1500 ns, which covers approximately the first two frames

in Fig. 2. The bright spot at » = 0 is from the plasma (lumi-
nescence spans about 100 ns), out of which the primary
cavitation bubble expands. Below the primary bubble we
observe horizontal stripes (secondary cavitation). Their
length increases quickly (at a rate of about 1700 m/s)
with time, and after about 300 ns the nucleated bubbles
remain for the duration of the streak recording, while the
bubbles that are nucleated before collapse within a few-
hundred nanoseconds. The rate at which the horizontal
stripes appear is the phase velocity of the wave generating
the cavitation region. Here we measure a maximum ini-
tial velocity of 1712 &+ 107 m/s (11 events), similar to the
expansion velocity obtained with the single-frame camera
as shown in Fig. 3. This velocity is similar to the speed
of a regular shock wave in the liquid and suggests that
the bubble rings are nucleated from the rarefaction part of
an acoustic wave. However, we are not aware of cavita-
tion inception being reported from a simple laser-induced
breakdown in a pure liquid (i.e., the shock wave emitted
in the liquid having sufficient tension). As the geometry
is very confined, waves in the solid may be responsible

Radius (mm)

1000
Time (ns)

FIG. 4. Streak-camera image with a height of 1.2 mm and a
width of 1500 ns. The bright spot is the plasma, followed by the
primary bubble and secondary bubbles.
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for the tension. However, in the experiments we do not
observe expansion of bubbles after the passage of the bulk
(B) wave and very rarely after the passage of the leaky
Rayleigh wave (LR). Thus, the wave that is creating the
rings of secondary bubbles is a different wave, which we
try to identify through comparison with simulations.

IV. COUPLED SOLID-LIQUID WAVES IN A THIN
GAP

A. Finite-element simulations

Normally, optical breakdown in a liquid results in the
emission of a shock wave and the generation of a cavi-
tation bubble. The experimental results indicate that the
secondary cavitation bubbles are nucleated by a wave
propagating at the speed of the laser-induced shock wave
but with sufficient tension to rupture the liquid. To under-
stand how the presence of the two glass boundaries allows
such a wave to exist, we use a simplified model that consid-
ers only exciting waves in the solids, which later leak into
the liquid. While the laser is focused on the upper micro-
scope slide, the plasma expands into the liquid gap and
onto the lower glass slide. We model this in a first approxi-
mation by symmetric loading of both glass boundaries. The
model yields reasonable results that are consistent with our
measurements and the geometry of the bubble rings. We do
not consider loading the liquid because we know that the
laser-induced shock wave propagates at a similar speed as
the wave originating in the solid that nucleates the bubbles.
We want to isolate the effect of the waves induced in the
solids. Also, the primary cavitation bubble is not consid-
ered, as the events that we report are much faster than the
primary-bubble dynamics.

The axisymmetric problem is solved with COMSOL MUL-
TIPHYSICS. The domain (see Fig. 5) consists of two layers
of linear elastic material (Solid Mechanics, solid, elastic
modulus £ = 63 GPa, Poisson ratio v = 0.2) sandwich-
ing a layer of a linear acoustic material (Pressure acous-
tics, Transient, actd). The coupling between the transverse
waves in the elastic solid described by the deformation
field u(x, r) of the glass with the acoustic pressure p (X, t)
in the liquid gap is done through the linearized Euler

Free boundary

Glass Low-reflective

z boundary

5

()

v f indri

= ngméndary Acoustic structure boundary Water CYlindric wave

S. 1loa ' radiation

1] +

X

< i .
Glass Low-reflective

boundary

Free boundary

FIG. 5. Geometry of the simulation domain with the bound-
ary conditions for solving the coupled acoustic-elastic wave
problem.

equation:

lV _ 9’u
RSN

)
where pr is the density of the fluid. The fluid pressure is
coupled into the solid mechanics as a normal force. The
loading of the solid is modeled with a spatial and temporal
localized pressure acting at the liquid-solid interface. This
pressure acts normal on the solid within a region of radius
R =10 pum and for a duration of the laser pulse At of
10 ns. This pressure from the plasma during the dielectric
breakdown of the solid is abstracted as

A a2 . (wt\?
_ JPcos (—) sin [ — for0 <t < At,
pr,n = 2R At

otherwise.

@

The pressure amplitude P = 10 GPa is motivated by
Ref. [27]. While we have no measurement of our own to
justify this value, the magnitude is a reasonable choice. In
particular, a similar pressure (6 GPa) was found to give
good agreement when comparing the shock-wave emission
and expansion of a bubble in a microfluidic channel [13]
with numerical simulations. In that experiment the pulse
duration is similar but the wavelength is larger: 1064 nm,
resulting in higher energy thresholds for optical breakdown
(compared with 532 nm). Another experiment [14], where
the laser parameters (pulse duration and 532-nm wave-
length) are essentially identical to those in this experiment,
reported optical breakdown in water with energies on the
order of 75 wJ. The resulting dynamics were simulated
with initial pressures of 2 GPa. Here the laser pulses have
about 10 times more energy, and hence an initial pressure
amplitude of 10 GPa is reasonable. Choosing a different
amplitude P will scale the reported pressures but would
not change the qualitative picture because all equations and
boundary conditions involved are linear.

B. Surface-wave generation in a thin gap

Snapshots of the solution from an axisymmetric sim-
ulation with a 20-um-thick water layer are depicted in
Fig. 6(a). The initial condition is the pressure p,; = 10 GPa
[13,27] acting for 10 ns on the solid boundaries in a circular
region of 0 < < 10 um to simulate the plasma pressure
from the laser-induced breakdown. Positive pressures are
depicted in red and tension is depicted in blue. The snap-
shots at times t = 20, 29, 59, and 89 ns reveal the formation
of a rather-complex sequence of waves originating from
the central region. At # = 20 ns, which is 10 ns after excita-
tion, the rightmost wave, with a small amplitude, is caused
by the longitudinal bulk wave in the solid that is leaking
into the liquid [B in Fig. 6(a)]). This wave is followed by
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FIG. 6. Simulations of acoustic wave propagation in a 20-pum-
thick water-filled gap. (a) Side view of the waves with tension
(blue) and pressure (red) for four instances of time. (b) r-t
diagram of the pressure at the center of the channel. The three dis-
tinct waves are the leaking longitudinal bulk wave (B), the leaky
Rayleigh wave (LR), and the Lamb wave. See the Appendix for
the video (Video 2) of the simulation.

the leaky Rayleigh wave [LR in Fig. 6(a)] creating Mach
cones in the liquid and is starting to separate from the cen-
tral region at ¢ = 29 ns. Experimentally, we do not observe
bubble nucleation at the position of the leaky Rayleigh
wave, probably because the most-negative pressures are
reached in the center of the channel and not at the glass
boundaries, where the threshold for nucleation is much
lower. At t =59 ns, a third wave can be distinguished
behind the leaky Rayleigh wave; it results from the reflec-
tions of waves between the glass boundaries. This wave
with negative pressure is followed by waves that alternate
between positive and negative pressures. It creates a sym-
metric deformation on the glass boundary, while traveling
at a much lower velocity than the leaky Rayleigh wave.
The separation of this symmetric wave traveling with an
acoustic velocity in the liquid from the leaky Rayleigh
wave is clearly visible at # = 89 ns. Our observations sug-
gest that bubbles are nucleated in the vicinity of this wave.
Figure 6(a) shows that this wave is bounded by tensions
that should nucleate the bubbles at the surface of the glass
(most-negative pressures at the surfaces). Then the bubbles
will expand to a few microns, essentially filling the liquid

gap.

These three waves are also visible in the r-¢ diagram in
Fig. 6(b), where the pressure in the center of the gap (z =
10 um) is plotted as a function of » and ¢. The first rather
weak wave [B in Fig. 6(b)] is caused by the driving of the
liquid by the bulk wave traveling in the solid at speed vg =
JE1 —=v)/(o(1+v)(1 —2v)) = 5602 m/s and leaking
into the liquid. It is followed by a leaky Rayleigh wave [LR
in Fig. 6(b)] traveling at vir = /E/Q2p (1 + v)(0.862 +
1.14v)/(1 + v) = 3116 m/s radiating into the liquid gap
as a Mach cone. The third wave has a velocity close to the
speed of sound in water and is excited by the bending of
the boundaries of the thin gap forming a symmetric Lamb
mode. Notice that the structure of the pressure fields for a
given radius is consistent with the bubble rings (Fig. 2) that
appear to be separated. This is explained by the alternating
positive and negative pressures for a given radius as time
increases.

C. Gap deformation from Lamb-type waves

We present some details on surface waves from the
finite-element simulations. Figure 7 depicts the deforma-
tion of the gap and the resulting pressure in the center of the
20-um-thick gap. Both curves are recorded at » = 130 um
from the center. The pressure is plotted as a solid line and
the change in the gap width is plotted as a dashed line.
The timing starts approximately at the expected arrival
time (¢ ~ 90 ns) of a wave traveling with the speed of
sound. After initial transient oscillations we see a nearly
harmonic oscillation pattern starting from ¢ > 105 ns. It
reaches a minimum pressure of 0.5 kbar and oscillates
with f; = 83 MHz and has a wavelength of 18 um. The
gap height varies by approximately 40 nm, from which
we can estimate a typical surface normal velocity u, of
22nf, ~ 10 m/s and acceleration a; of ZQ27f;)* ~ 5.4 x
10° m/s?, where 2 = 10 nm is the vertical amplitude of the
surface.
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FIG. 7. Pressure in the center of the gap (solid line) and change
of gap thickness (dashed line) during the propagation of the
Lamb wave.
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FIG. 8. Maximum tension generated by the Lamb wave as a
function of the plasma pressure.

D. Tension in the gap

The maximum attainable tension is a strong function
of the initial pressure (i.e., the plasma pressure of the
laser-induced breakdown). While we do not model this
process, we can test the effect a larger and a smaller pres-
sure would have on the tension created during the passage
of the Lamb wave. Figure 8 shows that the tension in
the liquid is a linear function of the plasma pressure. The
fit gives a slope of 7= 5.23 x 103 P,. This relation is
expected for the linear elastic solid and linear acoustic
model used in the simulations. Also the model predicts that
the homogeneous cavitation threshold of 1.26 kbar [34]
will be reached at a driving pressure P4 of 24 GPa, which
is smaller than our driving pressure of 10 GPa, supporting
the idea of bubbles nucleated close to the surface.

V. DISCUSSION

A. Wave generation in thin liquid gaps

Surface waves generated from a continuous and tran-
sient point load on a boundary between infinitely extended
solid and liquid domains propagating either supersonically
or subsonically with respect to the speed of sound in the
liquid. The supersonic wave is termed the “leaky Rayleigh
wave” as it radiates energy into the liquid and the subsonic
wave is termed the “Scholte wave.” While analytic solu-
tions for transient excitation exist for both waves [32,35],
only recently did Doinikov et al. [36] obtain solutions for
surface waves in a thin liquid gap. Their derived dispersion
relation recovers in the limit of zero mass loading of the
fluid the Rayleigh waves and recovers the Scholte waves
in the limit of high frequencies or an infinite large gap.
For thin gaps, however, the dispersion relation provides
a new solution; namely, a Lamb wave, which is typically
observed in thin elastic solids that are bounded by a vac-
uum [37,38]. In contrast to conventional Lamb waves in

solids, here the Lamb-type waves are expanding and com-
pressing the liquid. In the original study [36], the thin
liquid gap was sandwiched by two layers of soft rubber and
the pointlike loading was achieved with a bubble undergo-
ing stable volume oscillations. This symmetric excitation
leads to symmetric Lamb waves. In our present experiment
we cannot rule out antisymmetric waves, and therefore we
extended the derivation of Doinikov ef al. [36] to antisym-
metric modes. Also, while the theory is unchanged, the
application region is largely different in the present experi-
ment. First, the elastic modulus of the glass is many orders
of magnitude higher than that of soft rubber, and also our
excitation frequency is considerably higher as compared
with that for the acoustically driven bubble at a few tens
of kilohertz. We can estimate the driving frequency with
the round-trip time of the acoustic wave in the gap; that is,
f = c¢/2h ~ 40 MHz, where ¢ &~ 1500 m/s is the speed of
sound and # is the gap height of approximately 20 pm.

A sketch of the geometry solved for is provided in Fig. 9.
The system is axisymmetric with its center, » = 0 and z =
0, located in the liquid in the center of the channel. z =
h/2 is the upper boundary between the liquid and the solid,
and z = —h/2 is the lower boundary. The indices Hy and
H; indicate that the Hankel transforms of order 0 and 1
are used. While for the calculations of the deformation the
inverse Hankel transform is needed, we do not need this
additional complexity to calculate the wave velocity as a
function of w and A.

The displacements of the upper wall (j = 1) and the
lower wall (j = 2) are in the radial and vertical direc-
tions u;, and u;., respectively. ®;, ®;, and ¥; are scalar
functions of the wave number £ and are determined by
the boundary conditions. The boundary conditions for the
symmetric case (upper sign) [36] and for the antisymmetric

zZ 4
Glass
h/2

Water >
—h/2 ¥

Glass

Symmetric Antisymmetric
FIG. 9. The glass-solid-glass geometry. Axisymmetry is

assumed. A symmetric Lamb mode and an antisymmetric Lamb
mode of the two glass plates are depicted at the bottom.
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FIG. 10. Dispersion curve as a function of the elastic modulus

(a) and as a function of the gap height (b) (anti., antisymmetric
mode; sym., symmetric mode).

case (lower sign) are as follows:

Uiz = h/2) =l @ = —h/2), 3)
Uz = h/2) = Ful (z = —h)2), (4)
D, (k) = =P, (k), (5)

Dy (k) = 07 (k) = £D (k), (6)
Wy (k) = FWi (k). (7)

We can then write Eqgs. (2.41)+2.46) from Doinikov et
al. [36] with three equations for &, Wi, and ¢, as the
unknowns:

@®1 — kY +qr (1Fe ") ¢y =0, (8)
2kqi®y — (2k* — ke?) Wy =0, )
2
(22 — ) &) — 2k + L (1 £ e gy = —i,
2w
(10)

where g7 = k* — k7, with k; being the wave number for the
longitudinal wave, k; is the wave number for the transverse
wave, g2 = k> — k%, with kr being the wave number for
the sound field in the fluid. w is the angular frequency, oy is
the fluid density, u is the shear modulus of the solid, and O
is the magnitude of the point loading. Again the symmetric
case uses the upper sign and the antisymmetric case uses
the lower sign.

Using Cramer’s rule, we can solve these inhomogeneous
linear systems of equations. Solution of the dispersion
equation D(k) = 0, where D(k) is the determinant of the
above equations, results in the dispersion curves c(w) for
the symmetric and antisymmetric Lamb waves:

prktql£e "

Psqf 1 e_qfh,
(1)

D(k) = (2 — k?)’ — 4K quq, +

where py is the density of the solid.

Next we present the roots of Eq. (11), which are the
Lamb type of symmetric and antisymmetric waves. Figure
10(a) demonstrates this dispersion relation c¢(f’), where ¢
is the phase velocity of the wave and f = 27w is the
frequency for the symmetric (solid lines) and antisymmet-
ric (dashed lines) waves. The three pairs of curves are
for selected elastic moduli £ = 63,40, and 20 GPa and
gap height # =20 pum. The other parameters are p; =
2230 kg/m’, pr =998 kg/m?, and the speed of sound
in the liquid ¢, = 1481 m/s. In the limit of /' =— o0
the wave velocity approaches to Scholte-wave velocity
(i.e., i — oo for the symmetric and antisymmetric waves).
The speed of sound in the liquid ¢, is the upper limit
of the Lamb-wave velocity. We find that the symmetric
wave can propagate in the expected frequency range of 40
MHz for the elastic modulus of glass £ = 63 GPa, while
the antisymmetric wave may propagate only for a smaller
modulus.

FIG. 11. Stroboscopic and magnified view of the cavitation
activity within a 20-pum-thick liquid gap bounded by two thick
glass plates (1 mm).
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o

1ps After

Before

FIG. 12. Demonstration of cavitation erosion: at the locations
of cavitation activity (# =1 us) bright spots appear (see the
“after” image), indicating the removal of the thin film from a
waterproof marker.

The second dependency of the dispersion curve is the
gap height; see Fig. 10(b).

Lamb waves in solids have also been reported to create
acoustic waves [39]. To rule out that the Lamb wave in the
thin coverslip is responsible for acoustic waves radiated
into the liquid gap, we vary the thickness to a 1-mm glass
plate. We observe again a similar cavitation pattern; see
Fig. 11. Thus, a Lamb wave in the solid can be ruled out.

B. Removal of a paint layer

The violent character of the collapse of the secondary
cavitation is further confirmed in an experiment where a
thin paint layer is added on the glass plate (top). Snap-
shots of the experiment are presented in Fig. 12, and the
full video is available in the Appendix (Video 3). There we
observe that the smooth dark stripe on the left of the frame
before the cavitation activity (left frame) is pictured with
the bubbles present at = 1 s and long after (r = 210 s)
the collapse in the right frame in Fig. 12. The latter image
reveals many bright spots at the locations where bubbles
have appeared. This pattern resembles the erosion patterns
found on foils subjected to acoustic cavitation [40]. The
collapse of the secondary cavitation bubbles is sufficiently
intense to remove locally the film from the surface. Some
of the collapses are induced by the other positive-pressure
waves that eventually reach the bubbles or just regular
Rayleigh collapse. We do not expect that the collapse is
connected with the dynamics of the primary cavitation
bubble or the induced flow as it expands, as the dynamics
of the main bubble is much slower than the times involved
in this experiment.

VI. CONCLUSION

In summary, we demonstrate that cavitation in lig-
uids can be induced from intense transverse waves at the

liquid-solid surfaces of a thin liquid gap. Most promi-
nently, a Lamb-type wave nucleates cavitation bubbles of
diameter up to approximately 10 um that last for sev-
eral microseconds. Their collapses are sufficiently strong
to erode the surface and could open interesting perspec-
tives for treatments of metallic surfaces by cavitation
peening [41] or for surface cleaning [42,43] and biofilm
removal [44]. These transverse waves can be nucleated
only if the initial pressure disturbance is sufficiently strong
and confined. For the present experiments, the plasma
pressure from the laser-induced breakdown generates a
pressure of several gigapascals on an area with a diam-
eter of a few micrometers. The tension created from the
transverse waves provides a method to nucleate even
nanoscopic pockets of gases and test for cavitation nuclei
and their stability on substrates. Furthermore, the pre-
cise timing of the cavitation event with respect to the
nanosecond-duration laser pulse may offer an alternative
route to explore sonochemistry from cavitation-bubble col-
lapse spatially and temporally resolved [45]. The results
of these experiments are important for many applications
in microfluidic that use optical breakdown to pump [46]
and mix [47] liquids; switch [48] microscopic objects;
porate [49], stretch [50] and lyse [51] biological cells. In
general, this work will help set design limits for microflu-
idic systems that are actuated by large impulsive forces in
order to enhance or hinder the effect that we are report-
ing. Finally, the present simulations are limited to a linear
response of the solid. They should be expanded to account
for finite-amplitude effects and eventually coupled to a
multiphase-flow solver that can account for cavitation
nucleation.
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APPENDIX: VIDEOS

Here, we present the full-length video of the numeri-
cal simulation along with the recordings of two secondary
cavitation experiments. One recorded at 500 000 frames/s
shows the long-term dynamics and the other one shows the
removal of a paint layer.

024041-9



RAPET, QUINTO-SU, and CLAUS-DIETER OHL

PHYS. REV. APPLIED 14, 024041 (2020)

Ous T
P
o
ié
!
500 ym
VIDEO 1. Recording of an experiment similar to the one pre-

sented in Fig. 2. The recording speed is 500 000 frames/s with
an exposure time of 250 ns and a resolution of 5.6 um per pixel.
With the slower frame rate we capture the dynamics of the pri-
mary cavitation from nucleation to its first collapse. The bubble
is created at # = 0. The bright spot due to the plasma indicates
the position of the focus. Secondary cavitation is already visi-
ble as a darker gray-ring cloud of very fine bubbles around the
plasma spot. These bubbles grow to tens of micrometers in size
and disappear almost completely within 8 us, before rebounding.
The primary cavitation bubble is initially hidden by the bright
light from the plasma (¢ = 0). The bubble becomes visible after
t =2 us. It expands rapidly during the first 8§ us, maintaining
a quasicylindrical shape before slowing down and deforming. It
has a maximum expansion around ¢ = 34 us, then starts shrink-
ing, and reaches a minimum volume at = 128 us. We do not
observe luminescence or the emission of shock waves upon col-
lapse of the primary cavitation bubble. This is an effect of the
quasi-two-dimensional geometry of the liquid that dampens the
collapse [33].

08

VIDEO 2. Results of the simulation described in Sec. IV and
that covers a duration of 150 ns and the region shown in Fig. 5.
The acoustic pressure in the 20-pum-thick gap is plotted with red
colors (positive) and blue colors (negative) on a fixed and linear
color scale, shown to the right. The pressure range is =100 MPa.
Clearly the leaky Rayleigh wave and the Lamb wave are visible.
The bulk wave shown in Fig. 3 is not visible on the particular
scale.

VIDEO 3. Recording showing the removal of a thin paint layer
after nucleation of the secondary cavitation cloud. Thereafter the
paint particles are transported by the liquid flow induced by the
primary cavitation bubble. Selected frames are shown in Fig. 12.
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