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Abstract. The phenomena occurring when short pulses of laser light are focused
into a liquid are reviewed from the first findings after the invention of the laser to
the present state of knowledge. Dielectric breakdown with plasma and bubble for-
mation, the breakdown shock wave, bubble dynamics with expansion and collapse,
and the bubble collapse shock wave or waves are addressed. Breakdown plasma
lengths as a function of laser pulse energy are given. The propagation speed of the
breakdown shock wave and the related shock peak pressure as determined by high
speed streak recordings for nano-, pico-, and femtosecond laser pulses focused into
water are discussed. Breakdown shock wave velocities up to 5000 m/s and peak
pressures up to 100 kbar are reported for these monopolar acoustic pulses for laser
pulse energies up to some 10 ml. In tissue bipolar pressure pulses are observed
due to the elasticity of the medium. The widths of the shock waves reach values in
the range of tens of nano seconds to beyond 100 ns. The simultaneously generated
breakdown bubble gets about half of the energy of the shock wave. Bubble energy
rises linearly with the laser pulse energy with different slopes depending on the
laser pulse duration. Equations for bubble dynamics are given and compared with
laser induced bubble dynamics. Strength and width of bubble collapse shock waves
measured with PVDF and fiber optic hydrophones are presented together with the
breakdown shock waves. Similar values are obtained for both collapse and break-
down in the bulk of the liquid. Shock wave emission from bubbles collapsing near
boundaries (solid and elastic) is discussed together with applications in cleaning and
erosion or cell destruction.
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1 Introduction

Soon after the invention of the laser the interaction of its coherent light with mat-
ter attracted the attention of many a researcher. At first, mainly the propagation of
laser light through gases and (transparent) solids was investigated to study nonlinear
electromagnetic wave propagation and wave interaction. Thereby, for instance, sec-
ond harmonic generation, now abundently used, came into being. Investigations of
laser light interaction with liquids were rare at that time. Only comparably few arti-
cles appeared in the 1960s covering the aspect of focused laser light in liquids, the
topic of the present chapter. In a time span of ten years after the first report in 1963
[1]] about one article only appeared per year [} [2, 3 4} [5 [6] [7, [8 Ol [T0]]. The first
experiments started with Q-switched ruby laser pulses (wavelength 694.3 nm, pulse
width about 30 ns, energy per pulse about 0.01 to 0.2J [3L 5], focal beam diameter in
the order of 35 um [4])) focused into water and some other liquids. However, other
wavelengths (1.06 m from a neodymium (glass) laser [4} [7]]) soon came into use.

A variety of phenomena was observed: Dielectric breakdown, plasma formation
with white light generation, shock wave emission and bubble formation. As to di-
electric breakdown, it was found to occur beyond a certain threshold value of laser
power only, without details given at this first stage of development of the research
area. Among the first quantitative results are data for plasma temperatures and shock
wave strenghts. A plasma temperature of 15000 K was measured from the flash of
white light emitted during breakdown by comparing the measured spectrum with
spectra of blackbody radiation [6]]. Pressure waves of about 500 bar were detected
at a distance of 3 mm from the breakdown site, measured with a broadband acous-
tic probe (a hydrophone) [3]]. A sharp, audible click is reported accompanying the
breakdown phenomenon. The frequency content could be measured up to 2.4 GHz
with the higher frequencies being damped less than to be expected for water at
the respective frequencies, indicating a shock wave, where energy from the lower
frequency components is fed into the higher ones. Shock waves of 230 kbar were
determined from the shock velocity in water of 7 000 m/s, when focusing the laser
beam onto a submerged solid (metal) surface (platinum wire) [4]]. Also photographs
(shadowgraphs) of the shock waves are given there.

As to bubble formation, at first many bubbles and strings of bubbles along the
optical axis of the (weakly focused) laser beam were noticed [3L[4]. A single
bubble with its shock wave is given by Carome et al. [5]], the bubble being described
as “The small dark circle is the shadow of a slowly expanding region of the liquid
affected by thermal diffusion and other processes occurring about the point of break-
down”. This bubble was obtained in a dust free sample of distilled water. In tap water
multiple breakdown sites were observed. The complete cycle of the phenomena fol-
lowing laser induced breakdown including bubble expansion and collapse has first
been described by Felix and Ellis [7]. They even noted several types of bubbles in
their experiment with Q-switched pulses of 50 ns duration from a neodymium glass
laser: A big one lasting about 650 s, many small ones around the focal region sug-
gested to come from the tension part of the shock wave radiated during breakdown,
the bubbles lasting for about 100 - 200 us, and many small bubbles appearing in the
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“up-beam” conical focal region suggested to be formed by the temperature rise due
to radiation absorption.

In the 1970s, the aspect of bubble formation by laser induced breakdown has been
emphasized by Lauterborn [9, [I1] and Lauterborn and Bolle [12] who investigated
the dynamics of the breakdown bubble or bubbles by high speed photography and
later high speed holography (Lauterborn and Ebeling [[13]]) as a means to further the
investigation of cavitation bubble dynamics in general. Buzukov and Teslenko
and Akmanov et al. [10] focused their work on laser induced bubble collapse lumi-
nescence. In [9]], besides high speed photography of the laser generated bubble or
bubbles, the shock wave emitted upon breakdown is observed via the compression
of a small bubble nearby, confirming and extending the shock wave measurements
of Carome et al. [3]]. In [11]], among other results, the three different types of bub-
bles found by Felix and Ellis for neodymium glass laser light are also found
upon focusing pulsed ruby laser light into water and are documented by high speed
cinematography (Fig. [[). The focal cone bubbles (also visible in the “down-beam”
cone) form dense clouds and reappear upon collapse of the laser generated main
bubble, as do the bubbles scattered in a spherical region around the breakdown site.
Both bubble populations have a life time much shorter than the main bubble, be-
cause they are much smaller. They are both induced by shock waves, in their first
life cycle from the shock wave of the laser induced breakdown process, and in their
second life cycle from the shock wave of the bubble collapse process, as they do
not appear with the unfocused laser beam. Their first appearance presumably is
caused by vaporization around impurities due to absorption of the laser light and
the subsequent compression with rebound leading to an enlargement of the nuclei
or, else, by compression and rebound of preexisting gaseous nuclei. The second ap-
pearance can only be due to compression and rebound of preexisting nuclei as no
laser beam is present. This is confirmed by the observation that many of the bub-
bles appearing in the first cycle also can be found in the second cycle. In [12], the
dynamics of a laser generated bubble in the neighborhood of a solid boundary is in-
vestigated to study the peculiar high speed liquid jet formation towards the boundary
experimentally for comparison with theory [14]]. In [13]], photographs of the break-
down shock waves and breakdown bubbles are given from reconstructed 3D images
of holographically taken sequences. In these images the intense white light from
the breakdown plasma is suppressed (see section 3). Teslenko [15] investigated the
dependence of the maximum bubble radius and of the maximum pressure of the
breakdown shock wave (hydrophone response time 100 ns) at a distance of 1.5¢cm
from the breakdown site on laser pulse energy (Q-switched ruby laser with pulse
energies between 0.1 and 1], pulse durations between 10 and 70ns, focal length
of the focusing lens 2 cm). In distilled, degassed water he found maximum radii
between about 0.25 and 0.6 mm and maximum pressure values between about 50
and 100 bar (at a distance of 1.5 cm). He also gives breakdown shock wave strength
versus maximum bubble radius and finds, that more laser light energy is converted
to mechanical energy for shorter laser pulses (in the range 10 ns to 70ns). Ebeling
[16]) developed a theory and numerical code to describe bubble expansion and col-
lapse with shock wave emission. The unknown initial conditions were determined
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Fig. 1 Laser generated breakdown bubble in water with shock wave induced focal cone bub-
bles (in the upper part of the left film strip and the lower part of the right film strip) and
bubbles scattered in the vicinity of the breakdown bubble site (in the upper frames of the
left film strip) and bubble collapse site (in the lower part of the right film strip). Spherical
flask with 250 ml at reduced pressure of 400 Torr. The time between frames is 167 us. The
Q-switched ruby laser beam (30 ns to 50ns pulse width, wavelength 694.3 nm) is focused
from the right [T1].

iteratively to fit the maximum bubble radius attained and the rebound oscillations.
To find good parameters for both the breakdown shock wave and the bubble collapse
shock wave simultaneously proved difficult, presumably mainly due to internal pro-
cesses in the bubble not being considered, for instance heat conduction and mass
transfer processes (evaporation and condensation). At the end of the 1970s a col-
lection of articles appeared covering the aspect of laser induced breakdown, called
“optic cavitation”, with examples of breakdown shock waves, bubble formation,
collapse shock waves, jet formation (near a solid boundary and initiated by bubble
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Fig. 2 Hydrophone signal from the pressure pulses emitted during laser induced breakdown
and from the subsequent bubble collapses. Q-switched ruby laser pulse. 7, is the collapse
time from the preceding maximum bubble radius. (Adapted from [31] in a design of Thomas
Kurz).

interaction), bubble collapse luminescence and holographic generation of multiple
laser induced breakdown sites [[17, 118,19, 20, 21} 122]].

In the 1980s, the aspect of shock wave generation and bubble formation has
been resumed by Hentschel and Lauterborn [23] 24, 25], Shima and coworkers
[26L 27, 28], Fujimoto et al. [29], Vogel et al. [30, 131} 32] and Zysset et al. [33].
In these years, medical applications of shock wave generation and bubble dynamics
were emerging, mainly for intraocular microsurgery [30] and lithotripsy of kidney
stones [34]. The width of the shock waves (full width at half maximum of the pres-
sure pulse) at breakdown and at bubble collapse could be determined. They were
found to be about the same and lie in the range of 20 to 30 ns [31]. Also the pressure
amplitudes were found to be approximately the same for the breakdown shock wave
and the bubble collapse shock wave and to amount to about 60kbar for a bubble
reaching a maximum radius of Rpyax = 3.5 mm. The maximum radius, Rpnax, was
found to scale with the cube root of the laser pulse energy over a large range of laser
pulse energies for ns and ps laser pulses [33]. An example of a pressure signal from
Q-switched ruby laser induced breakdown and the subsequent bubble dynamics is
given in Fig. [2lin low time resolution. Four shock waves can be seen, the first one
from the breakdown, the second one from the first collapse of the laser generated
bubble and the two further ones from the successive collapses of the bubble. Seen
from the shock waves, it seems as if the first collapse inverts the breakdown pro-
cess, inasmuch as light is emitted at bubble collapse from a collapse plasma [, 110].
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Fig. 3 Hydrophone signals of the pressure pulse (upper row) emitted at laser induced break-
down (left) and at the subsequent bubble collapse (right). Distance between hydrophone and
laser induced bubble site is § mm. In the lower row the respective signals are shown taken with
an optical detection system at a distance of 1.2 mm from the breakdown site. Q-switched ruby
laser pulses of energy 200 mJ. (Adapted from [32]).

Typical pressure pulses from a PVDF hydrophone with a rise time of 145ns and
from a photodetector with a temporal resolution of 10ns are shown in Fig.[3l The
breakdown pulse features a steep rise, whereas the collapse pressure pulse is pre-
ceded by a relatively slow pressure rise within 1 to 2 us followed by a steep rise of
the shock wave detaching from the bubble. This can be explained by the pressure
buildup in the liquid near the bubble during collapse as a result of the inflowing
liquid that is not present in the breakdown [35] [36].

The subsequent years from the 1990s to the present have seen a wealth of in-
vestigations on laser induced breakdown in liquids with bubble and shock wave
formation as applications were emerging and expanding, in particular in the medi-
cal area. These investigations are presented in the next sections and ordered in the
sequence of the phenomena occurring. In section 2, the conditions for breakdown
(irradiance, pulse width, pulse energy of the laser light) and the first steps of the
breakdown (plasma formation, temperature and pressure buildup) will be discussed.
In section 3, the focus is on the shock wave emission at breakdown (measurement,
pressure distribution and propagation). In section 4, bubble formation and its dy-
namics is discussed and in section 5, shock wave emission at bubble collapse is
presented. The chapter closes with section 6 on applications that emerged, for in-
stance in cavitation physics, pulsed laser ablation, laser lithotripsy and micro- and
nanosurgery.
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2 Laser Induced Breakdown in Liquids

Laser induced breakdown and plasma formation in pure, transparent liquids (water)
is effected by a combination of photoionization, inverse Bremsstrahlung absorption,
and cascade (avalanche) ionization to yield free electrons that in larger amounts, to-
gether with the positive ions, form a plasma [37, 38, 39]. The processes taking place
during breakdown are depicted in Fig.dl Here, water is modeled as an amorphous
semiconductor as “the breakdown probability has a dependence on the laser
field similar to that found in solids” [41]].
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Egip =15%A f=============--~-
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impact ionization ~
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potential gap = —osc ~r
Valence
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Fig. 4 Visualization of photoionization, inverse Bremsstrahlung absorption and impact ion-
ization leading to photoinduced breakdown and plasma formation. (After Vogel et al. [39]).

Avalanche breakdown only starts, when quasi-free seed electrons are present
in the conduction band that are usually produced by photoionization of the liquid
molecules through multiphoton absorption or tunneling. Impurities in the liquid may
significantly lower the breakdown threshold through the easier production of seed
electrons by absorption. The seed electrons then may absorb laser photons by in-
verse Bremsstrahlung absorption, thus gaining kinetic energy. Once the kinetic en-
ergy sufficiently exceeds the effective ionization potential, the electron may transfer
part of its energy to a bound electron by a collision (or impact) to generate a fur-
ther seed electron (impact ionization). The two seed electrons repeat the uptake of
energy from the laser beam by inverse Bremsstrahlung absorption and impact ion-
ization starting a cascade with exponential increase of electrons. Loss mechanisms
(inelastic collisions, diffusion of electrons out of the laser beam) lead to a threshold
in irradiance for breakdown to occur and a plasma to be formed [38]. The energy
of the free electron is transferred to the molecules by collisions and electron-hole
recombinations, which leads to a rapid rise of temperature and pressure.

A table of measured thresholds has been compiled by Vogel et al. [39], whereby
different definitions for the breakdown threshold are considered (visible plasma light
emission; detectable bubble). Threshold values are in the order of 10'" W/cm? for
pulses with a few ns duration and 10'3 W/cm? for 100-fs pulses. Data exhibit large



74 W. Lauterborn and A. Vogel

variations of the order of one magnitude, due to the statistical nature of the break-
down (for ns pulses) and varying experimental conditions in different experiments.

Whereas the breakdown threshold is difficult to determine, the extent of the
plasma formed can easily be measured by photographic means [42} 43, [44]. Fig-
ure [5] gives the plasma length in the direction of the laser beam for 6 ns and 30 ps
Nd:YAG laser pulses in dependence on laser pulse energy (a) and on the normal-
ized laser pulse energy (b), normalized with the threshold energy Ey, (2.4 uJ for
30 ps pulses, 141 uJ for 6 ns pulses). The plasma length is considerably larger for ps
laser pulses (~2.5 times larger in this typical case of pulse widths and at the same
pulse energy). However, when the same data are plotted versus the normalized laser
pulse energy, the ns pulses show a larger plasma length. This is due to the larger
volumetric energy density achieved at longer pulse durations that results in plasma
enlargement due to radiative energy transfer [43]).

The maximum temperature in the breakdown plasma is found spectroscopically
to lie between 6000 K and about 15000K for ps and ns laser pulses [37]. Sub-
picosecond laser pulses may lead to optical breakdown with detectable bubble
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Fig. 5 Plasma length as a function of laser pulse energy (a) and normalized laser pulse energy
(b) for ns and ps pulses focused into distilled water. Nd: YAG laser, wavelength 1064 nm, 30 ps
and 6 ns pulses. Focusing angle 22°. (After Vogel et al. [43]).
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formation but without detectable light emission. Therefore, temperature values con-
nected with the breakdown can not yet be given for all cases.

Besides the temperatures, the pressures in the breakdown plasma are of interest.
The pressure buildup in the breakdown volume can not be measured directly, but
may be inferred from the temperature rise or the initial velocity of the shock wave
at the rim of the plasma. The thermalization of the kinetic energy carried by the free
electrons heats the focal volume without time being left for acoustic relaxation for
short laser pulses. Therefore, at the end of the laser pulse (ps or fs duration), the
maximum pressure is attained [39]. The pressure developed during plasma forma-
tion will act as a disturbance in the liquid and propagate away from the breakdown
volume into the liquid. There, it can be measured with a fast hydrophone or by
optical means [29] as a pressure pulse or shock wave. These investi-
gations are discussed in the next section on shock wave emission (section 3).

A more thorough account of the conditions for and processes at laser induced
breakdown (LIB) can be found in Kennedy et al. [37], mainly for ns and ps laser
pulses, in Noack and Vogel [38]], and in Vogel et al. [39], mainly for fs pulses.
In these reviews, multiphoton, impact and avalanche (cascade) ionization are dis-
cussed in depth. Kudryashov and Zvorykin [47], starting from their experiments
with (248nm, 25ns, <0.12J) KrF laser pulses, discuss a new pathway to elec-
tron avalanche evolution by considering the influence of the dissociation of water
molecules to free radicals (mainly H and OH) on the breakdown sequence of events.

A different model for laser induced breakdown has been proposed by Byun and
Kwak [48] for the case of not extremely high laser power and pulses of duration
above the order of picoseconds. They treat laser induced plasma formation as a phe-
nomenon of laser induced thermal breakdown resulting from an absorption driven
temperature rise to the superheat limit with subsequent explosive evaporation start-
ing at the center of a spherical volume defined by the focal volume of the focused
laser beam where the pulse energy is deposited. That way they arrive at initial con-
ditions from where to start calculations of shock wave emission and (vapor) bubble
growth. The authors report a reasonable agreement with experimental data of shock
wave strength from Noack et al. [49].

3 Shock Wave Emission at Breakdown

When investigating laser induced breakdown, it was soon noticed that shock waves
were produced, visible in photographs or shadowgraphs of the breakdown area [4]].
The exposure time of the photographs must be short enough to stop the motion of
the shock wave. Today this presents no problem with short laser pulses and short
electronic shutter times. However, the bright light emitted during breakdown may
overexpose the optical sensor or photographic material blurring the breakdown site.
A method to overcome this experimental difficulty is high speed holography, where
a scene is illuminated by coherent light and the image stored in the hologram is
reconstructed with the same coherent light [13]]. Then the incoherent light from the
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Fig. 6 Shock wave emission and bubble formation after Q-switched ruby laser induced
breakdown in water. Reconstructed image of a hologram taken 1.75 us after breakdown.
Laser beam coming from the right. Picture size is (height x width) 1.1 mm x 1.6 mm [13]..

plasma is not recorded as an image, but only constitutes a continuous background
on the hologram that is not reconstructed. An example of a breakdown process taken
holographically is given in Fig.[6l Bubbles and shock waves, even the reflections of
shock waves at neighboring bubbles, can be seen that otherwise would have been
lost. The threedimensional structure of the shock waves is also present when look-
ing through the hologram, but difficult to transfer to normal print. The method has
even been extended to high speed holocinematography [20} (50, 24] 25]]. The trend
for digital photography has not yet lead to an equivalent digital holography and
thus this experimental tool is at present outdated. Holography, however, has seen
a renaissance in producing laser induced breakdown with intended multiple break-
down sites. Whereas in the first attempts [[18], 22] the holographic material had to
be properly exposed and chemically processed to arrive at a phase only hologram,
modern digital spatial light modulators may directly serve as a phase hologram for
producing multiple breakdown sites, for instance for bubble interaction studies [51],
nonspherical bubble generation [52] and multi-point laser microsurgery [33]].

By using large image magnification together with bright illumination, overexpo-
sure by the plasma irradiation can be avoided, and photography, shadowgraphy or
schlieren photography are sufficient to follow the shock waves and bubble growth in
time. Figure [ gives an example for a (10 mJ, 6 ns) laser induced breakdown event
[43]. Each frame is a photograph from a different laser shot, but due to the excel-
lent reproducibility of the event sufficiently far beyond the breakdown threshold a
sequence can be constructed giving the evolution of plasma formation, shock wave
emission and bubble formation and expansion. The detachment of the shock front
from the plasma occurs immediately after plasma formation, because its velocity
is always larger than the particle velocity behind the shock front. This can be seen
in the first frame of Fig. [l The plasma formation begins at the beam waist and
grows into the incoming focal cone of the laser beam as long as the laser beam lasts
[54]. The shock wave first detaches from the plasma tip whereas the plasma tail is
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Fig. 7 Shock wave emission and bubble formation during the initial phase of laser induced
breakdown in water. The Nd:YAG laser beam of wavelength 1064 nm is focused from the
right. Laser pulse of 6 ns duration and 10 mJ energy. Scale bar = 100 um. The focal point is
given by the arrow in the first frame (upper left). The arrowheads in the second frame of the
second row show the section through the photographs, where the shock wave radius and the
bubble radius have been measured. (After Vogel et al. [43]).

still growing fed by the laser pulse. More details on plasma formation, shock wave
emission and the initial phase of bubble formation can be found in [43],[43]].

From these and similar pictures the propagation of the shock front and bubble
wall motion have been determined by direct evaluation. In Fig. [8] the distance of
the shock front and of the bubble wall from the optical axis is given in dependence
on time for the (10mJ, 6 ns) laser pulse (see Fig.[7). Similar diagrams are obtained
for picosecond [45]] and femtosecond [55] breakdown. It is noticed that the veloc-
ity of the shock wave slows down with time as does the bubble wall velocity. The
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Fig. 8 Shock wave propagation and bubble wall expansion (left) and velocity (right) per-
pendicular to the optical axis after laser induced breakdown in water. The time axis gives
the delay between laser pulse and illumination pulse. Nd:YAG laser pulse at 1064 nm wave-
length, 10 mJ pulse energy, 6 ns pulse duration, focal cone angle in water 22°. (After Vogel
et al. [45]).

initial (maximum) shock front velocity is as high as 4450 m/s (three times the nor-
mal sound speed in water). Also the initial (maximum) bubble wall velocity is su-
personic (2450 m/s). In the case of femtosecond laser induced breakdown in water
10 times above the energy breakdown threshold (100fs, 800 nm, 1 uJ), a very fast
plasma extension has been observed by means of a light scattering technique with
the shock wave detaching after about 800 ps with an initial velocity of 5200 m/s
[36]. The slowing down of the shock wave seen in Fig.]lis partly due to the geo-
metrical factor of spherical expansion and partly caused by energy dissipation at the
shock front [45] 57], both effects decreasing the peak shock pressure and thereby
the propagation velocity. The slowing down of the bubble wall is mainly due to the
transfer of the plasma energy into potential energy of the bubble by the work of the
expanding bubble done against the outer static pressure.

The measurement of shock wave pressures at laser induced breakdown is not
an easy task, but has been refined over the times. Conventional hydrophones suf-
fer from their large time constant (the fastest have time constants larger than 10 ns)
and relatively large sizes. Optical methods, where the shock wave propagation is
imaged [45} 146]], the shock wave passes the focus of a laser beam [29, 31] or is re-
flected at the tip of a fiber [58], reach ns resolution. For the shock wave pressures
it is found that they are generally higher for ns laser pulses than for ps laser pulses
(same energy per pulse). The reason is that the breakdown threshold is lower for
picosecond pulses and therefore the energy is deposited in a larger volume than for
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ns laser pulses leading to a higher energy density, temperature increase and thus
pressure for ns laser pulses. Pressure conditions can now be determined even down
to 4 uJ laser pulse energy [59]. Thereby it has been found for ns laser pulses that
there is only a weak dependence of the shock wave strength on laser pulse energy.
When going from 8 uJ to 10 mJ laser pulse energy, there is only an increase from
20 kbar to about 70 kbar peak pressure. The increase of shock wave energy with
laser pulse energy is largely reflected in a broader shock wave width. The efficiency
of the transformation of laser light energy into mechanical energy (shock wave
energy and bubble energy (see below)) becomes lower for decreasing numerical

aperture [57].
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Fig. 9 Determination of shock wave strength from streak recordings. Upper left: The slice
through the object image. Upper right: A streak image for a (5 mJ, 6 ns) Nd:YAG laser pulse
focused into water with a focusing angle of 22°. Lower left: Dependence of shock wave
velocity on distance traveled. The bunches are from separate measurements (shock waves).
Lower right: Dependence of shock wave peak pressure on distance traveled. The dotted lines
give the standard deviation, the thick dots denote the plasma rim. (After Noack and Vogel

[46l).

The maximum shock wave pressure during laser induced breakdown, i. e. the
pressure at the plasma rim, and the subsequent propagation of the shock wave can
best be visualized and obtained by streak photography [49, 46]]. The position r(z)
of the shock front is extracted from the streak image (see Fig.[0l upper right image)
as a function of time (compare Fig.[8), whereby image processing techniques may
be used [46]]. Differentiation of the r(¢) curve with respect to time yields the shock
wave velocity us. It is related to the shock peak pressure py, according to [43]], by
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o= Clpous(lo(urco)/cz — 1)+ Pstat» (1)

where cq = 1483 m/s is the sound speed and py = 998 kg/m? the density of the undis-
turbed water. c; = 5190m/s and ¢, = 25306 m/s are empirical constants determined
from Rankine-Hugoniot data for water by Rice and Walsh [60], and pg is the static
pressure in the liquid.

In Fig.[0] the procedure for determining the shock wave pressure evolution during
propagation from the source (optical breakdown site) via a single streak recording
is depicted. First, a slit must be positioned appropriately to obtain an image slice of
the object at the expected source of the shock wave for complete coverage of the
shock wave pressure evolution (see Fig.0l upper left image). The streak image then
records the propagation of the shock wave in a distance-time diagram, the distance
being recorded along the vertical axis, the time along the horizontal axis (see Fig.[Bl
upper right image). The outer boundary, here marked by a white curve obtained
by picture processing, is the shock front. A high resolution of 6.4 um in space and
200ps in time has been achieved (see [46])). From the white curve, the velocity
us(r,1) can be obtained by differentiation with respect to time for each location r of
the shock front (see Fig.[0] lower left diagram). From u,(r) with eq. (I) the shock
wave pressure curves pg(r) are determined (see Fig.[0l lower right diagram). Data
are shown for a 6 ns Nd: YAG laser pulse in water for the two pulse energies of 1 mJ
and 10mJ; the streak example in Fig.Qlis for a pulse energy of 5mJ. The maximum
shock wave velocities measured are 4700 m/s (1 mJ) and 5400 m/s (10mJ), the
corresponding shock wave velocities calculated amount to 84 kbar and 118 kbar,
respectively.

Peak shock wave pressures of 30 to 90 kbar are obtained at sixfold energy break-
down threshold in a survey of ns, ps, and fs breakdown [49]. An exception of only
3 kbar has been found for the 3 ps laser pulse. This can be understood by the finding
that the absorption coefficient of the laser induced plasma is lowest around about
3ps [38,57]. The (100fs, 800 nm, 1 uJ) laser pulse of leads to 110kbar peak
shock wave pressure, but at tenfold energy breakdown threshold. Vogel et al. [39]],

Arbitrary units

100 ns/div

Fig. 10 Hydrophone signal of the shock wave emitted at laser induced breakdown for a bub-
ble reaching a maximum radius of 700 um. The rise time of the hydrophone is 12 ns, the
distance to the laser induced bubble site 3 mm. The full width at half maximum of the shock
wave is 70 ns. (Measurement by A. Vogel).
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on the other hand, determined a peak pressure of 10 kbar at thirtyfold threshold en-
ergy for a 100fs laser pulse.

The pulse duration of the shock wave or its precise form can only roughly be
estimated from its width on photographic or streak images (together with the prop-
agation speed of the shock wave) due to the complicated image forming process
involving the camera settings. However, this is possible with optical deflection mea-
surements and with sufficiently fast hydrophones. With a hydrophone of rise
time 12 ns, the shock width has been determined to 120 ns for the 76 ns laser pulse
and to 80 ns for the 6 ns laser pulse at a distance of 10 mm and 9 mm from the break-
down site, respectively [49]. An example for the form of the shock wave as measured
with a fast hydrophone is given in Fig.[I0l The distance of the PVDF hydrophone
from the breakdown site is 3 mm. A steep rise is followed by a relatively slow de-
cay. It is a monopolar pulse, because the plasma in water acts as a free surface and is
not able to sustain a tension. However, in elastic-plastic tissue-like media the stress
transient is bipolar with the tensile part reaching an amplitude of up to 40% of the
compressive stress [61]. Furthermore, pressure transients are bipolar under stress
confinement conditions. Here, the tensile part of the stress wave will support bubble
formation for energies close to the threshold [39].
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Fig. 11 Experimentally determined shock wave decay (accumulated energy loss) with dis-
tance travelled for a 30 ps (left diagram) and a 6 ns laser pulse (right diagram). (After Vogel

et al. [37])).

The dissipation of the shock wave is available via the measurement of the shock
front velocity us, when measured as a function of r, the propagation distance. The
procedure for determining the energy loss from ug(r) is described by Vogel et al.
[37). Figure [Tl gives the results for two laser pulse parameters. The energy loss is
high immediately after detachment from the plasma and gets almost negligible as
soon as the propagation velocity reaches the linear sound speed in the liquid. As
most of the acoustic energy is dissipated in the first few 100 um, a farfield measure-
ment of the acoustic energy radiated at laser induced breakdown strongly underes-
timates the energy carried away by the shock wave.
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4 Bubble Formation and Subsequent Dynamics

When the shock wave has detached from the plasma, there is still left a volume
of high pressure and temperature not in equilibrium with the surroundings. This
volume expands more slowly than the shock wave doing work against the outer
pressure. In most cases, the outer pressure is the ambient static pressure, pga, and
the potential energy, Epo, gained by this work is, according to standard formulae,
when V is the final volume, E,or = J PstatdV = pgiatV. In the present case of water,
disregarding chemical reactions inside the plasma (for instance dissociation of the
water molecules by the high temperature and recombination upon cooling during
expansion), the expanding volume will soon be filled with water vapor of pressure
pv. If the final volume, when the energy of the plasma is used up, is a spherical
bubble of maximum radius Ry, as often seen in experiments, the energy stored in
the bubble, Eg, is given by

4
Ep = — (Pstat — Pv) R 2)

3

After the bubble has reached the maximum radius, the interior pressure is py
(2.33kPa in water at 20 °C), much smaller than the outer pressure pg: (normally
about 1 bar = 100kPa), and the bubble will be compressed back to a small volume,
inverting the expansion. Upon collapse of the bubble, in the final stage a light flash
is emitted [62]], a shock wave is launched into the liquid, similarly to that one
at bubble expansion and the bubble rebounds (expands again) to a smaller maximum
radius, as energy is lost, mainly to the collapse shock wave. An example of bubble
expansion, collapse and rebound following an 8 ns Nd: YAG laser pulse in water is
given in Fig.[I2] [63]]. The bubble reaches a maximum radius of about 750 um. It is
observed that the rebound bubble is no longer spherical. The reason is that bubble
collapse is an unstable process that suffers from the Strube instability [64].

Equations for the dynamics of spherical bubbles have been formulated in several
degrees of approximation. The simplest one is the Rayleigh model [63]):

. 3 .
PRR + EpR2 = Pi— pe- 3)

Here, R is the bubble radius, an overdot means differentiation with respect to time,
p is the density of the liquid. The difference in pressure, p; — pe, drives the bubble
motion, where p; is the pressure inside the bubble and p. is the external pressure in
the liquid. The form of the inertial terms on the left-hand side is due to the spher-
ical three-dimensional geometry that is transformed to one radial dimension in the
differential equation.

This equation can be integrated to calculate the time from the bubble maximum to
the subsequent minimum to get the Rayleigh collapse time, when p; — p. is constant
(p; = pv = the vapor presssure in the bubble, pe = psiar = the static ambient pressure):

To = 0.915 Rpaxy | — 2. (4)
Pstat — Pv
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Fig. 12 Photographic series of spherical bubble expansion, collapse and rebound of a laser
generated bubble in water. The series starts 10 us after breakdown. Interframe time 10 us, 8 ns
Nd:YAG laser pulse. Maximum bubble radius about 750 um. Backlight conditions through a
diffusive screen. (After Kroninger et al. [63]]).

This relation has been confirmed experimentally for laser bubbles in water (e. g. [L1])
and can be used inversely to determine Ry,,x from measured 7. [23]]. For small bub-
bles (less than 1 um) surface tension will influence the relation between Ry,ax and T
and must be taken into account [66, 67]]. Whereas Rnax needs high speed photogra-
phy for direct measurement, 7; can be measured, without knowing the time instant
when Ry, is reached, just with a fast hydrophone in the following way. The time in-
terval, Ty, from the formation of the bubble (time of laser induced breakdown) to the
first collapse is Ty = 27¢, when there is little damping in between, as it happens to
be true for water in the cases considered. Both time instants are marked by the emis-
sion of a shock wave that can be measured with a hydrophone. As both shock waves
may need different times to arrive at the hydrophone due to different propagation
velocities at different strength (see eq.[I), there may occur an error in the measured
instances to be corrected for ultraprecise measurements. Another way for getting Ty
is by evaluating the light scattering of a cw probe laser beam (see, e. g. [68, 167]).
An evaluation of T, or Rpax With laser pulse energy, E1, reveals a proportionality of
the maximum volume Vpax of the bubble with Ey . Stated in terms of the potential
energy, Eg, stored in the bubble at maximum radius (eq.[2): Eg o« Er. Figure [[3
confirms this relation for ns and ps laser pulses that are well above the breakdown
threshold for bubble formation by the slopes of the curves. A complete calculation
of Eg from the measurement of 7, leads to the diagrams of Fig.[T4l From the slopes
of the curves the percentage of the energy of the laser pulse going into bubble energy
is 19 % for the 30 ps pulses (Fig. [I4] upper diagram) and 25 % for the 6 ns pulses
(Fig. [[4] lower diagram). The energy contained in the shock wave emitted during
optical breakdown usually is about twice as large as the bubble energy [S7].

A bubble model that incorporates sound radiation into the liquid from the ex-
panding and collapsing bubble is the Gilmore model [69]]. For strong collapse, i. e.
strong compression of the contents inside the bubble, a van der Waals hard core law
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Fig. 13 Maximum bubble radius versus laser pulse energy for ns and ps laser pulses focused
into water. The maximum bubble volume is proportional to the laser pulse energy when well
above the breakdown threshold as seen by the slopes to the curves that are about 1/3. (After
Vogel et al. [42]).

has been included to account for a noncompressible volume of the inert gas inside
the bubble [[70]. This bubble model reads (see also [731)):

1 R RR+3 1 R R = 1+R H+R 1 R RdH (5)
C 2 3C o C C Cc) dr’

where
Plr= d
H:/ *dp(p). ©)
Plraw p
P\
po)=a (L) -5, ™
Po
20\ (RE—bR\" 20 4u.
Pl=r = <Pstat+R—n> (m) R ?R’ (8)
p|r~>°° = Pstat+P(t)» )

C = y/co?+ (np— 1)H. (10)
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Fig. 14 Maximum bubble energy versus laser pulse energy for ps (top) and ns (bottom) laser
pulses focused into water. (After Vogel et al. [42]]).

The additional parameters and variables in this model are the polytropic exponent
of the gas in the bubble, x, the (dynamic) viscosity, i, and the surface tension of
the liquid, o, the sound velocity in the liquid at normal conditions, cg, the sound
velocity at the wall of the bubble, C, the enthalpy, H, the parameters of the equation
of state, where the Tait equation (7)) is chosen with its parameters A, B, nt, and the
van der Waals constant, ». The Gilmore model was used in [39] 43] to calculate
shock wave emission and bubble expansion for ns, ps, and fs optical breakdown.

A further model is the Keller-Miksis model that also incorporates sound
radiation from the oscillating bubble, but features a retarded time 7 + R/c in the
equations. A model equivalent to this model to first order in 1/c, ¢ being the sound
velocity in the liquid, and dispensing with the retarded time [[75}[76]] reads

(17§>RR’+%R2<173%>:<1+§>%+p£c%, (11
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Fig. 15 Comparison of the motion of a spherical laser generated bubble in water with theory
(Keller-Miksis model, eq.[IT). Experimental data according to the bubble of Fig.[[2] (After
Kroninger et al. [63]).

with

3 3\
P = (pstat“l‘%e_c:) (227222) _pstat_ZTG_A‘-THR_pO)v (12)
The connection between the different bubble models has been explored by Pros-
peretti and Lezzi [77,[78]). Typical values of the parameters for gas bubbles in water,
as used in the calculations with the Keller-Miksis model, are pg, = 100 kPa, p, =
2.33 kPa, 0 =0.0725 N/m, k¥ = 1.67 (noble gas) or k = 1.4 (air), 4 = 0.001 Pas, c =
1483 m/s, p = 998 kg/m?>. The pressure p(¢) is a time varying pressure, for instance
a sound field or a pressure pulse.

The experimental bubble dynamics as given in Fig.[[2] has been fitted with the
Keller-Miksis model (eq.[IT) to yield the comparison done in Fig.[T3l It is seen that
the complete dynamics can be fitted including the energy loss by the shock waves
emitted upon collapse. Fit parameters are the Rayleigh collapse time T, = 71 us,
maximum bubble radius Ry« = 747 m, and a bubble radius at rest of R, = 69 um
that is needed for eq.[12]

S Shock Wave Emission at Bubble Collapse

The collapse of a laser induced breakdown bubble is a very fast process that can be
resolved photographically only by extremely high framing rates. So far, shock wave
emission at bubble collapse in the bulk of water has been recorded photographically
with up to 100 million frames per second [79} [80]. Figure [I6] shows an example,
where the shock wave emitted at laser bubble collapse has been photographed at
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Fig. 16 Shock wave emission at the collapse of a laser induced bubble in water. Photographic
series combined from several series taken at 20.8 million frames per second (interframe time
48 ns). The maximum bubble radius is 1.1 mm reached 99.5 us before the first frame. Frame
size is (height x width) 1.8 mm x 1.5 mm. (Courtesy of C. D. Ohl).
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Fig. 17 Bubble wall motion at collapse of a laser induced bubble in water. Comparison of
experiment (full squares, taken from the images in Fig.[T6) with theory (eq.[} solid line). Ini-
tial conditions chosen: R(tp) = 180 um, R(ty) = —96.2 m/s with #y = —788 ns. The maximum
radius is Rpmax = 1.1 mm. The missing of the experimental points near collapse is due to the
shock wave emitted at collapse that obscures the bubble inside the shock wave. (Courtesy of
0. Lindau).

20.8 million frames per second by concatenation of sequences of eight frames from
different breakdown events with properly shifted delay. The bubble reached a max-
imum radius of 1.1 mm, but only the collapse phase is shown. The bubble collapses
slightly elongated as often seen with larger bubbles that are generated with slightly
elongated laser plasmas.

The bubble dynamics is compared with the theory of Gilmore (eq.B) in Fig.[I7l
No experimental radius values can be obtained near the collapse as the shock wave
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hides the view onto the bubble surface. As the rebound radii can be fitted, the theo-
retical model seems adequate for the description of bubble collapse including shock
wave emission. However, Fuster et al. recently formulated and solved a rigor-
ous solution for strong collapse of a bubble in a sound field and compared it (among
others) with the Gilmore and Keller-Miksis approximations. For collapse pressures
(in the bubble) above 1 kbar, they find up to 100 % larger pressures than in the ap-
proximations.
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Fig. 18 Collapse of a laser induced bubble in water. Form of the first collapse pressure
pulse for different maximum bubble radii attained after laser induced breakdown. Q-switched
Nd: YAG laser pulse of width 8 ns. Distance of the fiber optic hydrophone from the breakdown
site is d = 3 mm. Each curve is the average over 50 signals. (Courtesy of O. Lindau).
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Fig. 19 Collapse of a laser induced bubble in water. Amplitude (left) and width (right) of
the first collapse pressure pulse in dependence on the maximum bubble radius attained after
laser induced breakdown. Q-switched Nd: YAG laser pulse of width 8 ns. Distance of the fiber
optic hydrophone from the breakdown site is d = 3 mm. Each measured point is the average
over 50 signals. (Courtesy of O. Lindau).
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Measurements of the shock waves from the collapse of a laser induced bubble
have been done with a fiber optic hydrophone with a time resolution of less than
Sns [82]). Figure[I8]shows the collapse shock wave form for bubbles of different
radii between Rpax = 0.7mm and 2.6 mm. The rise time of the pressure pulses is
measured to ~15ns, independent of bubble size. This value must be attributed to
the spatial resolution limit of the fiber optic hydrophone due to the diameter of the
flat fiber core of 140 um that intercepts a spherical shock wave. The actual rise time
of the shock waves can be expected to attain values below 1ns (see [83], where
a shock front thickness of ~40nm has been measured for a shock wave of peak
pressure 5.8 kbar).

Shock wave amplitudes after plasma formation and bubble collapse are simi-
lar (see Fig.2), but the shapes of the pressure transients differ. During the first
collapse phase the pressure rises both within the bubble and in the liquid around
the bubble, which is reflected in the ‘pedestal’ in front of the shock front in Fig.[3]
and Fig.[I8 The pedestal pressure rises with Rp,x and the (correlated) shock wave
strength (Fig.[I8).

The shock wave strength (peak pressure of the shock wave) at a distance of 3 mm
from the breakdown site perpendicular to the optical axis has been determined as
a function of the maximum radius of the bubble and is given in Fig. left dia-
gram. A linearly looking relationship is obtained in the range of maximum bubble
radii from about 500 um to 2.6 mm with the shock wave pressure increasing from
~40bar to ~210bar: p; o< Rmax. A theoretical investigation gives somewhat
lower values with a comparable dependence on Rpyax. The linear curve, however,
does not intercepts the origin, but is off by 0.16 mm.

For the same range of bubble radii as the shock wave amplitudes the width of
the pressure pulses has been measured (Fig.[19] right diagram). The width increases
nonlinearly with Rpyax from 40ns to 110ns, the increase being slower for larger
bubble radii. No theory has been formulated to describe this dependence.

Streak photographs from the collapse shock wave of laser induced breakdown
bubbles are not yet available. Therefore, the maximum pressure at the bubble wall
can not be determined by this method. However, the shock wave strength from the
hydrophone measurements at some distance from the bubble can be extrapolated
down to the minimum bubble radius. When this is done with just taking into account
the 1/r spreading for spherical waves and judging the mimimum bubble radius from
calculations (compare Fig.[[7), the diagram of Fig. is obtained. The collapse
pressure values lie in the range of 10 to 25 kbar, a lower limit to the real values.
They are about three times lower than the values at breakdown, but the fact that the
pressure peaks from breakdown and from bubble collapse are of similar strength
when measured for the same event, points to about three times higher values at
bubble collapse, i.e., 30 to 75 kbar for maximum bubble radii Rp,x from 500 um
to 3 mm.

So far, spherical and almost spherical bubble collapse has been considered. Then
the shock waves are strongest. Aspherical bubble collapse can be induced by bound-
aries nearby. Figure 2] gives an example, where, because of the complicated, ex-
tremely fast sequence of shock wave production, the collapse of a bubble near a flat,
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Fig. 20 Collapse of a laser induced bubble in water. First collapse pressure amplitude in de-
pendence on the maximum bubble radius attained after laser induced breakdown extrapolated
to the bubble minimum in the acoustic approximation. Nd:YAG laser pulses of width 8 ns.
(Courtesy of O. Lindau).

solid boundary has been photographed at 100 million frames per second [79].
An 8ns Nd:YAG laser pulse has been focused into water at a normalized distance
¥ = d/Rmax = 2.6, where d is the distance of the breakdown site to the boundary.
The bubble collapses in a characteristic way with a high speed liquid jet being de-
veloped through the bubble and directed onto the solid boundary (see Fig.22)). The
first shock wave occurring has been called “torus shock wave”, as it is thought to
be generated by the impact of the jet in a spherical contact line on the lower bubble
wall due to its larger curvature with respect to the curvature of the lower bubble
wall. It is seen in the frames as the two rings to the right and left of the moonlike
bubble. Further shock waves are emitted, whose origin has been retraced as given in
Fig.22l No measurements of the shock wave strengths are available for the different
types of shock waves occurring at aspherical collapse as it has not been possible to
separate the individual contributions of the series of shock waves with a calibrated,
sufficiently fast hydrophone.

When a bubble collapses near a boundary, shock wave emission (and other quan-
tities and phenomena as collapse time, jet formation and translatory motion) in
water strongly depends on the normalized distance, ¥, between bubble center (at
breakdown) and the boundary [31]]. Pressure pulse measurements have been done at
10 mm distance from the breakdown site with one hydrophone placed above and one
aside the bubble. A minimum in acoustic pressure of ~ 20 bar was found at about
Y= 0.8. The pressure rises in an approximately quadratic way between 0.8 <y < 1.5
to about 150 bar. For ¥ — 0 and for y — oo the highest and similar values are obtained
(here ~250bar). This becomes clear when considering that for ¥ — 0 the bubble
approaches a hemispherical shape and for ¥ — oo it retains its spherical shape, both
forms leading to a similar collapse.
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Fig. 21 Collapse of a laser induced bubble in water near a plane, solid surface. Nd:YAG laser
pulse of width 8 ns. Interframe time 10 ns, between the last two frames 40 ns. Maximum bub-
ble radius Rpyax = 1.5 mm, y = 2.6. Picture size (height x width) = 0.8 x 1.3 mm. (Courtesy
of O. Lindau).

Laser induced bubbles and shock waves can also be generated near a free sur-
face (where the liquid is free to move and not constrained as in the case of a solid
surface) and also near compliant surfaces with properties in between these two lim-
iting cases [83,[86]. An example of bubble dynamics and the series of shock waves
emitted are given in Fig.23] for an elastic boundary (polyacrylamide with 80 % wa-
ter content) with the stand-off parameter being ¥ = 0.62 [83]]. The final phase of
bubble collapse and the first phase of bubble rebound are shown with three different
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Fig. 22 Collapse of a laser induced bubble in water near a plane, solid surface. Nd: YAG laser
pulse of width 8 ns. Maximum bubble radius Ryax = 1.5mm, y = 2.6. Picture size (height
x width) = 0.8 x 1.3 mm. Explanation of the various shock waves emitted. (Courtesy of
0. Lindau).

time resolutions. The upper row of Fig.23] gives an overview of bubble dynamics
with the characteristic bubble deformation to a mushroom shape, subsequent bub-
ble splitting and the development of two (high velocity) jets in opposite directions,
one entering the elastic sample. An enlargement both in space and time is given in
the middle row. The time resolution has been increased by a factor of 20 using one
million frames per second and the spatial resolution has been increased by a fac-
tor of 2.5. The eight frames comprise a time interval between frame 5 and frame 6
of the upper row of Fig.23] when the bubble is in its collapse and rebound phase.
A disintegration of the bubble is observed. For more details and for observing the
shock waves, the time resolution has been increased further to five million frames
per second (lower row). The series starts, when the annular inflow of water parallel
to the boundary almost closes on the bubble axis (perpendicular to the boundary)
splitting the bubble. The closure point on the bubble axis is asymmetric leaving a
larger volume of gas and vapor near the boundary and squeezing the liquid in oppo-
site directions, toward the boundary and away from it, leading to a jet each through
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Fig. 23 Final phase of the bubble collapse in water and the first phase of rebound near an
elastic boundary with ¥ = 0.62, Rpax = 1.55 mm. Q-switched Nd:YAG laser pulse. 50 000
frames per second, frame width 3.5 mm (upper row); one million frames per scond, frame
width 1.4 mm (middle row); five million frames per second, frame width 1.4 mm (lower row)

185

the interior of the respective bubble part. Shock waves are emitted upon closure of
the annular jet on the bubble axis the emission center running with the separating
closure point along the axis. Almost simultaneously with the closure of the annular
jet, the bubble cap collapses and emits a shock wave. It runs with the annular jet
driven shocks towards the lower larger bubble part helping in its compression. This
leads to a particularly high velocity jet towards the elastic boundary, even penetrat-
ing it as seen in frames 6 and 7 of the upper row of Fig.23l When this jet hits the
bubble wall near the boundary, a shock wave is emitted. Later, a further shock wave
is emitted, when the lower bubble part collapses. The velocity of this high speed jet
has been determined to 960 m/s. Shock wave strengths have not yet been measured.

6 Applications and Future Perspectives

Laser induced bubbles and their shock waves have found application in cavitation
research (see [111 26} 27, 28| 87, [88, [91] ©2]] and the reviews [72, [73])),
inertial confinement fusion research [93] [94]], wet laser cleaning [96]], pulsed
laser ablation in water and biological tissue [97, [98]], laser lithotripsy [34} 99,
[102]], photodisruption [30, [42] [104]], laser-induced cell lysis [105}
[108]], micro- and nanosurgery [39, 39, [67]], and gene transfection [110,
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Fig. 24 Femtosecond laser induced bubble dynamics in water. Ti:Sapphire laser of wave-
length 810 nm and pulse width 130 fs. Laser energy per pulse 800 nJ. Interframe time 400 ns.
(Courtesy of R. Geisler).

[TTT]). Laser induced bubbles have also stimulated and stimulate the improvement of
measurement techniques [112]] and of theory [114]. Some of these areas
will be discussed below.

In cavitation research, laser induced breakdown has made possible systematic
investigations into the behavior of bubbles, small or large, either in the bulk of
liquids or near boundaries of various kinds (solid, flexible, free), either spherical
or aspherical (see the reviews [73])). Just one example from this large area is
given in Fig.24] where the elongated breakdown from a femtosecond laser pulse
and its dynamics are shown. A cylindrical breakdown plasma is formed develop-
ing into an elliptical bubble that lateron undergoes a metamorphosis to a multitude
of different shapes from can shaped to almost spherical, diamond shaped, star like
and disk shaped. A cylindrical shock wave is emitted upon breakdown of the fem-
tosecond laser pulse of duration 130fs. No detailed measurements, however, are
known concerning the strength and width of these pressure waves. Figure 23] shows
the cylindrical breakdown shock wave and the spherical collapse shock wave from
a femtosecond laser pulse focused into water [115]]. The shock waves have been
recorded under backlight conditions with a femtosecond laser pulse of duration 85 fs
to stop the motion of the shock waves. The upper and lower dark lines are from the
cylindrical shock wave, the dark line in the middle is the shadow from the emerg-
ing elliptical bubble 60 ns after breakdown. The bubble develops as in Fig.24] and
collapses almost spherically with the emission of a spherical shock wave shown
in Fig.23] at the time instant 7.8 us after breakdown. Controlled elongated optical
breakdown is reported by Toytman et al. [116] for a 1 ps laser pulse focused into
water by an axicon—lens combination. They recommend elongated breakdown for
linear and planar dissection of transparent media and ophthalmic surgical applica-
tions, for instance cataract surgery. The advantage of this method is that it can be
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Fig. 25 Laser induced cylindrical shock wave after focusing a fs-laser pulse into water (left)
and spherical shock wave after spherical collapse of the initially thin elliptical bubble pro-
duced (right). Ti:Sapphire laser of wavelength 810 nm and pulse width 130 fs. Laser energy
per pulse 8 uJ. Exposure time 85 fs. (Courtesy of R. Geisler).

applied to any duration of laser pulses and is not restricted to femtosecond pulses
with their self-focusing properties [117].

Laser induced shock waves have been used to compress small bubbles asa
model to phenomena occurring in various branches of science and technology, for
instance in shock wave lithotripsy or shock wave cleaning. In [92]], a hydrophone
recording of a laser induced breakdown shock wave taken with an optical hy-
drophone [58] can be found as well as several photographic sequences of laser shock
wave induced bubble dynamics in different fluid flow geometries (single wall, cleft
of a solid surface, between walls, multiple bubbles). A multitude of phenomena is
observed after shock wave passage including jet formation, toroidal bubbles, surface
instabilities with daughter bubble formation, bubble migration, multiple jet forma-
tion in multi-wall geometries (jet competition), splitting, merging and agglomer-
ation of bubbles as well as cleaving of particles. Many more experiments can be
conceived in this direction.

Inertial confinement fusion wants to make use of the huge compression ratios that
can be achieved in spherical geometry and the high temperatures that should occur
(see, for instance, [94]], where an idealised spherical compression from a converging
shock wave is calculated and a scheme for the compression of a deuterium—tritium
(DT) gas bubble is proposed). However, shape instabilities arising upon collapse of
spherical bubbles (DT gas mixture or other) prevent reaching thermonuclear burn
(see the calculations on bubble shape stability in the final run away collapse phase
of a bubble [64]).

The cleaning of surfaces from contaminations is of great importance in many
areas, in particular the chip industry that is in need of extremely clean surfaces of
their wafers. In this respect, the cleaning with laser induced bubbles and their shock
waves has been suggested called “wet laser cleaning” [93]]. A bubble is produced
in the liquid near the submerged surface to be cleaned and the jet and the collapse
shock wave are thought to be the agents to remove the contaminations from the
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surface in a mild action below erosion [88], [90]]. This has been elucidated fur-
ther in high speed photographic investigations by determining the time when the
contamination particles are set into motion on the surface in relation to the bubble
dynamics [96]. It was found that the particles are transported radially away with the
jet flow from the jet impact site on the surface.

An application of laser pulses, where strong shock waves occur, is irradiating ab-
sorbing objects under water or a liquid surface with high (linear) absorption of the
laser light used. Then material is ejected, a phenomenon called laser ablation (see
the review [97])). Subsurface peak pressures in water of 9.3 kbar have been measured
after irradiating the water surface with 70 ns pulses of an Er:YAG laser (wavelength
2.94nm) at an exposure of 5.4 J/cm? [98]]. Bubbles come into play, when the absorb-
ing material is submerged in a transparent liquid and the energy supplied, often by
an optical fiber, then is confined by the inertia of the surrounding liquid. Bubble for-
mation adds to the complexity of the phenomena and may cause collateral damage
in tissue ablation due to bubble expansion and its collapse shock wave [103].
However, when used in laser lithotripsy, these side effects add in the destruction
of the stone, in particular for long laser pulses (microsecond range) [99]. It has
been found that in the case of microsecond laser pulses from flashlamp pumped dye
lasers the laser breakdown pressure is far less than the first bubble collapse pressure
[100]. Tt is argued that it is this bubble collapse pressure that destructs stones in dye
laser lithotripter applications [99]]. Experiments with simultaneously observing the
laser induced bubble formed and the shock waves emitted confirm this interpretation
[102]]. For holmium lithotripsy with its long wavelength of 2100 nm and long pulses
of 250 to 350 us, a different mechanism for stone fragmentation is suggested, as
the bubbles produced are irregular in shape and give only small collapse pressures.
Instead, the long laser pulse forms a vapor channel to the stone and causes thermal
ablation [102]]. As the optical delivery fiber itself is prone to destruction from bubble
collapse, ultrasonic stone destruction methods gain thrust as an alternative.

Laser induced breakdown may be used for rapid cell lysis, for instance for cell
bioanalytics. Although laser microbeams (laser beams with large focusing angle)
are widely used for this purpose, the processes of laser—cell interaction leading to
cell disruption are not well understood. Plasma formation, shock wave emission
and bubble dynamics are all candidates for cell lysis. Time resolved experiments
have been conducted by Rau et al. to decide on this question (Fig.26).
Laser induced breakdown was effected 10 um above a monolayer of cells at three
times the breakdown threshold with a (532 nm, 6 ns, 24 uJ) Nd: YAG laser pulse and
recorded with different time delays at a later instant. The plasma is typically gone
after 25-30ns. Here, the plasma luminescence is to be seen in Fig.26 (a) and (b).
The breakdown shock wave is seen in Fig.26] (a), (b), (c) and is out of sight in (d).
A bubble develops and expands. Whereas the shock wave seems to do no harm to
the cells, the expanding bubble squeezes the liquid between the breakdown site and
cell monolayer radially outward exerting strong stresses on the cells lysing them
up to a certain radius. This is best seen in the image Fig.26 (i) as the innermost
area. This area is later cleaned from cell debris by the bubble jet known to develop
upon bubble collapse in a comparable situation [14, [12] (see Fig.26l (1)). When the
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Fig. 26 Time resolved image series of cell lysis. (a) to (k) images taken at the indicated time
after breakdown. (1) phase contrast image after the laser pulse. y = 0.06 — 0.13. Q-switched,
frequency-doubled Nd:YAG laser pulse, wavelength 532 nm, pulse width 6ns, pulse en-
ergy 24 uJ (3 times the breakdown threshold). Distance to the cell monolayer 10 um. 1000
cells/mm?. Scale bar = 50 um. (Courtesy of V. Venugopalan [106]).

breakdown site is set to 400 tm, corresponding to ¥ = 1.6 at three times the break-
down threshold, it is the jet that leads to cell lysis, not the bubble expansion. From
laser induced cavitation bubble erosion experiments it is known that the erosion
potential and erosion patterns strongly depend on the (normalized) distance of the
bubble to the boundary [89[00].
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